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283 Combined Load criteria
LS. NRC Comment.
(a) In Tables 2.2-1 and 2.2-2, is Sn the ASME allowable stress
intensity as defined in ASME Boiler and Pressure Vessel Code
Section 111, Appendix 1. 1Is the definition of Sm different for the
stainless steel, aluminum, and bolting materials?
(b) Since the accident condition stress limits in Tables 2.2-1 and

(e)

(d)

(e)

2.2-2 allow plastic deformatlon to occur, the presence of plastic
deformation needs to be addressed in cask components essential for
fuel removal. After an accident, the fuel rods may not be easily
removed if permanent plastic deformation has occurred in the
components around the rods.

In Table 2.2-1, no margin of safety is built into the bolt
allowable stresses. Yielding of the bolts should not be allowed.
It is suggested that the ASME allowable stress intensity be used,
where L 1/3 of the yield stress. The average stress intensity
is limited to 2 Sn, or 2/3 of the yield stress, while the maximum
stress intensity in a bolt is not allowed to exceed 3 S, oF the
yield stress, Table 2.2-2 has a more restrictive stress criteria
for the noncontainment bolts than Table 2.2-1 has for the
containment bolts. Containment bolts are more critical to the cask
performance and should have the more restrictive criteria.

In Table 2.2-2, should the allowable stress condition be "the less
of" the listed values instead of "the greater of" the two? It is
unusual to define a design limit using the less restrictive of two
values,

In Table 2.2-2, no margin of safety is built into the allowable
stress limits for primary stress under normal conditions. Yielding
should not be allowed in any material under normal primary stress.
Moreover, it is not reasonable to use the yield stress as the
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stress limit for both primary membrane and primary membrane plus
primary bending stress categories.

NAC Response

(a)

(b)

In Tables 2.2-1 and 2.2-2, 5o is the allowable stress intensity as
defined in the ASME Boiler and Pressure Vessel Code, Section I1I,
Appendix 1. This definition of Sn applies to stainless steel and
bolting materials. The ASME Boiler and Pressure Vessel Code does
not define S. values for aluminum alloys. Aluminum alloy
components comprise the NAC-STC fuel basket; the allowable stress
for these components is defined as the material yield strength at
normal operating temperature (refer to Sections 3.4.10.3 and
11.2.4.7.2). Tables 2.2-1 and 2.2-2 will be revised to include
definitions of Sm (allowable stress intensity), Sy (material yield
strength), and Su (material ultimate strength).

No significant plastic deformation occurs in the NAC-STC cask body
for any load condition, except for the outer shell during the pin
puncture event. Since the allowable stress limit is the material
yield strength, Sy. for all load conditions, no plastic deformation
occurs in the fuel basket for any load condition. It is also noted
that according to "Dynamic Impact Effects on Spent Fuel
Assemblies", by hun, R,, Witte, M., and Schwartz, M., UCID-21246,
Lawrence Livermore National Laboratory, October 1987, damage is not
likely to occur to the Westinghouse 17 x 17 fuel assembly for a 63g
side drop or an 82g end drop loading. (Of the fuel assemblies
examined, the Westinghouse 17 x 17 assembly had the "weakest"
structural parameters.) It is, thus, concluded that the fuel in
the NAC-STC may be removed with minimal difficulty following the
hypothetical accident event. This conclusion was verified by the
results of a NAC-STC quarter-scale model 30-foot side drop, which
inadvertently produced an impact force equal to 5.5 times the
designu impact force (1200g quarter-scale = 300g full scale), but
produced essentially no deformation of the support disks in the
basket. (One support disk did incur significant local deformation
due to direct compression loading by deformation through the outer
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(e)

(d)

and inner shells.) All of the quarter-scale model "dummy" fuel
assemblies were removed without difficulty. (Refer to Section
2.10.6, NAC-STC SAR).

An inherent margin of safety exists in the bolt allowable stresses
because they are based on minimum specified material strengths;
actual material strengths always exceed the specified minimums,
often by a significant amount.

Because the bolts in the NAC-STC that are important to safety are
preloaded in excess of their maximum calculated lcad for any
loading condition, a constant maximum tensile stress state exists
in the bolts throughout the period of their installation; for this
well-defined, constant bolt load condition, the allowable bolt
stress intensity is limited to approximately 70 percent of the
material yield etrength, 0.7 Sy. according to NAC's standard design
practice for storage and transport casks even though the stated
design criteria for the allowable bolt stress intensity is the
material yield strength; this NAC design practice essentially
reflects the suggested ASME allowable stress intensity criteria for
bolts. Yielding of bolts is not permitted and does not occur since
a significant margin of safety against material yield strength
exists,

NAC agrees that containment bolts are more critical tec the cask
performance and should have the more restrictive stress criteria;
Table 2.2-2 will be corrected to reflect a stress criteria for
noncontainment bolts that is equal to, or less restrictive, than
the containment bolt stress criteria.

The definition of the allowable stress condition as "the Creater
of" for normal and off-normal conditions for noncontainment
structures reflects a previously established criteria to cover a
wide variety of materials and structures. Since this broad,
general criteria is not necessary for typical nuncontainment
component materials and structures for casks, the allowable stress
limits for normal and off-normal conditions in Table 2.2-2 will be
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(e)

revisad to be Sy. the material yield strength (0.69y for pure
shear).

As discussed in Paragraph (c¢), an inherent margin f safety exists
in the allowable stress limits because they are based on minimum
specified material strengths, and fabrication experience has shown
that actual material strengths exceed the specified minimums by
more than ten percent. Yielding is not perwitted in any material
for any stress category for any load condition and none occurs
because the calculated maximum stress intensity is limited to be
less than, or equal to, the specified minimum material yield
strength.

The material yield strength is conservatively defined as the
allowable stress intensity iimit for both the primary membrane and
the primary membrane plus primary bending stress categories to
ensure that yielding does not occur anywhere in the noncontainment
components of the NAC-STC for the normal and off-normal losd
conditions; thus, elastic analysis methods are appropriate
throughout the TSAR.
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3.1.2.2.1 Cask Body and Lids

U. 8. NRC Comments

Inconsistenty with Tables 2.2-1 and 2.2-2 concerning the stress
limit for primary membrane plus primary bending stress intensity.
The tables list that the stress limit is 1.5 Cm' while this section
states that the limit is Su.

Since the SCANS bending stress is constant over the local cross-
section, the stress values calculated by SCANS are primary membrane
stresses, not primary membrane plus bending. Therefore, the use of
Sm as the limit for SCANS bending stress is appropriate and not

over conservative.

NAC Response

Section 3.1.2.2,1 will be revised to use Sm as the stress limit for
the primary membrane stress intensities that are calculated by the
SCANS computer program. This makes the stress limit consistent
vith Tables 2.2-1 and 2,2-2,
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3.1.2.5.2.3.1 Inner .id Bolts

U.S. NRC Comment

(a)

(b)

(¢)

(b)

A typical value of the torque coefficient is 0.2, not (.085,
Please explain or provide justification for the low value and the
possible effects of over estimating the preload.

The preload, P, and tensile stress, St, calculated in this section
differ slightly from the P and §, values calculated in 3.4.6.6.1.

Under an applied load, the bolt load can be slightly greater than
the preload. In addition, the preload cannot be expected to be
precisely applied and controlled. For these reasons, using the
yield stress as the limit for the preload will expose the design to
the risk of plastically deformed closure bolts. Please review.

NAC agrees that the torque coefficient should be 0.20 as given in
Shigley, Page 246. The TSAR will be revised to reflect the torque
coefficient of 0.20, (For standard screw threads, a torque
coefficient of 0.20 reflects a coefficient of friction of 0.15).

For consistency with the revision of Paragraph (a), the coefficient
of friction in Section 3.4.6.6.1 is revised from the value o. 0.06
to value of 0,15, Then for the 1-1/2 - 8 UNC bolt, the torque
coefficient calculated using the Roehrich equation is 0.189. The
slight difference in the calculated values of the bolt preload and
tensile stresses in Sections 3.1.2.5.2.3.1 and 3.4.6.6.1 are due to
the difference in the values of the torque coefficient used 0.20
versus 0.189. This difference is insignificaut and the specified
bolt torque load for installarion exceeds the higher of the two

values anyway.

13
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3.1.2.6 Impact Limiter Deformation Limits

U.S5. NRC Comment

Please see comment and questions listed after Section 2.2.5
concerning Tables 2.2-1 and 2.2-2., They also apply for Tables
3.1.2-1 and 3.1.2-2,

H&C E‘g ipg“" -

Although numbered 3.1.2.6, NAC interprets this comment to
actually apply only to Tables 3.1.2-1 and 3.1.2-2.

The responses to Comment 2.2.5 concerning Tables 2.2-1 and 2.2-2

are applicable to Tables 3.1.2-1 and 3.1.2-2, which will be revised
accordingly,

16
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3.3,1 Discussion

U.S. NRC Comment

The aluminum in the construction of the basket was assumed to have
no significant structural requirements. Under normal conditions of
storage with the fuel assemblies in a vertical position, the loads
on the basket are negligible. Under accident conditions, suca as a
cask drop or tipover, the loads were transmitted through the
aluminum tubes uniformly supported along their entire length in
previous dezigns. 1In this design, however, the borated aluminum
tubes are not so supported and in fact must transmit loads to the
ring sections that are spaced six inches or center. Since the load
applied by the fuel assembly is not uniformly distributed over the
tubes, the tubes between supports can experienc: considerable
stress and would, in fact, need to fulfill a structural
requirements. Since such a structural requirement is indicated it
will be necessary to demonstrate the structural capability of the
borated aluminum. This will involve, at least, citing 1 standard
that governs the fabrication of this material and compiling
sufficient data describing its mechanical properties to assure that
the possibility of either brittle or ductile failure under accident

conditions is extremely remote.

NAC Response

Currently no code, standard, or specification that governs the
fabrication of "borated aluminum alloy" exists. This is the reason
that the Transportation Branch of the U.S. NRC requires that no
credit be taken for the strength of "bors 4 aluminum alloy"
components in a spent fuel transport cask or basket. (Refer to
comment 11.2.4.7.2 and NAC's response.) However, it is agreed that
a "borated aluminum alloy" does possess some considerable strength.

Based on NAC's specifications for a "borated aluminum alloy" tube,

Eagle-Picher Industries, Inc. undertook a research and development

17
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program to fabricate such tubes on a production basis using &
readily available, standard aluminum alloy. Initial efforts with
"borated" 6061-T6 aluminum alloy were unsatisfactory because it
required a cold-quenc's that distorted the tubes beyond the required
tolerance on straightness or twist. Upon the recommendation of
Taber Metals, "borated" 6351-T54 aluminum alloy was used because it
requires an air-quench or a mist-quench and, thus, distortions are
minimal or nonexistent. As shown in the attached letter-report,
strength data was obtained by Eagle-Picher from four press runs
using metal from seven heats for a production run of "borated"
6351-T54 aluminum alloy tubes as follows:

Average Average Average
Temperature S, § Elongation
(*F) ksi ksi (%)
75 27.8 18.7 15.7
300 21.3 18.0 35S
350 19.3 15.7 21.9
400 18.1 17.4 19.0
450 15.0 12.9 26.6

As shown in Table 3.3.5-2, the typical mechanical properties of
6351-T54 aluminum alloy (unborated) are:

Temperature Su Sy Elongatio.
(*F) ksi ksi (%)
70 30.0 20.0 10.0 (Minimum)
360 16.8 11.4
500 4.8 3.0

Since the strength properties of "borated" 6351-T54 aluminum alloy
are comparable to those of the standard "unborated” alloy and the

18
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elongation of the "borated" alloy significantly exceeds the minimum
requirements of the standard "unborated" alloy, it can be concluded
that the possibility of either brittle or ductile failure under
accident conditions of the "boreted" 6351-T54 aluminum alley is no
greatar than for the standard "unborated" alloy.

According te The Metals Handbook, page 62, aluminum alloys are used
for structural components operating at temperatures as lo as -
452°F., As the metal tempe 'ature decreases, the alurinum alloy
strength increases, while ductility and toughnes- remain constant
or increase similarly to :che strength. Alumipam alloys have no
ductile-to-brittle transition with change in temperature according
to Kaufman and Holt (ALCOA Technical Paper No. 18) and The Metals
Handbook. Cons:quencly, neither ASTM nor ASME specifications
require low-temperature Charpy of Izod tests of aluminum alloys.
The attached unpublished ALCOA report - Four Extrusion Alloys:
6061, 6063, 6351, 6005 by Jack P. Willard, May 1971 - also verified

the toughness characteristics of 6351 aluminum alloy on pages 4, 8,
22 and 23.

19
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Eagle-Picher Industries, Inc.

SPECIALTY MATERIALS DIVISION BORON DEPARTMENT

PO Box 798 Quapew. Okiahoma 74383 FAX918.673.10862 918-673:2201
September 12, 1999

Alan M. Wells Ph.D.

Nuclear Assurance Corporstion
6251 Crooked Creek Road
Norcross, GA 30892

Dear Alan:

My apologies for the delay on this letter., If 1 had a good excuse |
would sure use it.

The extruded aluminum tubes which were made for NAC's storage cask
were developed over several years. Although earlier data is availezble the
enclosed is more "real" in that it was generated in a manufacturing mode
rather than the laboratory.

The alloy is a basic 6351 aluminum with an addition of boron. This
boron is chemically bonded with the alurinum and is evenly dispersed
throughout the matrix. T™his has been shown not only with photo
micrographs but also with neutron radiographs. The chamistry for the
tubes wag as follows:

9 81 Mn Fe 2n others Al

.22 1.27 .580 154 .84 .0l Bal

Following extrusion the tubes were press quenched with an air/water mist
and acxd 8 hours at 35¢ degrees F. The result is a TS heat condition.
The attached is a sumary of strength data obtained from four press runs
using metal from seven heats.

1f this is not what you are looking for let me know .
Sincerely,

EAGLE-PICHER INDUSTRIES, INC.
jalty Macerials Divis‘on

.

w

Marvin Y. Wachs
Special Projects Eng ineer
Boron Department

MYW/en

EAGLE =2 PKHER

20
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DATE

TRMP DEG F

EAGLE PICHER IND.. INC.
TUBE STRENGTH DATA SUMMARY
8/12/1980

UTS. KSI  YIELD, KSI

% ELONG.

20 DEC 88 TABER METALE, 6351+1.25XB HOLLOW EXTRUSIONS

B-6 7% 32.2 24.5 12.0
N-6 75 .7 22.5 14.0
M-6 7% 31.5 24.1 13.0
B-5 75 31.7 23.9 14.0

11 JAN 89
B-8 75 28.3 15.6 21.0
B-8 75 32.9 23.4 15.0
B-8 7% 28.1 21.8 21.0
B-8 7% 28.7 13.8 20.0
B-8 7% 28.2 22.2 14.5
B-8 300 21.3 18.0 17.2
B-8 350 21.7 18.0 2.7
B-8 400 18.1 17.4 19.0
B-8 450 17.1 15.8 20.5
N-9 7% 26.2 12.8 20.0
N-9 7% 27.0 18.7 16.0
N-8 75 25.4 17.8 13.0
N-9 7% 24.1 11.8 18.0

11 APR 88
B~11 7% 28.9 18.4 15.0

29 APR 89 TABER METALS, 6351+1.25XB-10 HOLLOW EXTRUSIONS

N~15 7% 24.0 16.2 18.3
(TUBE #) 350 18.5 14.4 18.0
450 13.6 11.1 30.7
B-16 78 30.3 22.6 12.0
B-18 75 25.3 15.8 15.0
N-18 78 24.1 16.2 156.3
350 37,7 13.8 24.0
450 14.2 11.8 28.7
B-20 75 29.1 20.3 17.0
N-17 7% 25.3 16.8 14.0
B~13 7% 24.6 15.8 15.0

November 1990

RUN #1. BILLET 3423BN
8" X 9" HOLLOW TUBE
DATA BY TABER

RUN #2, BILLET 3424BN
AIRMIST PRESS QUENCH
B-8 DATA BY TABER

NEXT 5 DATA BY WMIR

NEXT 4 DATA BY TABER

RUN #3. BILLET 3425BN

RUN ®#4, BILLETS 3426 TO 3429

THESE WERE THE ENRICHED TUBES
#E HAVE CHEMISTRY, PRESS DATA

EVEN CONDUCTIVITY DATA ON

THESE TUBES. FOUR HEATS ARE

REPRESENTED HERE.
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Application Engineering Division
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FOUR EXTRUSION ALLOYS:
6061, 6063, 6351, 6005

iNTRODUCTION

The 6XXX extrusion alioys are generally char-
acterized by good extrudability (resulling in low cost),
formability, resistance to corrosion, weldability, and
finishing qualities, combined with medium strength.
Four alloys dominate this picture: 6061, 6063, 6351,
and 6005 All are aluminumssilicon-magnesium com-=
positions, but significant differences exist among
them. The intent of this Green Letter is to help the
designer select the alloy best suited to his needs.

CHEMICAL COMPOSIYIONS

The composition limits for all four alloys are
shown in Tabie |

TEMPER DESIGNATIONS

F As fabricated

0 Annealed

TI Cocled from an elevated tempera~
ture shaping process and naturally
aged to a substantially stable con-
dition

T4 Solution heat treated and naturally
aged to a substantially stable con-
dition

T5 & T5X Cooled from an elevated tempera-
ture shaping process and then arti-
ficially aged.

Té & T6X Solution heat treated and then arti-

ficially aged.*

When two digits (e.g. TS2, T69) are used in a
temper designation, they represent variations to the
thermal treatment in order to achieve a special level
of properties or a particular charactenstic, such as
formability

The foliowing TXS10 and TX511 designations
may be used in addition to one of the above (o indi-
cate a subsequent stress-relieving operation

TXS10 Stress-relieved by stretching (1-3%
permanent set), no subsequent
straightening.

TXS11 Stress-relieved by stretching (1-3%

permanent set), straightened to com-
ply with standard tolerances.

TYPICAL PHYSICAL AND
TENSILE PROPERTIES

Table 11 gives typical tensile properties, modulus
of elasticity and physical properties of the four alloys
in one or more of the standard tempers.

MECHANICAL PROPERTIES

Table [l gives minimum mechanical properties,
including tensile, compressive and beanng strengths
and elongation for all four alloys in severa! tempers
and thucknesses.

FATIGUE PROPERTIES

The smooth specimen fatigue properties of the
£ XXX series alloys are suramarized in Figures | and
{or sheet-flexure and axial-stress loadings, respec~
wely. In each figure, a band is shown representing
data for all four alloys and a vanety of quenching
procedures. There are not large differences among
the fatigue properties of these matenals. Certain
trends appear, however, that might be nowed: Data
for relatively low strength alloy 6063 and for 6005
generally fall along the low side of the respective
bands. while data for 6351 and 6061 generally fall
along the high side of the respective bands regardless
of the procedures by which the alloys are heat treated
and quenched,

“With these aliovs. T4 propernies cen often be schieved Dy an diiernaie hed! (#0a1 method involying press guenchmng followed bv

hat deen ¢

Practice. il 11 often accepied in

wiifics! apmg. Becwuse of the length of time this menod of heat

laew Of senardte sOlution hedl iredtment by many suppliert and fadbnceior

-
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FRACTURE CHAPF ACTERISTICS
AWXYX series alloys, a8 & group, a't
mpared to many of the ugher strengtlr
cal aerospace applications, as showr
Figure 3. These alloys are
near elastic fracture mechanics
descnibing fracture cond.lions
the presence Ol ther large
results 1n net secuion yielding. As a
rating tests such as tear and notch=tensiie
ide the most mean:ingful indices Of relative

;. See Reference 2

There are some significant differences, however
these are illustrated by the results of tear tests Or
yim 1dentical channels of each of the four

whuch the quench rate {ollowing heat treat-
varied. The type of quench ranged {rom a
yuench from the die to a rapid COIC waler
ter {urnace heat treatment. The results are
the bar graph in Figure 4, which shows

unit propagation energies developed wit!
aquench procedures. Of the four, lower

6063 consistently developed high unit

gation energies. regardiess of type of quench. Of
three alloys, 6351 exhibited significantly

lity in toughness related to quenchung thar

0¢ The latter two alloys showed much
ranges in toughness dependent upon quencr
with the slower air quenches resulting in appre~
wer toughness than water quenches, of tiese

These resuits
6351 should be applications where !
maximum combination of strength and toughnes
with the least variabilily Que iCh rats
quired AllC 104 -ar
situations, but or wher
possible toughness, not strengtt
6063 15 adequat consideration should be giver

6005 In
toughness, is a design critenor

fempers whnere

STRENGTH OF WELDS
All of the 6 XXX senes alloys are readily weld
able with either 4043 or 5356 filler. Weldments mads

with the former are heat-treatable, and thus 4043

used when reiatively high strengths are required an

@ thermal treatment alfter welding 15 {easibie

latter, 5356, 15 recommended when post-weld hea

treatment 15 not performed, and particularly wher

hugh toughness (see below) and ductility are importan!

requirements t 18 not generally subjecied to post-

weld thermal treatment because Of possidbie sensitiza-
1O stress=corrosion cracking

Significantly higher weld strengths can be Ob-
tained by the use of sophusticated welding procedures
¢.8., high-speed sutomatic welding and specialized
cooling techninues. The weld properties listed below
are minimums, based on the hanqiwork
welders under average conditions

average

The tapecied munamum tensie and viek! rengins o

4040

Heat-Traated and Aged
Strengthe, K81

Alloy ‘ Tonsile
S00% |
680861 18
8381 )

Yot SrTAgln Yo 82Uermaned on o | Oeneh g engu

"Thas valee o for secuons & Vihan thmk o mcons
i tuch. the mive u |5 W

andd $356 butt welds 0 these alloys are & [olows

6368

Asr-Weldad
Strangths. KSI

Y reted Alloy T onsile Y oid

600¢




TOUGHNESS OF WELDS
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ELEVATED TEMPERATURE PROPERTIES

Tables IV, V nd 1X show elevated
temperature properties alloys, including
W (ferent tempers ] 3
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The Alumun Assoclation s

um Structures,” November

De

4L AW

>
QK7

Jee um 1
Table 3.3 .4t

RY

CORROSION RESISTANCE

HX XX -series alloys ex

corrosion

hikit
Jol

The excellent resi
to atmosphenc in a wide vanety
I8 N

ed ne

nvironments i n

demonsir
an

s has beer
service expenence with alloys 6061 and 6U¢ 3b
corrosion tests ol pro

Data

so by long=term f{ielC duct

N Yanous

di
these alloys
Figures

\v;k'. .1‘1 1§ ¢

tempers

i

and

shown i b 4
charactensti

The 6 XX X~-senes
sed water
HO0 S

sumular

1Ung
these aLloys
resisiance

tests

resistan

"
U

ais

1O corrosion ir Relatively s

time newer alio andg ¢J indicat
nig! e Lo corrosiof to t )

f1Ications (or

te a

The 6 XX X-series al
ishing characten

regard to fi

alkaline
an be applied wilh

-a

mica
EX X X~-series allo

ana cne conversion <
{4 the surfaces thus

case
btained

suitabie

a

g

re \ y il m in
nishing operations

often usecd

atings are avauabie

used

@ appearance
{ The electro-

AnodizZing, v with these

nad
anodic

chemical (inisn

all
Natura regnated << Alum
i protective finishes produced by

decorative and
te \aues, while Alumilite® Hard Coat~

hard coatings

ws. Several types
1P {a]4 15

conventional chn
ngs are especiaily thuck, dense useg 1071
n ol uminum parts against wear, abra-

A higher pun

the protectl
y version Ol

the

Si0N, erosior
ne

where

ed [OHIOW=

var used

e
c

|ike appearance is Qesir

nd anodize

il iamaal
produced by

{ntegral=colo
* 100 Process. are special finishes whuct
colors
the alioy

obtain the

s oyl
1001

evelop

=
{ 300 Process
oved

applications
y chemical com-

following colors

tnat

have good

¢
_me 4 (umnum Compen 2 A ment




Nuclear Assurance Corporation
Project No. M-55

A satisfactory commercial black finish can be
achieved in small 'ots by using extrusions of 60€1
alloy. In larger lots, Anoclad® alioys should be used
to guarantee consistent color match throughout.

Paint and other organic coatings can be applied
to the 6XXX=senes alioys with excellent results. In
order to achueve a tightly adnerent coating, preparation
of the surface by degreasing and etching 1s suggested,
followed by a conversion coating or wash prime:
For severe service conditions, a zinc chromate primer
is recommended. Whether for decorative or protective
purposes, painting s a satisfactory method of finishing
these alicys of aluminum,

Porcelain enamel coatings, too, may be applied
to 6XXX-series alloys but, as in integral-colored
anodic coatings, a special vanation of a 6XXX alloy
has been developed especially for this application. It
is designated No. | PEX. and it resembles 6061 alloy

FORMING

Formability of extruded tubes or shapes in the
6X X -seres alloys is generally considered “excelient”
Any one of the more widely used methods of bending
can be applied to these alloys. Draw and compression
nending are normally employed for the smaller tubes
and extruded shapes, while larger items can be formed
by ram or press benders. Heavy-walled tube or shapes
are best formed on a rull bender. For complex ex~
truded shapes, or for particularly difficult bends,
stretch forming 1s most likely to achueve satisfaciory
results.

The minimum radius to which a tube or extruded
shape of a particular allov car successfully be bent
without failure 15 an indicator of the formability of
that alloy. In a recent bend test of a 094" thick,
6=inch wide extruded strip, a 90° bend made with
the grain in four different alioy/temper combinations
resulted in the following minimum bend radu

Alkoy Tomper Minumum Bend Radwus
6063-76 3/8"
6061-T6 V2
8351-T6 12"
8005-T5 34

All four of these alloys were given an air quench
in the preparation of the extruded samples There 15

* Trade namwe 0f Alummum Compeny 0/ Americs

26
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some evidence to indicate thut vuy .
appreciable effect on the latter e
ist above. A faster quencn rat.
6351, and particularly 60035 uppeur-
mintmum bend radius which thoreior,
formability. A designer who wishe. !
ability in a2 6XXX extrusion alloy
an Aicoa Sales Engineer in oryer ¢
the temper called out will i

MACHINING

The 6XXX-series extrusiorn .
of the favorable charactenstics ¢
tributed to aluminum alioys in genys
ing speeds and feed, low tool v .
However, the relatively high duct
alloys tends to cause continuo.us .
during machining operations rut. .~
desirable broken chips. which arz =
from the cutting area. itisresom::.
tools used with these alloys be desizn
chip breakers or chip contro! gr
direct the chip away from the wo:

Close tolerance maching o
can sometimes be made more !
stresses, which can be cauced eith:
process itself, or the subsequent .
quenching. Residual stresses are mi~:~
temperature stretching operatio:
for this stress-relieved tempzr ar. .
TXS511, as described on page ©
temper is recommended when ..o
chining work 1s contemplated

FUSION WELDING —~ INERT GAS Ar.

The four 6XXX extrusion allovs u:.
to be mighly weldable and are more v
welded structures than any of the ot
alloys. When joint strength 1s not & 1
weldments in all four alloys ma\
welded condition. To improve 101!
6061, 6351, and 6005 can be welu..
and then subsequently heat tredte. .
aged. A slight improvement o
achieved by weiding in the T4 cond:.
a post-weld age. Higher as-weldeo .
brought about by keeping heat int..
(o 2 minimum, particularly mn st
low /4"
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two groups, those which contain appreciable
amounts of copper (eg., 7075, 7178) und
those which do not (e.g., 7005, 7039). The
Al-Zn-Mg-Cu alloys are difficult to extrude,
and are therefore expensive. Although they
possess very high mechanical properties, they
are extremely difficult to weld and do not
form easily. They do not have good corrosion
resistance, and in addition, they can be highly
susceptible 1o Stress=corrosion cracking and
exfoliation unless special tempers are em-
ployed. The Al-Zn-Mg alloys extrude fairly
easily and are not as expensive as their copper=
beanng counterparts. They are generally more
expensive than 6XXX-senes alloys, but they
can be welded easily, and provide the highest
as-welded strength in the aluminum alioy sys=
tem. Their general resistance 10 cOrrosion is
similar to that of the 6XXX-senes alloys, but
they can be susceptible tO stress-Corrosion
cracking under some conditions. Although all
7XXX-series alloys can be given a vanety of
finishing treatments, the results are not always
as uniformly satisiactory as the 6XXX-series
alloys.

CONCLUSIONS AND
RECOMMENDED APPLICATIONS

To summarize, the 6XXX~-series extrusion alloys
covered in this Green Letter are 6061, 6063, 6351,
and 6005. All four extrude easily, thus the initial cost
is low. They offer good corrosion resistance and can
be finished by a vanety of mechanical, chemical, and
electrochemical methods. These alloys lend them-
selves well to production fabncation, including form=
ing, machining and joimng. Good strength can be
achieved, depending upon alloy and temper, as shown
in Table 111,

In the area of fracture toughness, careful at-
tention should be paid to alloy and temper selection.
In particular, the method of gquenching from the
elevated temperature of extrusion (TS, TSX) is im=
portant, as it determines the quench rate. The quench
rate, as shown earlier in Figure 4, car have a dramalic

November 1990

effect upon the unit propagation energy (UPL) o! an
alloy. UPE i one of the most reliable indices ior
differentiating among alloys/tempers with regard (o
fracture toughness.

When selecting an alioy/temper combination for
@ particular design situation, a determination should
be made as to the importance of fracture toughness

If an assemt'y is required to have high resistance to
imp.ct loading and “catastrophic” failure, but needs
on'y nominal static strength, 6063 would be a good
o' .oice because of its relative insensitivity 1o quench
rate. On the other hand, if a high static strength is
equiced in a structure NOL expected to expenence
mpact or overioading, 6005 in an air quenched tem-
per would be quite satisfactory despite its reiatively
low toughness.

Before choosing an alloy/temper combination in
an application where fracture toughness is important,
an Alcoa Sales Engineer shouid be contacted.

The 6XXX-series extrusion alioys can be used in
virtually any application where low cost, cofrosion
resistance, fabnicability and medium strength are of
paramount importance. In the transportation in-
dustry, both structural and trim components of trucks,
trailers, vans, and railroad and rapid transit cars are
extrusions of these alioys. Many consumer durable
items, including pleasure and sporting goods as well
as tools and household equipment, take advantage of
the >w cost and ease of fabrication and finishing
which are charactenstic of 6XXX alloy extrusions.
The machinery and equipment industries are heavy
users of these extrusion alloys for pipelines, supports,
towers. heat exchanger tubes, textile equipment and
other applications where low cost, ease of fabrication
and limited maintenance in industrial environments
are important.

Requests for additional information or design
assistance in the use of the 6XXX-series extrusion
alloys should be directed to the nearest Alcoa Sales
Office. A list of these offices is provided inside the
back cover of this Green Letter.
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Compression In Compression in Compression in Bending tn Banding 1- Shear In

alloy 5 Ce Plet Plates Round Tubes h—‘ Tubes Fiat FPistes

and Thickness e’ c* e 9 p* p t* o v !.’ . - e
Temper Range, In. LL 2} L2 2 L2 LL 2 L LR at Iﬂ LR 2] LEA} kst
6095-TS Wp thru 0.560 9.4 0.206 66 5.0 0.301 61 3.2 1559 181 64 8 R asE 55 668 0685 67 25 8 o1 W
6061-76,

:sl.. Yp thra 1.000 394 0.286 66 5.0 o0.301 &1 832 1.558 181 6% 8 N a5A S5 66.8 0.665 67 25.8 o LE

511

$063-T5S Up thrs 0.508 17.3 ©0.072 9% 13.5 0.086 9331 5.2 9.529 215 2868 1.513 95 28.3 0.183 103 1.0 0.0 12N
$061-TS ©0.50% - 1.000 16.2 0.065 102 18.2 o078 9§ 180 0. 280 269 1.39% 99 26 .8 0.365 197 10.% 0.01) 128
‘"6":25 fp thrs 1.000 27.6 0.185 78 318 0.175 73 30.5 ©0.378 188 5.7 2.800 70 N.1 o3 @ 7.6 ooy 93
6350-T5 Np thru 1.000 39.% D286 66 .0 0.1 61 #3132 1.558 1m) a8 RAsE S5 668 0.365 &7 258 sl 8
6351-TSI ©0.125 - 1.000 37.0 0.220 68 2.3 0.27% 63 W6 1.%36 1% 0.3 .10 58 62.6 0.603 69 2.5 @9.120 B
6351-T6 Up thru 0.709 81.7 0.268 6% A7 8 ©0.3129 60 &5 8 1. 682 138 686 ABiS 53 T 0.729 65 21.2 e.1m1 e

Refer to Table 1.1 W

+» The Aluminus

Assoriation's "Alumisue Constructlion Manual -
Structures |~

Novesber, 1967

Specifications for Alusinue
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3.3.5 Aluminum Alloys

LS. NRC Comment

What Sm values are used for the aluminum basket material? Are they
obtained from the minimum yield strength and ultimate tensile
strength according to the ASME formulas for Sm cf pressure vessel
materials? Please list the Sm values in Tables 3.3.5:1, 3.3.5-2
and 3,3.5-3,

NAC Response

As stated in the response to Paragraph (a) of the Comment on
Section 2.2.5, the ASME Bociler and Pressure Vessel Code does not
define Sm values for aluminum alloys.

The allowable stress value used for the aluminum alloy basket
materials is the minimum material yield strength determined at
operating temperature. Thus, Sm values are not listed in Tables
3.3.8:1, 3,3.5:2, and 3.3.5.3.
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. 3.3.6.1 Chemical Lead

LS. NEC Comments

(a) In Tables 3.3.6-1 and 3.3.6-2, the listed values of the elastic
modulus of elasticity are only valid for stress levels below 500 to
1000 psi. The modulus of elasticity of lead, the slope of the
stress-strain curve, at stress levels above 1000 psi has a value
much lower than 2 x 106 psi and is closer to the value of 27,750
psi used for the SCANS impact model.

(b) In Table 3.3.6-2, the listed values of 5000 ksi for the lead yield
strength are too high. Are the units psi as in Table 3.3.6-17

(c) The yileld strengths listeua in Table 2.3.6-2 cannot be found in the
cited references.

.&ulmnu

(a) An extensive study was made on the cask structural assessments
using both the analytical method and experimental
verification., Comparisons of stress results were prepared
between the completed drop-test results and the analytical
solutions using the SCANS program. These comparisons provide
a basis to determine an appropriate value of the lead modulus,
which should be used in the cask structural analysis using the
SCANS program as well as the other finite element programs,
such as ANSYS, 1In attached Table 1, stress:s are presented at
different locations on the cask outer shell for the 30-foot
top end drop condition. The SCANS evaluatiors were carried
out using a dynamic method with a consideraticn of unbonded
lad-and-shell interfaces. Two different lead ivoduli, 2,280
ksi and 27.75 ksi, were used in the SCANS-A and 5ZANS-B
evaluations, respectively. The NAC-STC quarter-scale
nodel cask drop test results were used to compare with the
abrve-mentioned SCANS calculations, Strain gauges were placed
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at nine locations on the exterior surface of the cask outer
shell. Columns 1 and 2 in Table 1 specify the locations of
those strain gages. Strains were measured in the cask
longitudinal and circumferential directions at those selected
locations during the drop test. The drop test stress results
were then determined from the strain-time-history diagrams,
which are the graphic presentations of the test data.

The comparison between the SCANS:-A and test results show a
very close agreement in the longitudinal and circumferential
stresses, which occur during a 30-foot top end drop condition,
as {llustrated in Table 1. The favorable comparison between
the SCANS-A evaluation and the experimental results justifies
the use of a lead modulus value of 2,280 ksi in the cask
structural analysis.

The same statement cannot be made for the comparison of the
drop test results and the SCANS-B solution, which considers a
lead modulus of 27.75 ksi. As illustrated in Table 1, the
SCANS-B evaluation significantly over-predicts the cask outer
shell stresses, especially, the circumferential (hoop)
stresses resulting from lead slump pressures.

51









Nuclear Assurance Corporation November 1990
Project No. M-55

3:3:7

Impact Limiter Materials

V.S, NRC Comments

(b)

(c)

(d)

(e)

Please provide further details about the storage impact limiters.
Specifically, information is needed about the manner in which the
force-deflection curves were obtained; either by experiment or
theoretical calculations. Where is the 30 percent crush point on
the force-deflection curves and are the impact limiters used beyond
that point? Drawings which show the details of the impact limiters
and their particular attachments will be useful.

Why are the redwood force-deflection curves included in Section
11.2.4, but not in the impact limiter materials section?

A table is needed which summarizes under which conditions, or drop
cases, the different types of impact limiters are used and the
respective maximumg levels of the cask and contents under those
conditions.

In Figures 3.3.7-3 and 3.3.7-4, provide an explanation for the dip
of the force-deflection curve beneath the zero-force line.

In Figures 3.3.7-5 and 3.3.7-6, why is the tipover equivalent to a
58-inch side drop? A tipover accident includes rotational effects
which are not present in the side drop,

NAC Responge

(a)

The details of the NAC-STC storage impact limiters are presented in
Section 3.4.9 of the TSAR. For further information regarding the
manner in which the force-deflection curves for the storage impact
limiters is obtained, please refer to the NAC response to Comment
3.4.9.5, It is assumed that the "30 percent crush point” refers to
the point where the depth of the compressed impact limiter is 30
percent of the initial depth of the impact limiter (the assumed
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(b)

maximum crush depth of aluminum honeycomb); this point is not
depicted on any of the force-deflection curves except figure 3.3.7-
4, because the cask is stopped before that point is reached; thus,
the {mpact limiters are not used beyond that point. In Figure
3.3.7-4 (6.0-Foot Corner Drop with "Nominal - 10 percent" crush
strength), the point of assumed maximum crush depth ("stacked
height") 1is the second to last point plotted. The calculated crush
depths (displacements) for each of the drop accidents analyzed are
tabulated in Table 3.4.9-1 of the TSAR. For the load condition,
6.0-Foot Corner Drop with "Nominal - 10 percent" crush strength
depicted in Figure 3.3.7-4, the initial impact limiter depth is
17.75/coe 24° - 19.43 inches where 17.75 inches is the thickness of
the aluminum honeycomb in the storage bottom impact limiter and 24°
is the corner drop angle. From Table 3.4 .9-1 the maximum crush
depth for this load condition is 13.75 inches, or 71 percent of
19.43 inches; thus, only a small region of the aluminum honeycomb
at the extreme bottom corner of the impact limiter is compressed
beyond its assumed "stacked height" (The force=deflection curve in
Figure 3.3.7-4, as calculated by RBCUBED, represents this extreme
corner of aluminum honeycomb material). This condition is
acceptable, since the associated impact force is less than 26
percent of the design impact force for the NAC-STC, The details of
the storage impact limiters and their attachme. .. are shown in
drawings 423-538 and 423-539. which are includea in ** RAC-STC
TSAR Section 1.5.2.

The storage impact limiters for the NAC-STC utilize aluminum
honeycomb as the energy-absorbing material, while the transport
impact limiters utilize redwood and balsa wood as the energy-
absorbing materials. Since the NAC-STC TSAR considers onlyv the
loading conditions associated with a spent fuel storage cask, only
the storage impact limiters are included in the TSAR, that is, the
aluminum honeycomb in Section 3.3.7. The cask drop analyses
presented in Section 11.2.4 conservatively consider the 30-foot
drop load conditions that are specified for transport casks. The
force-deflection curves for the redwood/balsa wood transport impact
limiters for the NAC-STC are included in Section 11.2.4 only to
document these loads applied to the cask for the drop analyses.
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(e)

exerted by the unyielding surface on the impact limiter. The net
force acting on the cask influencing its motion is the sum of all
forces, that is, the vector sum of the mass of the cask (downward
direction) srnd the force exerted by the unyielding surface on the
limiter (upward direction). Because the force exerted by the
unyieldirg surface of the impact limiter is small in the earl,
stages ¢{ the impact, the net force acting on the cask remains in
the downvard Airection (negative). The velocity of the cask
continues to increase, until the time when the contact area between
the impact limiter and the unyielding surface is large enough such
that the unyielding surface exerts a force on the cask that is
larger than its own weight. With the net force acting on th~ :ask
in the upward direction (positive), the velocity of the cask starts
to decrease until it becomes zero. The energy absorption ignored
by starting the force-deflection curve with zero force instead of -
W is small and is neglected in the RBCUBED analysis.

The heipht of the center of gravity of the NAC-STC during a tipover
of the cask is maximum when the center of gravity is directly over
the corner of the cask and minimum when the cask is lying at rest
on {its side. (The cask is assumed lying at rest supported by the
neutron shield, which has a diameter of 98.2 inches.) The center
of gravity of the package during storage is 97 .49 inches from the
bottom of the cask, The radius of the bottom of the cask i{s 43.35
inches. The maximum height of the center of gravity from the

2 4+ 43.35%) 0.5 = 106.7 inches. The
minimum height of the center of gravity from the unylelding surface
is 98.2/2 = 49.1 inches. The maximum change in height of the
center of gravity of the cask is 106.7 - 49.1 = 57.6 inches
(rounded off to 58 inches). The total change in potential energy

unyielding surface is (97.49

of the cask when the center of gravity is lowered by 58 inches
during tipover is (58)(250000) = 14.5 x 106) inch/pounds. This is
equal to the kinetic energy of the 250000-pound NAC-STC dropped on
its side from the height of 58 inche:. The total kinetic energy is
absorbed by only one impact limiter during a tipover - the upper
side storage impact limiter located near the top of the cask.

Since the RBCUBED program assumes for a side drop that two
identical impact limiters absorb the total kinetic energy of the
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cask, a height of 2(58) « 116 inches was used in the RBCUBED
analysis to obtain the equivalent energy absorption in one impact

limiter
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3.4.3.1.3 Trunnion Base

V.S, NRC Comments

Please identify in Figure 3.4.3-1 the trunnion base cantilever as

depicted on page 3.4.3-7. Are the parameters, F__ and th, forces

ty
vr moments (units given in 1b-in)? Further description of fpl and

tv is needed.

NAC_Response

The component of the lifting trunnion shown in Figure 3.4 .3-1
referred to as trunnion base in Section 3.4.3.1.3 is the 10.75-inch
diameter, 2.5-inch thick section welded inside a . -inch deep cavity
in the outer surface of the cask upper forging. The trunnion base
cantilever length is (10.75 - 6.50)/2 = 2.125 inches.

The parameter, Fty‘ i{s the reaction force pr * unit length acting on
the outer perimeter of the 10.75-inch diameter trunnion base. It
is the reaction opposing the force acting on the shaft of the
trunnion, and is acting in the direction parallel to the

longi ;udinal axis of the cask. The parameter, th, is the reaction
force per unit length acting on the outer perimeter of the trunnion
base, 1t resists the moment on the trunnion (force acting on
midpoint of the shaft or the trunnion 'imes its distance from the
midplane of the trunnion base). th is acting in the direction
parallel to the longitudinal axis of the shaft of the trunnion.

The pound-inch units are typographical error and will be corrected

to pound/inch,

The parameter, fpl' is the maximum fiber stress in the trunnion
base plate due to the combined effect of the compressive force,
Fty' and the aoment of the shear fo.ce, th, defined above, Lie
point on the trunnion base plate with the maximum fiber stress is
located at the Intersection of the outer surface of the trunnion

base plate and the perimeter of the trunnion shaft,
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' The parameter, f , is the shear stress through the thickness of the

trunnion base plate due to the shear force, F defined above,

tz’
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3.4.4.1 Summary of Pressures and Temperatures

U.S8. NRC Comments

1s the internal pressure of 50 psia an assumed or calculated value?

NAC Response

The internal pressure value of 50 psia is assumed based on previous
design experience for similar casks. The actual calculated
internal pressure is 33.67 psi. (Section 4.4.4), so the assumed
pressure is conservatively bounding.
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3.4.5.1 Summary of Pressures and Temperatures

V.S, NRC Comments

1s the internal pressure of 12 psia an assumed or a calculated
value?

NAC Kesponse

The internal pressure value of 12 psia is assumed based on
previous design experience for similar casks., The actual
calculated internal pressure is 13.9 psia, so the assumed pressure

is conservatively bonding.
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3.4,6.4 Loading Conditions

V.S, NRC Comments

How does the impact limiter response differ between the corner drop
and the side or end dropsa. The crush strengths and characteristics
are given in the axial or radial directions. What are their values
in arbitrary impact directions which occur in a corner drop?

NAC Response

The aluminum honeycomb energy-absorbing material in the NAC-STC
storage impact limiters is described in Section 3.3.7 of the TSAR.
The aluminum honeycomb material in the bottom storage impact
limiter is a multidirectional type that has essentially equal crush
strength in the radial (cask side impact) .lirection, the axial
(cask erd impact) direction, and any oblique (between radial and
axial) dire.tion, including the corner orientation. Tests
documented in the NAC LWT SAR have verified the oblique direction
crush strength of this aluminum honeycomb. The aluminum honeycomb
material in the upper side storage impact limiter is a
unidirectional type with its primary crush strength oriented in the
radial (cask side impact) direction because it is only loaded by a
tipover side impact.

NOTE: The following information is provided for information only,
since the transport impact limiters are not a part of the
NAC-STC TSAR nor the "storage configuration" of the NAC-STC.

The redwood/balsa wood energy-absorbing material in the NAC-STC
transport impact limiters is described in the fcllowing Sections of
the NAC-STC SAR: 2.3.7, 2.6.7.4, 2.10.6.3, and 2.10.7. Redwood,
which possesses a high crush strength parallel to its grain
direction, comprises the majority of the transport impact limiters
and its grain direct'on is oriented radially (perpendicular to the
longitudinal axis of the cask) throughout. Low# crush strength
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balsa wood comprises the remainder of the transport impact limiters
- a 1.5-Inch thick layer with radial grain orientation on the end
of the impact limiter and an adjoining exterior annular ring with
its grain direction oriented 24 degrees from the longitudinal axis
of the cask. All strength properties of wood vary with its
orthotropic axes in a manner which is approximated by Hankinson's
Formula (Baumeister and Marks, Standard Handbook for Mechanical
Engineers, Seventh Edition, Page 6-157). Therefore, the crush
strength of the redwoud, balsa wood, and the impact limiter for any
crush direction is:

Psin20 + Qc0520

where,

=
L ]

Crush strength in a loading direction at an angle to the
grain direction

o
*

Crush strength parallel to the grain direction

o
'

Crush strength perpendicular to the grair .rection

-«
.

angle between the load direction and the grain direction

Tests described in the referenced sections of the NAC-STC SAR have
verified the oblique angle crush strengths of the wood.
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. 3.4.6.6.1 1Inner Lid Bolts

LS. NRC Comments

(a)

(b)

(c)

(d)

(e)

relate compression forces to the o-ring material specifications and
provide manufacturer specification which lists the design factor,

Df. of the o-rings.
Why is F4 estimated while F3 is strictly determined?

A typical value of a friction coefficient is 0.15, not 0.06,
Please explain and provide justification for the low value and the
possible effects of overestimating the preload.

The bolt force during cask operation can be higher than the
prelcad, sometimes by as much as 10 percent., Was this considered
in the analyses? The preload cannot be precisely applied and
controlled. Due to the uncertainties associated with applying a
specified preload torque, the actual load of the bolt may be
greater or less than 30 percent of the specified value. Since the
calculated margin of safety is only 0.31 and the stress limit is
the yield stress, the bolts may be overstressed. For these
reasons, using the yield stress as the limit for the preload will
expose the design to the risk of plastically deformed closure
bolts,

Please address "he shear stress in the bolt. Does this stress
exceed the allowablie ASME shear strength?

| NAG_E

(a)

The compression force and design factor, Df. for the Helicoflex
metallic o-rings were designed based on Fluorocarbon Components
Division (now Helicoflex Company) Bulletin 101C. The TFE o-ring in
the inner lid was designed based on Shamban Seals Division Bulletin
S§D150-C. The design compression force was provided by the Shamban
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(b)

(¢)

(d)

technical staff. The reinforced-TFE o-rings in the outer 1lid were
designed based on the Fluorocarbon Omniseal Design Handbook. The
pertinent pages of these manufacturer specifications are included
as a part of this response.

The TSAR will be revised to show the calculation of F4 using a
total compression force of 40 pounds per linear inch as obtained
from page 12 of the Fluorocarbon Omniseal Design Handbook (Pressure
Load of 14 pounds/inch + average spring load of 26 pounds/inch = 40
pounds/inch). The calculated value is F4 = 10,130 pounds.

As discussed in the NAC Response to Comment 3.1.2.5.2.3.1, the
torque calculations in the TSAR will be revised to use a value of
0.15 for the coefficient of friction.

The inner lid bolt load .uring cask operation ‘s a conservatively
calculated maximum value that includes the dynamic loading of the
wveight of the inner lid, outer lid, and cavity contents during a
30-foot drop top corner or top end impact, even though these are
not credible load cases for a storage cask; the specified preload
for the inner lid bolts exceeds the maximum calculated operation
load, 1t is extremely unlikely that any storage operation load for
the NAC-STC inner lid bolts would ever approach the specified bolt
preload, As discussed in Paragraph (c¢) of the NAC Response to
Comment 3.1.2.5.2.3.1, NAC agrees that uncertainties do exist in
the application of the specified bolt torque; however, since the
total design stress (preload + differential thermal expansiorn) for
the NAC-STC inner lid bolts is only 76 percent of the material
yield strength at operating temperature and a 33 percent increase
in the specified bolt torque would be required to just reach the
material yield strength, it is reasonable to conclude that plastic
deformation of the inner 1id bolts will not occur,
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(e)

The maximum shear stress of 17,620 psi in the NAC-STC inner lid
bolts occurs for the 30-foot side drop transport accident and
results from the weight of the inner and outer lids multiplied by
the 55g impact loading. This shear stress does not approach the
Level D shear stress limit of the ASME Boiler and Pressure Vesse)
Code, Section 111, Appendix F, {i.e. O.ASu - 66.2 ksi or

0.6Sy = 67.2 ksi. Since the bolt tensile stress is 83,817 psi
(based on the revised bolt torque calculations), the combined shear
and tensile stress is evaluated as (83.817/‘111,&00)2 +
(17,620/66.200)2 = 0,832 < 1.0. Since the maximum side impact
loading for the NAC-STC for storage is only 11.8g for the tipover
condition, the shear stress in the inner lid bolts is approximately
(17,620)(11.8/55.0) = 3,767 psi for storage operation.
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@ (O ksiicofiex

Components Diviswun

PO Box 9889

Columpia. South Carolina 29290 February 1, 1990
Teiephone (803) 7831880

FAX (BOJ) 7834279

Dear Valued Customer:

This letter is to advise you that the Metallic O-Ring product line of
Fluorocarbon Components Division has been acquired by the Helicoflex
Company. Helicoflex is maintaining the business in the same factory
vhere the Metallic O-Rings have been designed and manufactured since
1977, and the entire O-Ring team has been retained. We will continue
to manufacture O-Rings with the same people, equipment, procedures,
and to the same high standards that were developed and employed by
Fluorocarbon.,

Qur complete name, address, telephone number and FAX number are as
follows:

Helicoflex Company
Components Division
P.0. Box 9889

Columbia,SC 29290
‘ (803) 783~1880 Telephone

(803) 783=4279 FMX

All correspondence concerning Metal O-Rings should be directed to the
above agdress. Lf you need customer service, or technical
information, please contact Ken Morales, Rusty Giasscock, or the
uncersigned, for help. )

We will be publishing a new catalog in the near future, and will
forwvard vou a copy. Our part numbering system and drawings will not
change. In addition, all customer files will be retained and you may
continue to place orders for the same part nunpers as previously.

Also. in the near future wo will be adding complementary metallic
sealing product lines to our Touth Carolina operation. _We are
extremely pleased with this broacen.ng of our capabilities and will
be providing you with further details as they become available,

We look forward to working with you in the future. If you have any
questions regarding this merging, please feel free to contact me.

Very truly yours,

Jim Powell
' Sales Manager, Helicoflex Components
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ments They will N0t geternorate with age. either in use Of

N Slorage

Design. Materials, Coatings, Sizes

nited Metale O-Rings. designated MOR are made o

netal \Wbing (Or SonQ r
thershapesandg the tw
{ing meal s slainiess stee
e eleciropiatec witr
O eac iher mela
e fHow the finish
especially unge g’ DIt and L
BNSE renging 05111 e Ot ihe s&a aetermined
par by meta'tempe arbor mponents ofters
ChoiCe edl realing IC Mmailerial speciticalon or en
ar ! Jsiomer specd.cauons Tubuia SOId wire

Coldanyg

Plain

Not Sell-Energizing or Pressure-Filled

Made o! metal tudbing (or sohid red) in mos! metals
This type is the most economical O-Ring It is de-
signed for low 10 moderate pressure and vacuum
conditions

Self-Energizing
The inner periphery of the O-Ring is vented by smal
holes or & siot. The pressure inside the ring becomes

Q9

November 1

applcaton piaces a Metalic O-Ring 1n axa
ISSI0N Detwesn paralel laces which are s¢
the tiuid passage or vessel axis The sealis usually locatec
N an open or Closed groove In one tace It can aiso be 1o
caled in a retamer which eliminates the need 1or machir
iNQ & Qroove (see Jescrnplon of retainers on page 8
Jpor pression 10 a pregetermined fixed neignt
the seal tlubing buckies sightly resuling 1n two contac!

areas On the seal lace ang maximum contac!

stress be

Iween the seal and the maung laces Wnen the hange
faces are closed the O-Ring 1s unger compression and

NG back against the flanges. thus exerung a
g 1S the self-enerQizing
QUK ON the vented sije
\Creases the seaing torci
15t the flange face

1ends 1o spr
DOsSIive sealing
yDe. the Dressure
energizes the seaiand tu

Oy pushing the sea agair

force HHthe ( Far

§ e s
ymeg

PPesslIrE b1l [Bd

alzing

the same as in the system. Increasing the interna!
pressure increases sealing effectiveness

Pressure-Filled

Pressure-filled O-Rings are designed for a tempera-
ture range of 800" F. 10 2.000' F. (425" C 10 1083"' C

They cannot tolerate pressures as high as the seif-
energizing type The ring is filled with an inert gas at
about 800 ps! (41 atm) At elevated temperatures, gas
pressure increases, olfsetting ioss of strangth In
tubing and increasing sealing stress
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Metallic O-Ring Selection Guide

To select the proper Metaliic O- Ring tor a parucular appi-
cauon itis necessary 1o determing system pressure tem-
perature and kino of uid 1 De seaied

1. O-Ring Type

Pregsure gelermings if O-Ring shouid be self-energizing

Prassun ' O-Hasg Typo
vacwuum © 100 s 16.8) am) Seli-energiing not feouns

vt
100 o 6.8 atm ano abowe! 501 4nenGan Oesiabie

2. O-Ring Material
Temperalure getermines biasic O-Ring matenal
Tarapsrature | O-Rng Mamnal
Cryogenics 0 S00° F (260°C 1| 321 Sawvess steel
10 800° F (427°C) | Aoy 500
© 1800° F 982° C) | Alloy X750
above 1800° ¢ 982° C Consul! Factory

3. O-Ring Size

Tubing diameter 1s aetermined by nng OO, compression
torce gesired and avalable space See complete data for
O-Ring size selection on t.ages € ana 7

4, Seal Load vs. Seal Ring Diameter
Curves on page 7 show the seal load vs. seal ring diameter
1o varous tubing outer diameters and wall thickriess tor
stainiess steel tubing For wbing made of Alioy 600,
multiply Ioads shown by 1 1 For Alloy X-750. multiply by
14

5. O-Ring Wall Thickness

The wall thickness should be seiected 10 provide the
proper yield under compression The data on pages 6 and
7 inciude the practical wall thickness dimensions that
may be used for each tube diameter I planng 1s used wall
thickness for seais made with 125 inch (3.2mm) tubing
and smaller should cause yieiding of the plaing ata load
ot 400 1b/in (7.14 kg/mm) For tbing over 125 inch
(3.2mm) diameter, 800 Ib/in (14 28 kg/mm) should be
required. Teflon coatings on nngs wiil yield at 100 1b/in
(1,78 kg/mm)

6. Groove Dimensions

The proper dimensions and surtace finish of the groove
are as imponant in achieving a seal as the O-Ring itself
As a generalgu.de inthe preparation of jaint surtaces the

recommendied groove dimensions tor internal and ex-
lernal pressure apphcalons are shown on page 5

Should you need further guidance and our recom-
mendatons. submit the toliowing informaton ragard-
ing your applicaton 1 Temperature anc. pressure
ranges 2 Space avaladble 3 Matenal 4 Medium 1o be
seaied 5 Avalable compression ioad 6 Sketch of pro-
posed appicalon

7. Coating or Plating
Coatng or plating of the O-Ring will provicie adherence
ano ductility (50ttness) 1o contorm 1o MICrosCopIc groove
or flange irreguiariies

For unpiated seals liquid leakage can be estimated by
the following expression

\ &
=2 0X 10°P

"

(Q=ipakage cc/sec P=pressure difierence psi. and u=
liQuId VISCOSITy at operatng conditions. centipoise ) I the
resulting calculated leakage 1 10 * 10 10 or less. actual
leakage may be zero because of surtace tension |t leak-
age occurs. it should be proportional to seal diamcter
and in the above expression. multiphed by D/2 D=seal
diameter Actual leakage will probably De less than
predicted

For coated or plated seais helium-ieakig™tjoints may
be made with proper O-Ring ang coaung orc. ing seiec-
tons. Testresults rangeirom 10 " 10 10 " cc/sec. and lower
Al one atmosphere diflerental. Recommenaed coanng
or plating Materais are

Temperswre Piating or Coating
Cryogenic 1 500° F 260° C) Tedon
1 1800° F (982° C) Siver
1o 2200° F (1186°C) Nocket
See gage 1 WY S CORINGS M0 BN

8. Sealing Surface Finish

The groove and mating fiange face must have a surtace
finishof 16 uin. rms (0.4 u mm)for bare rings. and 32-100
win. rms (0.8 u-2.54 u mm) for piated or coatea rngs

For gas. vacuum and hight iquid (water ). a hrish ot 16
win (0.4 mm)rmsis recommended. For medium iquids
(hydraulic oils) and heavy iauids (ar or polymers)afinish
ot 32 uin (0.8 » mm) rms © recommended. Machining
100! marks on groove or flange face Must be concentric

Sea! surlaces shouid be free of dirt. grit Or other foreign
matenals
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ited Metallic O-Rings

Diameters up to 300 inches (7620 mm)*
Tube diameters from .031 t0 .625 inches

.ﬁ"- . “'-— ——— -~ — .
762.

b 508,00

#Diameter Wall Thickness
LI AN T

'... L] ‘

Inchey B8

031 . 005 .010 .012

0,8 013 025 030
T L8 008 D% 012 014

16 ° 015 025 030 036

"1 008 .010 012 018
0,25 0,30 048

L | 0,18
025

006”670 012 030"
- (615_025 030 051° 064

e ———

S —— T — g -+ st
.w
.

508,00 762,00 1016,(
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Retainer Assemblies

Metallic O-Rings can be used with a metal relainer plate
orem anical Dack-up that serves the same luncion as
ihe machined groove wall in conventonal instaliations
Retainer assemblies may \ncorporate sewral Metalic

Aings into one all metalic assembly The O-Rings are
oress-imed withou! Cross-section Qistornion are secured
agains! gropoul and are easily nandeg ogunng heic
retrotn programs. The retainer piate ur

nishes the O-Ring compressior kmit. controis hOop ten
sion of the O-Ring. simpiifies surtace hrush aration

permits interchangeability of ianges. anc apples 10 single
muitipie O-Ring requirements A selecton Of severa
stanoarg assembiies 1s 0escrnbed Delow

ASA/AP! Pipe Flange
Seals

Metalh Rings offer statc seal relability ang salety |
nstallation or mamtenance of piping Over IoNg peroa
tume the ali-metal construction of Fluorocarbon tubular

Metalh RiNgs and retainer plates maxe therm Iess sus

saptbie 10 relaxaton of sealing siresses — as Cd g
10 partally non-melailic Gaskets

n aggtion 10 thar naty
. pr wicie th

resihence

stabity O a

Metallic O-Rings
pIpe 10Nt §8a
The natural springback of thin-wall metal tlubing, and
ynique seli-energizing design feature creale a baance
ot Insiie and outsiie forces which prevent coligpse ot the
tube unager pressure oyching These same features allow
Metaiic O-Rings 1o re ¢ 1o vanahon Jealing su
face geflections without creep Or CoKd
modate high and low lemperature cycing =of
plant piping., they withstand temperatures Irom ¢ » . g
to 1.800° F (982° C ) and pressuras rom vacuum K . g -t
50.000 psi (3

] .
mantair. seal reladiity, tubuiar M _talhic O-H
quire less boll stress than sold. fiber fiat meta %
Wwound or jacketeg gaskets Lower seal 10a0s allow a P / 4
o

greater boitand fiange satety facior tor a gren insialiat

e
arrn
al

-2 -4
 C

O-Rings and ratainer plates are availe for 250 1
24" (64106096 mm)pipLnalls 50102500 08

7
7

N s 1
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Boss Seals

‘ United Metallic FIT-O-SEAL for boss joints combines
a stainless steel retainer and a prees fit Metallic
o-Ring. The unit is sell-positioning, CONrois ring
sompression, and can be reused. It won't getenorate
with age and is not atfected by environment. Existing
Boss can be easily retrofitted. It can sea! fueis and
shemicals from high vacuum to 10,000 psi (680 atm
or higher, and will endure continuous temperatures

~ 452 F. (= 289° C.) to 1,800°F (982" C.). Stand-
ard seal assembly available for MS33656 fitting t¢
ME33649 boss. Modifications avalladle

Flange-O-Seal

The Metallic O-Ring is semi-fastened into the meta
retainer. The assembly i1s used tor sealing jet engine
fuel lines and exotic missile fuel lines from = 452" F

288 t 1t 800°F OR2' €
£0% . o Y0«
an be used for stee! fittings MS20757 thru
AS2 f and MS32786 fitting installator Thet W
g assemblies are avatlable from st »
et —— - — - -
Pant Part T TN (TR T
¥ e U resale + 098 18 1) .
b s s e — —
i , 56 210
e 29.36 53
g -16 113 312 210
28.2 k¥ 53
3 1 14 ' dvd -
82 35,82 § 88
2 20 (25 856 2
42 OF
1 812 27
46 88
2.3 0
8013 A 4R
| =
et —-—
SR B_ e {
an

' BN

o I - 1 NN
\ P — - i
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Nuclear Pressure Vessel Seals

The principal application of United Metallic O-Rings
in nuclear power piants 1s the sealing of reactor pres-
sure vessel heads They are aiso specified tor sealing
applications on vaives, steam generators, condens-
ers. pumps. piping and other equipment components
throughout the nuciear flow char*

United O-Rings can easily meet the three major e-
quu.mcnll of nuclear applications nigh tempere-

ture ratings, high pressure ratings, and larger than
average ring diamelers (see Page 2 tor specifics)
United Metallic O-Rings offer other significant
advantages in nuciear applications. they are not not-
mally atfected by damaging environments Or COr-
rosives: they don't deteriorate with age even in
storage. and they resist radiation and chlondes

TABLE 1 O-Ring —Alloy 718~ DEFLECTION and SPRINGBACK—Inches (mm)
Lowt Foren el 1 1 e 1 gL L AL 98w
/tnenr inch ¢ 2500 10716 143 Ay, ) 2500 1d/in 145 kg/ mm) 4000 ib/1n (715 kg/mm)
Percentage Defiection | Min Springoack Deflection | Min Springoack Detiection Min Springbaca
% 030 (0 78) 008 (0.23) 040 (1 02) 013 (0.33) 050 (127) 017 (0 43)
10% 037 (0.94) 008 (0.23) 080 (127) 013 (0.33) 082 (1 57) 017 (0.43)
12% 045 (1 14) 009 (0.23) 080 (1 52) 013 (0.39) 075 (191) 017 (0.43)
0% 080 (152) 009 (0.23) 080 (2.09) 013 (0.3 100 (2.54) 017 (0.43)
1% 064 (1 63) 009023 | 0880216 013 10.33) 106 (2 69) 017 (0 43)
. - fi0 17N may br g with UAY 718 LOSC 107Ee1 May vary ALghlly Delow 17% ineh compresion
Media to be Sealed Materials and Plating

Media in the nuciear power Diant which United O-Rings
can successtully seal include ordinary (hgnt) water. neavy
waler Doiing waler steam DOraled water carbon dioxioe
helium. nitrogen. lquid Mmetals  (NCIuaing sogium
teroheny! and other pneny! fluids, and acioe inciuding
poric acid

Flange and Groove Details

United Metallic O-Rings do not require expensive groove
preparation and. beng liexidie are easily installed On
pressure vessel Noad seais. a mMachined groove IS requir-
ol the groove diameter being getermined by the locaton
of vessel nngs so that minimum lift-off exists

The ¢ ling OD must be sufficiently iarge SO that upon
compre.. on. the ning willexpand and contactthe groove
ouier wall. This iimits hoop tension of the nng and pro-
vides a backup that restricts radial outwarg movement o!
the ning when the vesse! 1s Dressurizac Groove should be
suthciently wide so thatthe O-Ring 10 does ot contactthe
inside wall when the nng is compressec. Groove deptn
controls the amount of compression and the amount ot
load required 1o seat the nng Table 1 snows the amounl
of flange loac required 10 seal the sea

The O-Ring and groove dimensions fof internalanc ex-
|ernal pressure appiications may be determined fromthe
data on page 5

78

Alioy 718 is the O-Ring matenai of choice on most nuciear
seanng apolications Inconel 706 1s aiso avalabie Alloy
718 used in United O-Rings 1s anneaiec and age narg-
ened. offers opimum strength and springdback anc re-
sists chiondes. radiation and corresion. 1ype 304 stain-
jess steel O-Rings are aiso offered for applications thatare
less cntical and where @ less expensive matenal will suffice

Both Alloy 718 and Type 304 stainiess steel O-Rings are
available with silver plating of 004" ~ 008" (0,10 mm - 0.
15 mm) thickness. Ring OD can be controlied 10 010"
(0.25 mm) lotal tolerance after siver plating The silver
plating assures good agherence and ductility {softness)
o conform 1o groove irreguianties. N.Ckel platng Is
recommended when seaimg sodium

0O-Ring Fabrication

United Metaliic O-Rings are fabricated by nending straight
metal lubing INto Circular or other desired shapes Thetwo
anas are welded together and the weid ground fiush

Where the proposed size of the tabncated O-Ring woukd
prohibit shipping. the company ofters on-site welding
fabrication thal meets the same quaiity stancards as
faprication performea in our plant
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Tube and Ring Dimensions TABLE4 B
The three most common tube diameters used

‘ nuciear applications are shown below with the rec SLOT or HOLE DIMENSIONS incnes imm

p of tube diameter and wa

fnr

C

smmended relatio

thickness to the O-Ring diameter. Other tube diam et [) i O\a
eters are also avallable for nuclear applications. See T AR, mamna e e e e\
pages 6 and 7 ™\ { . Ty R
E ] I G——— S T o-T 20V
A / \ . 029
Tanle s 9\ 'W"""" U T e
! Diamater e

.
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Retainer Clips
On nuclear pressure vessel heads the rnngs are
stalled to the underside of the tHiange on the head

¢ holes and their size varies (n relation to the ring

tube diameters (see Tables 3 and 4) The data

own assures installation without excessive O-Ring

This requires clips 10 hoid the rings in pr place y
and alignment during assembly Of the T to the nuckling in the groove and without endangering O-
vessel Slots are provided in the O-Ring 1o receive Rina strength. Different clipping methods are &val

the retainer clips In some Inst es the retaine able. depending on vesse! design, for both single and
clips are welded 10 the O-Ring. Insteac ts 1o jouble ring applications (see drawings above—styies

retainer clips, drilled holes with additional seli-ener A.Band C

‘ gizing holes can be provided The nu
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How to Specify O-Rings

Denotes wall Thickness
Metallic O-Ring Thousandths

| |
625 SE
' | = l

Type
Matenals SE-Self-energized
~Aligp 718 7 - Stainiess Mmetallic O-Ring OD on D
¢ = Slainless Stee! 304 (inches) (Thousandths PF~Pressure lilled
Steel 321 B~ Stainiess NP=NoOt self
- Aluminurr Steel 21§ energized, not
- Coppe! 0 - Stainiess pressure fi/ied
Alioy 80X Steel 347 ] SO~5eli-energized
- Alloy %750 (~As Speciiied on OD
SX~-5alt-energizad
as spec

Example

~ Coatings

U2312-03625SEA X e e 9

A=Silvar 0.03/0.08 N-~None

The sbove exampie. U2J12-036255EA, indicates B-Silver P-Lead 001/.002 (0,03/0

a type 321 stainiess steel O-Ring, %" (2.38 mm D-Teaflon 2 (0.03/0.08) R=indium .001/.002 (0.03/0.05

wbe size, 012 (0.30 mm) wall thigkness 3.82%° P2 A g v S ~e il
-Teflon ).08/0.1( ~Nick 00147002 (0.03/0.095

$2.08 mm} OD. sel-anergized (1D) and 001-.002° ¢ ,g - . A D& \v'.\olf 0t ':)C' a0

(0.63/0.06 mm) siiver cOAting L-Coppe 0.03/0.05 Gold 008&7C 02

~As Specified

United Metallic C-Rings

United Metallic C-Rings (designated MCR) are viesigned for
static sealing on machinery or equipment and are ava able
for internal pressure, external pressure or axial pressure
D/0D applications. Because C-Rings are designed with
an open side on the pressure side of the instaliation, the
seal is self-energizing. United C-Rings are oftered in round
or irreguiar shapes In a broac range of sizes from 126"
(3.2 mm) OD x .032° (0,81 mm) free height to over 300" (7620
mm) OD x 2 (50,80 mm) free height. They are availadle in &
wide variety of metal alioys and metallic or Tetion coalings
Sealing application temperature range s from cryogenic
to 3.000° F. (1850* C.); pressure tolerances are :rom 10—1¢
torr 1o 100,000 psi (€,.804 atm). Where customer require-
ments are large, the C-Ring provides the iowest unil price
of any high performance seal on the market Reyves! Buk
jotin 102C

\\ Y
.\—. ELUOROCARBON
W COMPONENTS DIVISION

Post Office Box 9889/ Columbia, South Carolina 29290
Phone 803/783-1880 Telex 57-3334

Bulletin 101C 5. OM-8/82 eCopyright. Fluorocarbon Components Division 1982
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~ ASS68A ANE2308
.|’|m Dash No. Part No. W 2 RN 1D. 0D W
313 -313 . 682 005 210 005 e 1 Y Y16
314 214 725 008 210 008 W o' e
‘315 .16 787  00€ 210 00% Yo 1 He M
316 -316 850 006 210 005 % 1% "
317 SRR : 912 006 210 006 B 1% N
318 -318 2SR A » 975 006 210 005 1 1% Ye
e 319 e A 1037 006 210 005 Vhe Y%he  he
120 .320 : 1100 006 210 005 1% 1% %e
121 .321 ‘ 1162 006 210 005 1% % %
322 -322 - 1225 008 210 005 1% 1% e
323 -323 v Aaa 1.287 006 210 005 1%, Tl ¥e
324 324 : . 1350 006 210 008 1% 1% e
325 326 ANG2278B-28 1475 010 210 00% 1 1% Ye
326 ‘m AN‘2278'29 1 m 0‘0 210 ms 1 5\‘ 2 j‘u
a7 -327 ANB6227B-30 1728 010 210 005 1% 2% Yo
328 -328 ANG2278-31 1.850 010 210 005 1% 2% e
329 -320 ANB227B-32 1978 010 210 005 2 2% Ye
330 <330 ANB227B-33 2100 010 210 005 2% 2% Ye
131 -331 ANS2278-34 2225 010 210 008 2% 2% Ye
332 -332 ANG227B-35 2380 010 210 005 2% 2% Yo
333 -333 ANB2278-36 2475 010 210 005 2% 2% Yo
334 -334 ANB2278-37 2.600 010 210 005 2% 3 ¥e
338 -335 ANG62278-38 2728 015 210 005 2% 3% Ve
336 -336 ANB2278-39 2.850 015 210 006 2% 34 Ye
337 -337 ANB2278-40 2978 018 210 005 3 3% e
338 -338 ANB2278B-41 3100 015 210 005 I Ak X
309 -339 ANB227B-42 3.225 015 210 005 3% 3% Ye
340 - 340 ANB2278B-43 3.350 015 210 008 3% 3% e
M <341 ANB227B-44 3475 015 210 005 3% 3% Y,
342 <342 ANB2278-45 3600 015 210 005 3% 4 3,
343 343 ANE2278-46 3128 015 210 005 3y 4% He
344 <344 ANG227B-47 3.850 C18 210 005 3% 4% Ye
345 348 ANG227B-48 3975 018 210 008 o 4% e
346 <346 ANB2278-49 4100 015 210 005 4l 4 e
347 347 ANB2278-50 4225 015 21C 005 4y 4% Ke
348 -348 ANB2278-51 4350 016 210 008 4% 4% Mo
M6 -349 ANG2278-52 4475 018 210 008 aly 4% he
50 -350 ‘ . 4 600 015 210 005 4% 8 He
351 .351 4725 015 210 005 4% 5 e
352 352 4 850 018 210 008 4% 54 N
183 .352 4975 015 210 005 5 5% Yie
354 -354 5100 023 210 005 ey 8% M6
355 -355 §226 023 210 005 4 5% Yo
356 -356 5350 023 210 005 5% 5% Ke
57 357 5475 023 210 005 6k 5% e
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SPHING
ENERGY

SPRING
ENERGY

SPRING
ENERGY

ENERGY

>

e

The Omniseal 15 a spring actuated pressur? assisted
seaiing device consisting of a Tefion (or other polymer) jacxe!
of cover parially encapsulating a corrosion resistant meta
SONNG energizer

When the Omnisea! 1S sealed in the gland. the sprng s
UNGE COMPressIon orcing the jJacke! ips agains! the glanc
walls theraby creating a leak -ight seal. The spnng provices
permanen resiience 10 the seal jacke! and compensates for

jacke! wear and hardware misahgnmen! or eccentncity System

PressSure aiso UssISs in enerIZIng the seal jJacke! Spnng
ioacing assisted by system pressure provides eflective seaiing
at both low and high pressures

Omniseal jav<ets are precision machined from Tafion
PTFE). hiled Teflon compasites and Cther high performance

potymers Ommiseals of Teflon are serviceable al temperaturas

ranging from cryogenic 1o 850° F and are resistant to virtuaity

Omnisea! Spring Designs

Spring Ring Il t

all chemicails excep! motten alkali metals. fiuornne gas at high
lemperatures and chiorine triftuonae (CIF 4

Omniseals are avaiable with a vanety of spnng energizers
6ach having charactenstics 10 mee! specific requirements
Sprng loading can be lailored 10 meet criical icw nction
requIrements in gynamic apphcatons. or extremely high
loading often required tor cryogenic seaiing. Spnngs are
fabncated from corrosion resistant metals such as J00 Senes
and 17-7 PH stainiess steels. Hasieloy Incone! ano Coba
Nicke! alloys Omnisaals with elastomer O-Rings used as
energizers (Nitnie. siicone. Vion®. etc ) are aiso avaiabie by
contacting the lactory

The geometry of the Omniseal installed in the gland
Provioes Positive resistance to torsional or spiral lalures
Ommiseals ‘with matal springs) have unkmited shell lite and
are not subect 1o age controls normally IMpPosed on
elastomenc seals

TVHON & 4 reguiared Yaoeman o DuPort Corporsees

Omniseal 103A

[
¢

TR

Omnissal 1100A
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Seal Selection Guide

Trhig Omeosenl Design Handbook & 0rganzed 10 alow you 10
Quitkly BNO BOCUTAIEYY OOIMIng wiich OMmse al 10 Use 11 your
ADDICANON O 10 OEIBrMING I vOu TeaUIre § CUBIOM SeaINg
solgtion trom our Engines ng Depanment 1t s imponant 1o
Iohow the S1eDs Delow which will help yOu COT.xte! the aDDro
prate sea 08sgn SIZE AN MBlerals

Selectir.g Stanoarg Omrises

Whethe! 0f N0t the SOIUHON 1§ @ SIAr0aro o' specia’ Omn
SHAL W wRICOMEe your Call 10 18! us AERIS! vOu WIth the Seied
uon. Taxe 8 moment 10 Hil oyt the Appucation Date Form on

DRGS 16 anc fhen call ub B | o0s £ 4 s 0080

Familarize yoursel! with the Omniseal part numberng sysiem shown on Page 17 ang note the

STEP iMerence betwesr miary BNC INOUSIN! G108
1 Determine 3eal type (radial o 1ace seal) ane design (Slatic or dynamic) rom the Seal Function
Ang Motion secuon on Page 10 ano 11
Determing the optimum sea conhiguranon You have now gelemuned the 0esign of the seal 10 use
basey on the loliowing your apphcation This selection will oglermine the hirg!
A Design varations 10! ratiai seals on slemen! ol the 8@l DN NUMDE!
“EP Pages 17 through 21 (military of industrial)
s :nu nce umpcn Pnoz 0 ano 2 aao
omperature/Fressure/Exirusion »
; oaxs xx§ XXX « XXXX
C Fructonal Consgerations Page 12
O Haroware Design Consoerations Page 22 Basic Seal Design
23,26 ang
Selac! & oA 8120 rom the chans on pages 24 The seleclion of the Se8 5126 0ash NUNDE! will selerming
through 27 50 & racial 50RO DAQES 32 the secont componen! of the seal pan numbe’
lftP through 35 for 8 lace seal | the oesired size

does NO! BPPeA’ ON the chans cal our Tech-
3 nical Service Depanment 101 assisiance

Caution Do not imter mix miliiary ang indusinal

gt:wammmw’m?dmw

Select & s08 jacke! matenal rom Page 14
based on the foliowing
STEP A Frction Page 12
B Temperature Capabiites Mage 13 ang 14
& C Pressure Capabihties Page ' J
0 Media Compatbiity Page 14

50901 8 seal energizer matenal from the

ntormation on Page 15 This wili aetermine ihe

AXX « 00X« XXXX

Seal Size Dash Number

The seal jacke! Malenal seection will determing the thirg
component of the seal pan numbe’

XXX « XXX - XX
’-

leeSeal Jacket Material

XXX « XXX « XXX <

=568l Spring Matenal

Note: For auditional Part Numbar information see Page 17.

ﬂ'EP fourth and hnal componen! ol the seal pan
numbe!
5
Special Sizes

In A0aMoN 10 the SIANGATT SiZes ISING in 1S CalBlog. si2es
I DOIween Those SHOWN IArDe’ SI288 aN0 MeINC 5288 Are AISC
avaiiable Smce Criniseals B7e MAchingd *gme’ INan Molsed
N Specll 100INY Charpes are INVolved - daducIng
NON-BLANGATY S268

88

Custom Desiins

Fluorocarbon specializes i Cuslom engineered 0esns 1o
mee! spectic asphcatons. |f your BDPHCAON & Of & pariculany
Crtical NAtUrE NO' COVEred In this CAIAING. we INvite you 10 sent
COMDISTE COLAIE 107 rTeVIeW BNT TECOMMENndanons Ny our
Engineenng Departmaent
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- b

Siatic Sealt & Dynamic s,

o WO DRMC IyDes O seahog
oevices e STATIC SEALS ang DY
NAMIC SEALS In slalic seaing there
SASRNLRNY 1O TRIBlive MOHON Detwee” the
A BN0 the hardware members An
ELBMDIE WOUKC DR 1he SR ClaMDn0
teewee’ Lo Narges

N OYRAMIC SORING there s 'eiative
MONON bEIween the two sealing su!
faces A tyOs! exampie wouls be the 100
NG PISION MORIS IN B HyOrEUIC CyIinoe:

There are two 0ireotions o mouon
OYNBMIC KBAHNG TECINOSANNG Of Inaer
MONON. BNO TOIRrY (INCIUHNG OsCIligling

AN BOONIGOR! RO 10 De SONBIOET e 15
the OTNRLO" O I “gB in the hero
wire Seais Mat A _ompresses i1 8
‘i girechior are caled RADIAL seals
A0 UBING TOU NG IELON SERIS RS
examnies Faow Sess are usually
gyhamic aithough May occasonslly be
slatc

Seals Ihal are compresses in &
Srecton pErele 10 the axis are caliey
FACE Seais the tenge gaske' being a
typical exampie Face Seals are usually
DUl NO! Biways. BN

Exampies of theee basic sesl types are
shown .elow and on Page 11 Typioal

«secting An Omaiseal Design

"rw Macnsrica Sea Dvision of the
b aorocarbon Company manuiaciures
AN MANES 8 varetly o' DasK styies of
sonng energizec Telion (or other plashics
088 Severn 0 1hese 088Nt Car be
UMBO INEIChENGOADIY In Ihe same gang
Funthe: there are overap ant gray areas
where severs diflerent sesgns mav e
BB 1N the EAME ADDICANION

The recommendanons beiow are
INBNGBT 85 & DONOTR QUItE KNGO SHOUKS
DO URed 10gethe: with the Wabies ang
Chans that wIpesr on the Iolowing pages
Shouk) yOu 180U e aOKIONal BssISIBNCE

motpn Occasionglly there may be & NEIBIBNONS Bre RSO shown on Page 17 we InVIe you ¥ aniact oyt Techrica
combrhaton of both Service Depar  wnt
YT , | ot —p—
v 11 Pronsure N {
\ <35 e | ——
-—-m Vaouum
'l B
v ¥ | { w
l L.L__.A~
Outsice Face Sew’

Face Seals In Stgtic Service
Omnseal 103A Page 30 & penerally

the 1rs! choicé Tor mos! stanc fage sedl
ABDICATIONS THiS 50168 Nk MOOBaIE 10
aNd 15 capabie o

S8RING eNectively Ove! & widle lempers
Ure and pressure range
Because of ns very high spring loading
the Omniseal 1100A Page 31 s
particularly recommenaet o extreme
OAINY CONAMONS  CryOQenic lampera
Wres. ultre-high vacuum ant positive
SHAING Of hehum aNo othe! 1hin gases
The Omniseal 4004 Page 30 may
WSO U USRO B8 & 818\ lace seal when
very IQht SpNNg I0A0ING 16 essentzl
Howeve' Seang abiity may nol be as
eHeCHve UNDe’ BXITAMe CONAILONS AS can
be oblaneo with sither the Omniseal
T03A o the 110uA aue 10 the relatively
ght spring load Opliona: springs are
availabie from the tactory

Face Seals in Rotary Motion

The Ommiseal 400A Page 30 s rec
OMMENGEd 1o rotary 1ace seal apohice
HONE @1 SIOW 10 MOGeTale TOIAry SDEE0S
LOW BDANY 080G <eeps Inction 10 &
mimmum For ultra-low Inction or hign
SUrtace speeds I s sugpesied thal the
TAcIory De CONKCINO 10f QUIBANCce

I OSCIHAIOry OF SIOW INlermIten: rolary
ApPUOATIONS where high rotational
lorgques are avalabie the Omniseal
T100A Page 31, 18 recommaenced Such
APPLCALIONS INCIVOR SWIVEIS 810 108N
arm pivol oints. Because of its excep
lionally hwgh spnng IGad. the OCmaseal
T100A 18 ais0 an sxselien! choice when
MAXIMUM Sealabiity 18 Mandatory in thin
HQUIDS ANO Dases and soaing a!
CIYOQeNIC 1eMpPeralures
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Sy, — .-
Pigton Sea!

Pressure

Radial Seals | - Static Service

While mos!' of the Omniseal oesigns
CHN e USeS B0 SIANC TRdia’ seals the
Omniseal 103A Page 20 18 penerally
recommenoed 1o this service s
moaeraie 10 gh Spnng 1RO provides
DOSNIVE SEBNNY UNOER! MOS! SIBNC seAINg
congiions

Radia! Seals In Reciprocating
Motion

Recprocating radial seals are the mos!
common Omnisea apphcations For roo
ANO DISION SOAKNG N0 SIMiar
applications the Omriseal 40UA Page
T8 B recommendat 10 QENeral DUrPoOse
SHING @1 1OW 10 MOGEraTe DIessUres
This senes has & low loag high deliec
HON SPANgG which provides low fnetion
SORING ANG compensales 101 mino!
NArGWare eCcentnCity O MISAYNMen!

For more severe Oynams conamons
the Omniseal 103A Page 2C »
recommaenced The higher spnng 1oad
PIOVIOeS POSHive SEAINg but with some
INCrease in sedl fncton Parmculary
sultabie 10r medium 1o high pressure
sorvice Excelient roo seal 1o positve
soanng

The Ommiseal AP || page 2 s 8 very
rugged N 10r SeVere Operanng
congitions  This seal ulibizes & unKue
WIRDLEU And formeo Stainiess sleel
AEDOT KPNRG WINEH 1S Nghly resihent with
wioe defection capabeitios 118 aimos!
ngastructibie SPNgG and ruged jacke!
gesign make the Omniseal RP |1 an
axoelient Shoice 10 haavy duty seaing
APPHCEIONS AN DN wear e

The Sprng Ring || Page 18 s an
SCONOMICA! alternative 1o the Omnisesl
400A tor gh proguction apphcations
ROUINNG Iow COSL SMAll Si2e seals | s
MANIACILIe0 Dy Butomated methods ano
15 oftered only in B kmited number 0!
sizes (12510 w0 875 1D Desgn and
SORINY ChAraCIensics are siMuar 1o the
Omniseal 400A

Raoial Seals In Rotary Motion

Al of the Omnisea ORsgNs can be
UseO I SIOW 10 MODRTAIE SDBE rotary o
osCH@Ory ARDICALONS B IOW DressuTe

0 rolacy Shaf apphoanons the fiangeo
sesign s recommenoet  The lange s
cliamped in the hardware 10 preven! the
soa! lrom (urning with the shatt This can
SOMBLMESs DCCU' with the stancard
gesipns gue to thermal ant other eftects
The hange provioes positive relention of
the sesl in the glang

The lianged Omnisea 400A Page 1§
ang Spring Ring il Page 18 are
recommenced 1or mos! rotary/osciiatory
apphcations. The hgh! sprng oo
minimizes INCHON. And &l ressure under
20 PSI permits surtace spoeas in the
range of 200 - 300 fvmin. Al higher pres
SUres the SUrTace SPeeC Mus! be reduced
10 prolong seal wear e The resihent U
Shaped sprng allows for minor shat run
out O MiIsalgnMmaernt

For vary siow (unger 50 ftumin ) ano
inermitte | rotiry/0scillatory motion al
highe! pressures the llanged Omnisea
103A Page 20 ang Ommiseal AP 1
Page 21 are recommenoed The
Omniseal AP || has & very resihent spring
that can 10lerale shal, run-oul ano
misalgnment

For apphcations reQuinng ultra-low
nchion. high pressures or high surtace
Speeds we sugpes! thal you consult with
our Technical Service Depanment tor
‘eCOMmMendanons

Fiuorocarbon s Components Dvision i
Columbia South Caroling. designs and
manutactures a compiete ine of rolary Wp
SORIs 10r high speed andvor high
pressure rolary apphcanons. see Page 43

90

Spring Ring |

e b

Omnisosl 4004

f
c |
Omnisesl 1034 A

-
’__o_mnn..l AP n




Friction And Rotary Motion

N B MeasUrement of the ey Nt NOw the | ‘ | |
anos SHIng DATWRET & 98 &N ' 3 VBILSE W vy >
ArOWE'P SUTTRCES 1§ DTeCTy relaled R BCILE X ! o —o—p
aal MAlenin coaticw = NGIoNs 1 Many cases tese ot ’ ’
he 1011 1080 HOMe OIher TRCIors afe ences wre nsgnhicar

878 WDNCEHON  1eMPeIaiure F RIOOCArdon Manviaciures & vane!
and haroware surtace hnishes A SONNgE WIth Iowe mghe a
" APDIOXITALe ICUON value | o than shown Deow Ao SPECI KDNng
UDNCAISO CONTIMONS CAN DE CAICUIBIe A7 D 0VRIODET WHen "eaul e
$INg the chans and formulag on 1 omact our Technical Service
LA JOHNCANON DIOVIORD Dy the Dartmen! 10! RESISIANce with nphce
media My OOV 1OWR! MCHOT NS where INCLon 1§ orMica

(.2 WU
———

F & 108 080 - pounds per inch o1 girgumiersnce

DIORBUTE IGBU « BPNING ond " 1018 108l ar TNISeR Can e

auiaied Dy MY W Dressure O

D = diameter of gynamic surtace :

Y ng n e Above char 1" averade
R & redius SPONG 1080 Shown DBIOW

g

\ 8 material costhicient of frighior

Linsar Eriction (pounds) = Fx D x n x
Frictions! Torgue (Inoh - pounts) = FxDxrx u xR

" e |
nnisen 4004 3 1l ‘

sea WF e

- — —
y . Ny e
sou RO p
y Average Spring Load - Pounds Per Inch O Seal Circumierence
- - v v v - v - v - - v ;"."»if'\ Motior
nsul! Factory ’ " . .
s@ he adiecen! chan 10 qualtty
Y G GRS S—" + ’ . v . puamnal R —
HTINSEAE 1O CONINUOUS "Olary
p- 28 _—\ + - ’ + . ) S— | OUNEY RN — } SRS W { apphcanrons
|y Fluorocarnon Components
:.} F + * + e Dmasion in Columbtsa. Soutr , -t - -
. CArOENE  DBMIONS aNg Man,
wl RCtUTes & compiete hine of pe— {
P a FOLRTY WD SBAS 10 high SDeed
& O ANKVOr Ngh DIressSure rolany
h 5 appucanons See Page 4 .
¢ 2 it 1§ recommenaed tha! a

SONtINUOUS TOLArY S86 W —
APOHCANONS DO rEVIBwed by
Fluorocaron betore NArOware

400A Wih Flange
T

——
ety - P — ne Hlangoc seal 0esign allows .
entrapment o! the sea' Dy the Naroware
. 10 prevent seal rotanon See Fage 11 1o

50& D8SQN "ECOMMENaAtons

Pressure - PS



u n Temperature - Pressure - Extrusion Gap

Maximum Recommended Extrusion Gap

1O JHustretion onty

See Back-up Aings. Page 2

Temperature Vs Pressure And Seal Design

P

When seaing "Nigh pressures andve

Pn EMDeTalUTes. the amoun! of the

¢ gap DENNGY e 588 DECOMES
neal Thus extrusior 5 he
GATENCE DEIWSRN 1he NATrOWATE
OMDETE HMArOwWars Gesgns witt
Deanng NN o

NS08’ 1Ne Ciamelral Cledrance as 1ne
MAMUM @XITUSION QAP Al hgh Dres
TES ANG/0 Ngh leMmDeralures ar
SXORSEIVE CIOATANCE CAN Alow The sea
ACKE! 10 De exiruted Mo the gat
AUsINg pramature sea lalure

The ertrusion gap should be heid it
the minMmMum Dractical. ant shoulo no
SA0080 1N values Shown On the 1abie
a!l the e Increasing the hee! thickness
TIhe 588 IMPDOVes "eRIslaAnOe it
AISO the exirusion gap ca
Dy the use O' & separate
MCK U g arrangemen

ENETRIY. Ihe DACK -UP ""Y Shouid e

8 NaTOe’ Malena har e sea Tiale
a A hgh tiled Tetion compoune i
nigh moaulus plashic such as F y

SLOMMEnON :."" NalenaIs
Showr Fage 14 AQ0MONE Dack

g Oelans are shown on Page ;

Exirusion Gap

IO 1eMpDeratues below 40" F w
ause Telion ano othe Fluorocarbor
SHING MALENAIS 10 SNk ang harde!

These angitonal 10roes May compre
8@ e SpNNg 1080 ANG 1t
ace 11 5 ”* ""'”'\&d

Although lace seals are ic | shected
NAN TA0IA' SRAIE W recommeng vt

ns ! echnica' HService
SOATIMANT DEIOTe S8eChing ar
\ e a8 any Cryogenic appica

ea Design Vs Temperature
QeENeTE S6A ACKe! Malenals

DRCOMe SOMEwWna! "aroe’ a' co
emperatures ane 10 sofen I«
SOMe extent at IEMDerRIUTES s8¢
matnial ! on Page 14 tor lemoerature
anges; The spring energizer comr
pensates 1o/ thase conagmions I you
S6A 008IQ" SERCHON 0O8S NO! AQTee
with he graph al the efl. consul our
Technica Service Depantment
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Seel Jacket Ma

terials

Fluorocarbon Seal Jacket Materials

Fluorocaron & S6a Malenals are

HMBOUNOS ANY DIOCESSe0 107 DPUIMUTY
SE8 DRNOrMmEnce i1 B wie vanely O' Seaing

anvironments

W MOS! COMMONly rECOMMEnaet Conm

DOUNIE ANt BTe SulaDe 107

The MARNAS 18180 Deow are

mOos! apONLa

Over the veg's FIuorocaron has 0eveioDeo
over B0 gifteren! Malerals 107 808 ube hese
A00NIONA COMDOUNGS Bre Bvalabie shoult they De
reQUIed 11 SDOCIE! cases 1! In DoUD! Ao
soipchon contact our Technica Service Depan
ment 10 guian 800 544.008¢

Costficient of Frction

HOns "
Ol i Coior Application i
[ Description -
Tacenent 10/ gh! 10 MOORTEHE yNamic ang SLITK Service LI poos
Fiuoroioy 01 1 ' ! (
180 wed! N0 hed! TERISTAnCE L Ow gat permeatuty (000
n virgin PTFE WhIRS . ryopenic properes Moderate 1o naro vacuum service FDA Yo 0%
' A0prover 380
02 Fluoroloy § Yol Mogried PTEE with simitar propernies 10 Flunroioy 0 matera ~400° o
Premum PTFE BOW | wilh SUDSIANLIANY IMPIOVET wed! resisTance To
L
Fiuoroloy SL Ecolient ane/d DUTDOSE MALEral 10/ Ned! BN0 wea! eBIANCE 900"
03 - arbon/Graphite Gray  Recommmenaes for 0ry ana 1Oy WDNCAIEC ADDHCAIIONS Yo 09
Eileg PTFE Pariculatty sulabie 101 wale! ang S10am service A8
Fluoroioy 06 Tough (Ong waaning heat resisiant Recommenoes 1o hig! ppees
06 Glass/Moly Gray  O7RSSUMe TVOrAUIKC Senace Steam anc wate: Caution Can be e 0%
g oo ‘"‘_[ ADTAS IV Tunmng Apaing! sof metans 2 mg' SUTACE SDeens w
¥
Fiuoroloy G Extremely 1ough 10NQ WeATING Dyl THIRG hed! ANC Themica Y
M Proprelary Gold 'esslance Pariculafly sunadie 10/ abrasive meow Kecom Yo
UMMWPE MEN0RD 101 10NG wea! Ie UNGe! SEVEre CONGIIONS 480
Fluoroloy K Propnetary plastc rentorcec (he) PTFE Supernor nea! anc ~H80
10 Exono® Filieo Tan  wear resslance Non-anrasive Recommenoeo 1or MDY It To
PTFE NP SD080 OVIAMIC BENVICE TUNNING AQAINS! SON melas A0
Fiworoloy 12 Excolen! Qeneral DUIPOSE MAlerd) with QOOC hed| aN0 wed' ~800"
12 Seaphie Filied Biack  esistance Non-abrasive Compatiie wiih ) hyarauiic Huios Te
PTFE a70 MOS! chemicals Gooo » wate! ang nun-wbNCatng Mol AN
Fluorogold Propnelary et Qlass fiied PTFE with exceiien! hed! wed' ant 580
G " nemica 1eSSINce LooS Crvogenic properies Laution Lar
14 b "';';“:“ YOUOW 1 anrasve running agans: 501 Metats 3t ih SUNace Spee0s I‘U. "
et Evcenent manen 107 DaCK-up "ngs
The!MOOWSIIC With SUDENIO! FESISTANCE 10 Nuciedr TAORLON by 300"
23 Fluoroloy 23 s nmes hed! A0 wedr resSance NO! IeCOM ™MEN0er 101 penera A
virgin Tetzei® DUIDOSE SBANNY Bl
Fiheorowoy B Semiar 10 Fluoroioy L matenia) bul INCTEASA0 Naraness ano .~.
, . Wi’ feISIance £ 4Caben ir S16AM AND wale! UNGR’ Severe cOn
ar
24 -""m" \‘;#”“" BIBOK 00 improvec creep ane ExiruSIN TeSISIANce 3! Tghe “;
Hieo 3 fempenalures LOOC 107 DACK U NS
frcenen! wear Matera o nighe lemperalures pressures and o
13 :wz » soee0s Eacelient n wale! a0 wale’ Dase S0ILLONS SUDRNO! it '.' 0
remium e BIBCk  arv 0 DOONY IWOHNCAIRO ADONCANONS Lan De ADasve (untIng o "
PTFE $QANST S0N melans 480
Fluoroloy 3 Flasiomen: materd with Q00O wed' ANt ADTASIDN TeSISIance « 300
Pol > Cream Du! HTiled CheMiCal ang 1eMDerailure resisiance Excelent ir 1
34 vesie o
£ lastomer hYOrBULT OHS AN0 waler NO! reCcOMMencec 10! Siean A0
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3.4,6.6,2 Outer Lid Bolts

LS. NEC Comment

Please address the shear stress in the bolt. Does this stress
exceed the allowable ASME shear strength?

NAC Response

The maximum shear stress of 20,090 psi in the NAC-STC outer lid
bolts occurs for the 30-foot side drop transport acclident and
results from the weight of the outer 1id multiplied by the 55g
impact loading. This shear stress does not approach the Level D
shear stress limit of the ASME Boiler and Pressure Vessel Code,
Section 111, Appendix F, that is, O.ASu = 54,0 ksi or 0.65y - 59.3
ksl. Since the Lolt tensile stress is 46,090 psi (based on the
revised bolt torque calculations), the combined shear and tensile
stress is evaluated as (66.090/97,100)2 B (20.090/5&,000)2 = 0,3v4
< 1.0. Since the maximum side impact loading for the NAC-STC for
storage is only 11.8g for the tipover condition, the snear stress
in the outer limit bolts is approximately (20,090)(11.8/55.0) =
4,130 psi for storage operation.
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3.4.7.1 Por: Cover Bolts

U6, NKC G

Why is the engagement length not checked in the other bolt
analyses?

NAC Response

The engagement length of the threads on the port cover bolts is
checked to ensure that the thread shear area is adequate to prevent
a shear failure. This check is necessary for the port cover bolts
because they are specially designed "captured" bolts so that they
don't get lost when the port cover is removed from the cask. The
"captured" design only permits a thread length of 1.5 x thread
diameter. NAC's standard design practice is to use a thread length
of 2.0 x thread diameter, which ensures adequate thread shear area,
s0 no engagement check is necessary. The other bolts in the NAC-
STC satisfy this criteria, so no engagement check is performed.
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3.4.7.3 ANSYS Finite Element Analysis of the Port Cover

LS. NRC Comment

(a)

(b)

(e)

What is the justification for the 200 psi internal pressure?

Please explain the ANSYS axisymmetric beam element.

The ANSYS and classical method results differ considerably. Please
explain the large difference

NAC Response

(a)

(b)

(e)

The value of 200 psi is a typical, but conservative, internal
pressure for NAC casks. The maximum calculated internal pressure
for the NAC-STC is 107.3 psi for a 10 CFR 71 transport cask thermal
fire accident scenario. Thus, the NAC-STC port cover analysis is

conservative.

The term "axisymmetric beam element" is used to describe an ANSYS
two-dimensional beam element with effective sectional properties
such that it represents & "360.degrea" revolution of the element in
a finite element analysis.

The difference between the results of the ANSYS and the classical
analysis methode is due to the methodology and boundary conditions
usec. The ANSYS evaluaticn uses an elastic-plastic consideration
together with a specified degree of edge rotational restraint on the
port cover structure. In contrast, the classical analysis method
uses an elastic analysis approach and considers the port cover as a
simply supported plate.
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3.4.7.4.1 Classical Analysis

LS. NRC Comment

How does the initial assumption of perfect elasticity make the
classical analysis conservative? Elastic analyses usuzlly under
predict deflections,

BAC Response

NAC agrees that the elastic analysis method usually under-predicts
deflections. The conservatism iaentified for this analysis refers
to the assumption of a simply supported plate, rather than
including some degree of constraint that is provided by the bolts;
also, no shear stiffness of the plate is considered. Both of these
analysis considerations contribute to the calculation of a
conservatively high port cover deflection. The ANSYS finite
element analysis of the port cover presented in Section 3.4.7.4.2
verifies the conservatism of the classical analysis.
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. 2.4.8,2.1.2 Tipover lmpact Analysis

LS. BRC Compent

Is the assumed value of 55g shown to be conservative?

NAC Response

Yes, it is conservative to assume a 55g impact load for a tipover
impact analysis. As documented in Section 3.4.9, the maximum
lateral load on the NAC-STC is 2.94 x 10° pounds (11.75g) at the
upper side impact limiter for a tipover side impact. The
conservatism of the assumed 55g side impact is documented in
Section 11.2.3 and further verified in the NAC Response to Comment
5B TR
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. 3.4.9.5 Method of Analysis

VLS. NRC Comment

(a)

(b)

(e¢)

Besides information included in Section 3.6.2.3, please provide
technical details about the manner in which RBCUBED calculates the
force-deflection curves,

Was sliding between the aluminum honeycomb and the stainless skin
considered for the impact analyses? This sliding may adversely
load the steel shell encasing the honeycomb,

The structural strength of the impact limiter tabs needs to be
addressed for the tipover condition. For the tipover, the shear
force over the interface between the impact limiter and the cask
bottom is high,

.NAC_xnmu

(a)

RBCUBED utilizes quasi-static methodology. The impact of the cask
package is frozen at an instant in time during which all
calculations are performed. At any particular instant the
detormation of the impact limiter is divided into a number of
"gones". A zona is a thre:-dimensional body section of the impact
limiter oriented normally to the unyielding surface. Only the
zones directly compressed between the cask body and the unyielding
surface are considered effective in absorbing the kinetic energy of
the package. The deformation of each zone is determined and the
associated strain is calculated by dividing that deformation by the
original height of the zone. The stress in the zone is determined
from the stress-strain data for the material, as previously defined
in the input. The force in the zone {s calculated by multiplying
the area of the zone by the stress in the zone. The total force
exerted by the impact limiter is the sum of all the forces in the
effective zones. The iteration process is continued until all of
the kinetic energy of the cask is absorbed and the velocity of the
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(b)

cask is reduced to zero. The force-deflection relationship for the
impact limiter for a particular drop orientation is thus,
calculated by RBCUBED.

No sliding between the aluminum honeycomb and the stainler el
shell was considered in the analysie. The epoxy bonding t:
interfaces between the two materials sufficiently limits sliding
between the materials so that deformation of the impact limiter
proceeds as predicted, Previous quarter-scale model drop tests of
the NAC LNWT cask have verified the impact limiter behavior.

As discussed in Section 11.2.4.1, tipover is evaluated as a
credible occurrence for the NAC-STC during storage on the concrete
pad. The cask is stored with its base on the concrete pad without
the bottom impact limiter. Therefore, an analysis of the bottom
impact limiter attachments is not applicable.
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3.64.9.7.2 Upper Side lmpact Limiter Attachment Analysis

V.S, NEC Comment

(a)

(b)

Does Figure 3.4.9-1 provide the attachment details for the bottom
and side impact limiters? Are the storage and transport impact
limiters attached the same way?

In Figure 3.4.9-1, what is the length between the side impact
limiter and the top of the cask?

NAC Response

{a)

(b)

Yes, Figure 3.4 .9+1 provides the attachment details for the bottom
and upper side storage impact limiters; additional attachment
details are shown on Drawings 423-538 and 423-539 in Section 1.5.2
of the NAC-STC TSAR. The upper side impact limiter has eight
equally spaced 1/4-inch plate mounting tabs that are bolted to the
side of the cask body with 1/2.-inch diameter SA-193, CGrade B6, Type
410 stainless steel bolts. The bottom impact limiter has four
equally spaced 1/4-inch plate mounting tabs ithat are bolted to the
side of the cask body with 1/2-inch diameter, SA-193, Grade B6,
Type 410 stainless steel bolts,

No, the storage and transport impact limiters are not attached to
the cask in the same way. The upper and lower transport impact
limiters for the NAC-STC are each attached to the ends of cask by
16 1-inch diametey bolts through the transport impact limiters

The top of the upper side impact limiter is 1.8 inches from the top
of the cask., Figure 3.4.9-1 will be revised to clarify this.
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(a)

(b)

(¢e)

3.4.10.4 Stress Evaluation of Gravity Effects

Please address the structur:il analysis of the rods and spacer nuts,
Buckling of the rods is a critical concern,

In the ANSYS model of the basket disk, what type of displacement
restraints were assumed at the rod locations, hinged, fixed, or
other?

In Table 3.4.10-1, the formula for the Von Mises Stress is
incorrect. Please address. If using ASME stress limits, the
Tresca criteria should be used since the ASME code is based on that
criteria. However, the resulting difference between the Von Mises
criteria and Tresca criteria is small.

.NAQ_Bumnn

(a)

(b)

As documented in the last paragraph of the NAC-STC TSAR Section
3.4.10.5, the threaded rods and spacer nuts are analyzed in Section
11.2.4.7.6.4 of the TSAR. In that section, the threaded

rod stresses are calculated for the end drop condition. The
buckling analysis of the threaded rods for the end drop condition
and an evaluation of the side and corner drop conditions for the
rods are addressed in the NAC response to Comment 11.2.4.7.% 4,

In the ANSYS model of the support disk, roller-type displacement
restraints were assumed at the threaded rod locations. To be
specific, displacement is only restrained in the disk lateral
direction (threaded rod axial direction). This is a conservative
representation of the restraint provided by the threaded spacer

nuts.
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(¢)

The formula for the Von Mises stress is mistyped in table 3.4.10-1
However, the Von Mises stress calculations are based on the correct
formula. The typo in footnote No. 2 in Table 3.4.10-1, will be
revised as:

2

SICE (Vou Mises) Stress - 0.707 | (Sx-Sy)zosx 08y2+6(Sxy2)10'5

Note that the terms of Sz, Syz, and Sxz are zero for the two-

dimensional stress analysis and, therefore, are not shown in the

Von Mises stress formula.
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. 4.4.1.1.1.3 Radial Neutron Shield

(a)

(b)

(e)

o

What is the UNS number of the copper heat conductor plates in the
Neutron Shield Assembly?

1s the thermal conductivity of the copper given in Table 4.2-7
(page 4.2-11) for copper with a purity > 99.99 percent appropriate
for the actual copper used (UNS C17?7?7) which, according to ASTM
B152 has a purity <99,.99 percent?

What is the thermal contact resistance between the NS4FR and the
metallic components of the radial neutron shield assembly and
between the explosively bonded composite copper and stainless steel
plates with 95 percent minimum hond area between the plates?

The plate materials shown in the figure on page 4 .4-4 are not
consistent with the electric circuit diagram?

(e) What are the dimensions (length and area for example) of each of
the five resistances shown in the electric circuit diagram on page
4. 4-4, and are the thickness dimensions of the copper and stainless
shell plates correct?
NAC Response
(a) The ASTM B152 copper alloy material has a UNS number of C11000.
(b) ASTM B152 copper allow has a minimum copper and silver content of

99.90 percent. Therefore, it is not entirely appropriate to use
conductivity values for copper with a purity > 99.99 percent.
However, the value of the effective thermal conductivity of the
radial neutron shield used in the analysis (0.246 BTU/hr-in-°F) is
conservative. The effective thermal conductivity of the neutron
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4.4.1.1.3 Maximum Fuel Rod Cladding Temperature Model

!1 S :‘EC - I

What is the reference for SCOPE and where is it documented?

NAC Response
SCOPE is referenced in Chapter 14 of the TSAR under the author's

name (Bucholz). The reference is provided in the shert description
of the use of the SCOPE codc given on page 4.1-2.
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(b) Yes, SCANS predicts the same G-locads as RBCUBED does for the
storage and transport impact limiters. A comparison is provided
between RBCUBED and the SCANS calculated g-loads for the NAC-STC
transport impact limiters:

Loading Conditions RBCUBED SCANS
30-Foot Bottom End Drop 40 .4 38.8
30-Foot Side Drop 54 .4 54.4
30-Foot Bottom Corner Drop 4l.4 41 .4
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11.2.3.2 Accident Analysis

LS. NRC Comment

Even though the shear load in the 2 .94 x 106 1b tipover accident is
smaller than the shear load in the 13.75 x 106 side drop accident,
is the shear load considered in the analysis? Are there cask
cross-sections at which the combined moment and shear contributions
are greater for the tipover accident than for the side drop
accident?

NAC Response

Although not included in the analysis presented in Section
11.2.3.2, the magnitude of the shear loads and the shear diagrams
for the NAC-STC for the tipover and for the 13.75 x 106-pound side
drop accident conditions were considered in the preparation of that
analysis. Since the maximum shear stresses on the inner and outer
shells are less than one-half the maximum bending stresses on those
shells, the comparison of the maximum bending moments for the two
accident conditions was considered more significant than that of
the shear forces and so, was presented in the tipover analysis.

It is important to remember that the maximum bending stress in the
cask shells occurs at the extreme fiber location at 90-degrees to
the neutral axis, while the maximum shear stress in the cask shells
occurs at the neutral axis. The maximum bending moment on the
cask for the tipover accident is only 0.33 of the maximum bending
moment on the cask for the side drop accident and, likewise, the
maximum shear on the cask for the tipover accident is only 0.43 of
the maximum shear on the cask for the side drop accident. The
shapes of the shear and moment diagrams for the cask for the
tipover accident are nearly identical to those for the side drop
accident, although their magnitudes are quite different. Thus, the
combined shear and bending stresses at any location along the cask
for the tipover accident and for the side drop accident will have
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essentially the same relationship as do the maximum bending moments
or the maximum shear forces for those two load conditions. For the
30-foot side drop, the maximum outer shell bending stress is 15,998
psi at the midpoint of the cask, For the tipover, the maximum
outer shell bending stress occurs 13.8 inches above the cask
midpoint at the extreme top and bottom fibers and is 5,391 psi,
while the maximum shear stress occurs at the location of the upper
side ‘mpact limiter along the cask body at the neutral axis

loc .“1on of the cask cross-section and is 5,641 psi. Very
coaservatively assuming that the maxiuum bending aud shear stresses

for the tipover condition occur at the same point, the equivalent
0.5
stress is Se - (sz + Ssz) = 12,504 psi. Since this equivalent

stress is less than the "maximum bending stress only" for the 30-
foot side drop, it is clear, then, that there are no cask cross-

sections at which the combined moment and shear contributions are
greater for the tipover accident than for the side drop acciaent.

115



Nuclear Assurance Corprration November 1990
Project No. M 55

11

1.2 Accident Analysis

U.S. NRC Comment

(a)

(b)

(¢)

(d)

(e)

()

This section contains the first mention of the redwood impact
limiters. It would be helpful if these impact limiters were
mentioned along with the introduction of the storage impact
limiters.

Please provide further details about the transport impact limiters.
Specifically, information is needed about the manner in which the
force-deflection curves are ohtained; either by experiment or
theoretical calculations, Drawings which show the details of the
impact limiters and their particular attachments will be useful.

The high modulus of elasticity (2280 ksi) for = ad is valid only at
stresses less than ebout 700 psi. For stresses uigher than about
700 psi, a lower modulus is necessary for the structural analysis
of lead.

The lead modulus of 27,750 psi used in SCANS is appropriate and the
SCANS prediction of hoop stress should be accurate. The SCANS
results presented in the TSAR, which used a lead modulus near 2 x
106 psi, cannot be accepted as an adequate solution for the case
with unbonded lead and steel shells. Please provide results of a
detailed elastic-plastic analysis using the stress-strain curve in
NUREG/CR-0481 to represent the elastic-plastic properties of the
lead.

SCANS does calculate the values of hoop stress, Se, for the
lead/shell interfaces unbonded case, but these valucs were omitted
in Table 11.2.4-1 >nd other similar tables. Please review,

The shear stress calculated by SCANS is Srﬂ' at the beam neutral

axis, not srz' Please review the impact of this char je in the data
presented in Table 11.2.4-4 and other similar tables.
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e

(a)

(b)

(¢ & d)

(e & )

Refer to Paragraph (b, of the NAC Response to Comment 3.3.7. The
transport impact limiters for the NAC-STC contain redwood and balsa
wood #s the energy absorbing materials; they are mentioned in the
TSAR only to provide the basis for the 30-foot drop impact g-loads
that are conservatively used to demonstrate the structural adequacy
of the NAC-STC for impact acclident conditions.

Again, it is reiterated tha*t the NAC-STC transport impact limiters
are not a part of the storage cask license application, except to
provide insight on the selection of the impact loads used in the
drop accident analyses. The force-deflection curves for the NAC-
STC transport impact limiters are calculeted by the RBCUBED
computer program based on experimental force-deflection data from
redwood test specimens. Refer to the NAC Fesponse to Paragraph (a)
of Comment 3.4.9.5 for a description of RBCUBED's calculational
techniques. Details of the transport impact limiters and their
attac .ents are presented in Drawings 423-609 and 423-610 in
Section 1.3.2 of the NAC-STC SAR, September 1990,

Refer to the NAC Response to Paragraph (a) of Comment 3.3.6.1 for
the discussion and documentation of the appropriate modulus of
elasticity to be used in the analyses of the NAC-STC; a summary
tabulation of calculatio al and experimental results is presented
in that response.

The SCANS analyser, beginning with the second paragraph of Section
11.2.4.2 and continuing through sction 11.2.4.5.3, will be deleted
and replaced by the text which follows; the structural adequacy of
the NAC-STC for the impact accident conditions is documented by the
ANSYS finite element analyses that are presented in the NAC-STC
SAR. The accuracy of the ANSYS analyses has been verified by
comparison of the results to those from SCANS and from the guarter-
scale model drop tests for the outer shell. For convenient
reference, the pertinent pages from the NAC-STC SAR are included as
a part of this response and appear as Appendix A of this document.
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minimum weights of contents are considered. The environmental
temperature for the drop is between -20°F and 100°F. Internal heat
generation from the contents and solar heating are also considered.
Regarding internal pressure, the maximum or minimum normal
operating pressure is applied to produce the critical stress
condition in conjunction with the other loaus previously discussed.
Closure 1lid bolt preload stresses are also considered.

For the 30-foot bottom end drop case, the critical (ma) imum) stress
summary for all cask components are documented in Tables 2.10.4-124
and 2.10.4-125 of the SAR. These two tables document the critical
primary membrane (Pm) and primary membrane plus primary bending
(Pm+Pb) stresses in accordance with the criteria presented in
Regulatory Guide 7.6. The allowable stresses are functions of the
material strength at operating temperature. The maximum operating
temperature within a given component is used to determine the
allowable stresses for that component. Note that higher
temperatures result in 'ower allowable stresscs. The maximum
calculated Pm stress in. "7.3 ksi and the maximum
calculated Pm+Pb stress intensity is 22.7 ksi, which are produced
by the combined loading condition: 30-foot bottom end drop impact,
bolt preload, and internal pressure. As shown in Tables 2.10.4-124
and 2 10.4-125 of the SAR, the margins of safety are positive for
the 30-foot end drop accident condition. The most ccitically
stressed component in the system is the bottom forging. The
minimum margin of safety for the bottom end drop condition is found
to be +1.8, as documented in Table 2,10.4-125 of the SAR.

Likewise, the maximum Pm and Pm + Pb stress intensities for the 30-
foot side drop are 36.0 ksi and 49.4 ksi, respectively, as
documented in Tables 2.10.4-133 and 2.10.4-134 of the SAR. These
two tables also show that the margins of safety are positive for
the 30-foot side drop accident condition. The most critically
stressed component in the system is the top forging. The minimum
margin of safety for the side drop condition is #0.3, as documented
in Table 2.10.4-134 of the SAR.
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The maximum Pm and Pm + Pb stress intensities for the 30-foot
bottom end corner drop are 23.5 ksi and 39.6 ksi, respectively, as
documented jn Tables 2.10.4-155 and 2.10.4-156 of the SAR. The
minimum margin of safety is +0.7, as documented in Table 2.10.4-
156 of the SAR.

Satisfaction of the extreme total stress intensity range limit is
demonstrated in SAR Section 2.1.3.3. The documentation of the NAC-
STC adequacy in satisfying the buckling criteria for the stresses
of the accident drop conditions is presented in SAR section 2.10.5.

The NAC-STC maintains its containment capability and is
structurally adequate t2 withstand the 30-foot accident drop cases.
Since the impact loads on the cask for the 6-foot drop storage
accident conditions are less than the impact loads on the cask for
vhe 30-foot drop accident condition, the NAC-STC is also
structurally adequate for the 6-foot drop storage accident
vanditions,
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drop case. The cask is modeled as an axisymmetric structure using ANSYS
STIF42 isoparametric elements. A detailed description of the two-
dimensional finite element model of the NAC-STC is provide in Section
S F Ve b

During an impact event, the cask body will experience a vertical
deceleration. Considering the cask as a free body, the impact limiter
will apply the load to the cask end to produce the deceleration, Since
the deceleration represents an amplification factor for the inertial
loading of the cask, the equivalent static method is adopted to perform
the impact evaluations. The analyses consider the behavior of the cask
to be linearly elastic. Additionally, the fabrication stresses are
considered to be negligible (Section 2,6.11.0).

Five categories of load--closure lid bolt preload, internal pressure,
thermal, impact, and inertial body loads--are considered on the cask:

1. Closure lid bolt preload - The required total bolt preloads on the
{nner lid bolts and the outer lid bolts are 4 .87 x 106 pounds and
5.09 x 105 pounds, respectively, as calculated in Section 2:0.7.%,
Bolt preload is applied to the model by imposing initial strains to
the bolt shafts, as explained in Section 2.10.2.2.3. The initial
strains applied to the bolts are 3.034 x 1073 inch/inch and 8.863 x
10'“ {nch/inch for the inner and outer lid bolts, respectively. The
bolts are modeled as beam (ANSYS STIF3) elements.

2. Internal pressure - The cask internal pressure is temperature
dependent and is evaluated in Section 3.4.4. Pressures of 50 psig
and 12 psig are applied on the interior surfaces of the cask cavity
for the hot ambient and cold ambient cases, respectively.

3. Thermal - The heat transfer analyses performed in Sections 3.4.2 and
1.4, determine the cask temperature distributions for the following
three c.mbinations of ambient temperature, heat load, and solar

insolation:

2.7.1.1-2
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Condition 1. 100°F ambient temperature, with maximum decay heat
load, and maximum solar insolation.

Condition 2. -20°F ambient temperature, with maximum decay heat
load, and no solar insolation.

Condition 3. -20°F ambient temperature, with no decay heat load, and
no solar insolation.

The cask temperatures calculated for each of the three thermal
conditions discussed above are used in the ANSYS structural analyses
to determine the values of the temperature-dependent material
properties, such as modulus of elasticity, density, and Poissun's
ratio.

lmpact loads - The impact loads are induced by the impact limiter
acting on the cask end during an end drop condition. The impact
loads are determine” ‘rom the energy absorbing characteristics of the
impact limiters, as described in Section 2.6.7.4, The impact load is
expressed in terms of the design cask weight (loaded or empty),
multiplied by appropriate deceleration factors (g's). For details,
see Section 2.6.7.4.

The impact limiter load is considered to be uniformly applied over
the end surface of the finite element model of the cask. The
calculation of impact pressure loads is documented in Section
2.10.2.2.2. The following is a summary of the impact pressures
applied to the exterior surface of the impacting end, for the
different loading scenarios, with the corresponding design
deceleration (g) values.
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IMPACT PRESSURE DECELERATION

LOADING CONDITION —FOR i g (g)
Top end impact with basket and fuel 42 .48 psi 56.1
Top end impact with basket, no fuel 35.86 psei 45.9
Bottom end impact with basket and fuel 42.35 psi 56,1
Bottom end impact with basket, no fuel 35,74 psi 49 .4

For the case of a bottom end impact, with basket and fuel, a uniform
pressure of 2376 psi ([42.35 psi]|56.1 g/1 g]) is applied on the
exterior surface of the bottom end of the finite element model of the
cask. This pressure value is calculated by dividing the total impact
load ([56.1 g/l g) (250,000 1b] = 14.03 x 106 1b) by the impact area
(m x (43.35)° « 5903.8 inz), which is the bottom surface area of the
cask. Note that the impact pressure for the top end impaict is
slightly higher than that of the bottom end impact. A small radial
gap exists between the outer lid and the top forging, and therefore
the impact surface area for the top end impacts is reduced by the
. amount of the gap surface area, as explained in Section e Yo S0 S

It should be noted that the design weight of . e cask is 250,000
pounds, which includes the weight of the empty cask (194,000 1b),
plus the weight of the cavity contents (56,000 1b). For those load
conditions for which the cask containg no fuel, the basket (design
weight = 17,000 1b) is still considered to be in the cask, resulting
in a weight of 211,000 pounds for the empty cask with basket.

5. Inertial body load - The inertial effects, which occur during the end
impact, are represented by equivalent static forces, in accordance
with D'Alembert’'s principle. 1 :rtial “2dy load includes the weight
of the empty cask (194,000 1b) and *ne weight of the cavity contents
(56,000 1b).

Inertia loads resulting from the weight of the empty cask are imposed
by applying an appropriate deceleration factor to the cask mass. The
applied decelerations are determined by considering the crush

. strength and the geometry of the impact limiters, as explained in

1 Section 2.6.7.4,
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The inertial load resulting from the 56,000-pound contents design
weight is represented as an equivalent static pressure load unifermly
applied on the interior surface of the .mpacting end of the cask.

For the load case with no fuel in the cavity, the basket (design
weight = 17,000 1b) is considered to be in the cask; the weight of
the basket is represented in the ANSYS finite element model in the
same manner as that of the contents.

The following is a summary of the inertial body load for a l-g
deceleration and the design decelerations for the different loading
scenarios. The calculations of content pressures is documented in
Section 2.10.2.2.1.

IMPACT PRESSURE DECELERATION

LOADING CONDITION FOR 1 & (8)
Top end impact with basket and fuel 14.14 psi 56.1
Top end impact with basket, no fuel 4.29 psi 45.9
Bottom end impact with basket and fuel 14.14 psi 56.1
Bottom end impact with basket, nc fuel 4.29 psi 49.4

In the ANSYS analyses, the inertial body loads are considered
together with the impact loads. The results of the two simultaneous
loadings are documented as "impact loads".

The primary stresses throughout the cask body are calculated for
individual and combined loading conditions. The individual primary
loading conditions are: (1) internal pressure (including bolt preload);
(2) top end impact (impact load only); and (3) bottom end impact (impact
load only). The combined loading conditions for primary stress
evaluations are the: (1) 30-foot top end impact with bolt preload and
50 psig internal pressure; (2) 30-foot top end impact with bolt preload
and 12 psig internal pressure; (3) 30-foot top end impact (without
contents) with bolt preload and 12 psig internal pressure; (4) 30-foot
bottom end impact with bolt preload and 50 psig internal pressure;
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(5) 30-foot bottom end impact with bolt preload 12 psig internal
pressure; and (6) 30-foot bottom end impact (without contents) with bolt
preload and 12 psig internal pressure.

Because axisymmetry exists in the cask geometry and in the end-drop
loading conditions, axismmetric boundary conditions are represented in
the formulation of the iscparametric elements. A longitudinal support is
imposed on the corner node located in the non-impacting end of the cask,
to prevent rigid body motion. When the cask system is in equilibrium
(i.e., the inertial body loads match the impact loads exactly), then the
reaction force at this support will be zero. An examination of the
magnitude of the reaction forces provides a check of the validity of the
finite element evaluation for the 30-foot end drop condition. The
reaction at the longitudinal support is 2582 pounds/radian fur the

56.1 g top end drop load condition. This means that the unbalanced force
of the cask model system is only (2582)(2n,/56.1 = 289 pounds. Compared
to the cask design weight of 250,000 pounds, the unbalanced force is
negligible, amounting to only 0.12 percent of the design weight of the
cask.

The allowable stress limit criteria, for containment and noncontainment
structures, are provided in Section 2.1.2. These criteria are used to
determine the allowable stresses for each cask component, conservatively
using the maximum operating temperature within a given component to
determine the allowable stress throughout that component. Note that
higher temperatures result in lower allowable stresses. A differen: set
of cask component allowable stresses is determined for each of the
temperature conditions. Tables 2.10.2-5 through 2.10.2-7 document the
allowable stress values determined for each component, for each of the
teaperature conditions.

Stress results for the individual loading cases of internal pressure
(including bolt preload) are documented in Tables 2.10.4-1 and

2.10.4-2. Stress results for the individual 30-foot top and bottom end
drop impact loading cases are documented in Tables 2.10.4-13 and 2.10.4-
14, These are nodal stress summaries obtained from the finite element
analysis results. As described in Section 2.10.4, the nodal stresses are
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documented on the representative section cuts. Stress results for the
combined loading conditions discussed above are documented in Tables
2.10.4-112 through 2.10.4-129. These tables document the primary,
primary membrane (Pm), primary membrane plus primary bending (Pm + Pt),
and critical Pm and Pm + Pb stresses in accordance with the criteria
presented in Regulatory Cuide 7.6. As described in Sections 2.10.2.3 and
2.10.2.4, procedures have been implemented to document the nodal and
sectional stresses as well as to determine the critical (maximum) stress
summary for all cask components.

For the top end .wpact loading case, the maximum calculated membrane
stress intensity is 12.6 ksi. The maximum calculated membrane plus
bending stress intensity is 34.4 ksi. By comparison, for the combined
loading case, including impact, bolt preload, and internal pressure; the
maximum calculated primary membrane stress intensity is 16.4 ksi and the
maximum calculated primary membrane plus primary bending stress intensity
{s 38.5 ksi. The maximum stress intensities due to impact alone are
equal to 90 percent of the maximum primary stress intensities due to the
combined loading. Therefore, it is concluded that the impact stresses
are the governing factor for the 30-foot end drop condition.

For the 30-foot top end drop scenario, ANSYS analyses were performed at
the three different temperature conditions. The results from those three
analyses show that the maximum PIn + Pb stress intensities are 37.1 ksi,
38.5 ksi, and 36.2 ksi.

These three stress results are essentially identical, with the difference
between them being less than 6 percent. Since the allowable stress for a
component is a function of the component temperature, with higher
temperatures resulting in lower allowable stresses, the allowable stress
will he lowest for temperature condition 1 because the highest component
temperatures occur for condition 1. As a result, the margins of safety
are smallest for the analysis for temperature condition 1. The minimum
margins of safety for the three temperature conditions are +0.9, #0.9,
+1.0, respe.rively. Therefore, it is concluded that the stress results
from temperature condition 1 are the most critical for the end drop
accident conditions.
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A similar set of ANSYS analyses was performed for the 30-foot bottom end
drop case. The stress results follow the same pattern as the top end
drop. The maximum Pm + Pb stress intensities for the 30-foot bottom end
drop are 22.7 ksi, 23.1 ksi, and 21.7 ksi.

As shown in Tables 2.10.4-112 through 2.10.4-129, the margins of safety
are positive for all of the end drop accident conditions. The most
critically stressed component in the system is the inner 1id, for the top
end drop. The minimum margin of safety for the top end drop condition is
found to be +0.9, as documented in Table 2.10.4-116. The minimum margin
of safety for the bottom end drop condition is found to be +1.9, as
documented in Table 2.10.4-125.

Ssatisfaction of the extreme total stress intensity range limit is
demonstrated in Section 2.1.3.3. The documentation of the NAC-STC
adequacy in satisfying the buckling criteria for the stresses of the end
drop condition is presented in Section 2.10.5.

The NAC-STC maintains its containment capability and therefore satisfies

the requirements of 10 CFR 71.73 for the hypothetical accident 30-foot
end drop condition,

2.7.1.1-8
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the side drop analyses to obtain the detailed stresses throughout the
cask. The stress results from the fine mesh portion of each model are
then used to form the final stress summary.

During an impact event, the cask body experiences a lateral deceleration.
Considering the cask as a free body, the impact limiters apply the load
to the side of the cask (in the impact limiter contact area) to produce
the deceleration. Since the deceleration represents an amplification
factor for the inertial loading of the cask, the equivalent static method
is adopted to do the impact evaluations. The analyses consider the
behavior of the cask to be linearly elastic., Additionally, fabrication
stresses are considered to be negligible (Section 2.6.11.0).

Five categories of load--closure lid bolt preload, internal pressure,
thermal, impact, and body inertia--are considered on the cask:

1. Closure lid bolt preload - The required total bolt preloads on the
inner lid bolts and the outer lid bolts are 4.8l x 108 pounds and
5.09 x 105 pounds, respectively (Section 2.6.7.5). Bolt preload is
applied to the model by imposing initial strains to the bolt shafts,
as explained in Section 2.10.2.2.3. The initial strains applied to
the bolts are 3.034 x 10°3 inch/inch and 8.863 x 10"* inch/inch for
the inner and outer lid bolts, respectively. The bolts are modeled
as beam (ANSYS STIF4) elements.

»o

Internal pressure - The cask internal pressure is temperature
dependent and is evaluated in Section 3.4.4. Pressures of 50 psig
and 12 psig are applied on the interior surfaces of the cask cavity
for the hot ambient and cold ambient cases, respectively.

3. Thermal - The heat transfer analyses performed in Sections 3.4.2 and
3.4.3 determine the cask temperature distributions for the following
three combinations of ambient temperature, heat load, and solar
insclation:

Conditiori 1. 100°F ambient temperature, with maximum decay heat
load, and maximum solar insolation.

2:7.%:.2+2
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Condition 2. -20°F ambient temperature, with maximum decay heat
load, and no solar insolation.

Condition 3. -20°F ambient te_perature, with no decay heat load, and
no solar insolation.

The cask temperatures calculated for each of the three thermal
conditions discussed abcve are used in the ANSYS structural analyses
to determine the values of the temperature-dependent material
properties such as modulus of elasticity, density, and Poisson's
ratio. These temperatures are also used to evaluate the therual
sctress effect on the cask.

lmpact loads - The impact loads are induced by the impact limiters
acting on the cask during a side drop condition. The impact loads
are determined from the energy absorbing characteristics of the
impact limiters, as described in Section 2.6.7.4. The impact load is
expressed in terms of the design cask weight (loaded or empty),
multiplied by appropriate deceleration factors (g's). The 30-foot
side drop evaluations conservatively consider a deceleration factor
of 55 g; the calculated deceleration value is 54.1 g, as documented
in Section 2.6.7.4.

The impact limiter load is applied to the finite element model as a
distributed pressurc over the contact areas between the impact
limiters and the cask. The contact area is defined based on the
"erush" geometry of the impact limiter. The distribution of impact
pressure is considered to be uniform in the longitudinal direction,
and is considered to vary sinusoidally in the circumferential
direction. A cosine-shaped pressure distribution is selected, which
is peaked at the center, and spread over a 79 .4-degree arc on either
side of the centerline, around the circumference, as shown in Figure
2.10.2-32 of Section 2.10.2.2.1. The 79.4-degree arc is determined
based on the impact limiter test results for a side drop crush
geometry. The assumption of a "peaked" pressure distribution is a
conservative, classical, stress analysis procedure. Since the center
of gravity of the loaded cask is located within 1 inch of the cask
middle plane, the impact load is considered to be evenly divided

2.7.1.449
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between the two limiters. ‘The impact contact area for a side drop
accident includes the 12.03-inch overlapping region between the
impact limiter and the cask, at each end of the cask.

The calculation to determine the pressure appiied to the finite
element model is documented in Section 2.10.2.2.2. The calculation
is based on a 1-g deceleration condition, The following is a summary
of the lateral impact pressures for the eight circumferential
sectors:

LATERAL IMPACT

ARC PRESSURE FOR 1 g DECELERATION

(deg). (ps) ()

0 - 8.3 163.22 4
8.3 - 17.0 15€ .67 55
17.0 - 26.2 149 .6 595
26.2 - 35.8 133.98 55
35.8 - 45.9 13817 55
4%.9 - 56.5 86.69 55
86.5 - 67.7 54 .99 55
67.7 - 719.4 18.96 55

The impact pressures used in the 30-foot side drop analyses are
determined by multiplying the pressure values above by the
deceleration factor (55 g).

It should be noted that the design weight of the cask is 250,000
pounds, which includes the weight of the empty cask (194,000 1b),
plus the weight of the cavity contents (56,000 1b). For those load
conditions in which the cask contains no fuel, the basket (design
weight = 17,000 1b) is still considered to be in the cask, resulting
in a weight of 211,000 pounds for the cask with basket.

Inertial body load The inertial effects that occur during the impact

are represented by equivalent static forces, in acrordance with
D'Alembert’'s principle. Inertial body load {ncludes the weijht of
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the empty cask (194 000 1b) and the weight of the cavity contents
(56,000 1b).

Inertia loads resulting from the weight of the empty cask are imposed
by applying an appropriate deceleration factor to the cask mass. The
applied deceleration is 55 g, and is applied as explained in the
discussion of the impact loads.

The inertial load, resulting from the 56,000-pound contents weight,
is represented as an egquivalent static pressure applied on the
interior surface of the cask. Specifically, the equivaleut static
rressure is applied with a uniform distribution along the cavity
length, and with a cosine-shaped distribution in the circumfereniial
direction. The calculation of the contents pressure, &s documented
in Section 2.10.2.2.1, uses the identical method as that used in the
determination of the impact pressures. In the case of no fuel in the
cavity, the design weight of the basket (17,000 1b) is considered,
and is represented in the same manner as that of the contents design
weight. The following is a summary of the contents pressu~rs for a
1-g deceleration, for the eight circumferential sectors:

LATERAL CONTENTS

ARC PRESSURE FOR 1 g DECELERATION
—Jldeg) (psi) {g)
0 - 8.3 6.51 55
8.3 - 17.0 6.33 55
17.0 - 26.2 5.95 55
26.2 - 35.8 5.34 55
au:B = 48,9 &9} 55
45.9 « 56.5 3.46 55
56.5 - 67,7 2.19 55
67.7 - 79.4 0.76 55

The contents pressures considered in the 30-foot side drop analyses
are determined by multiplying the pressure values above by the
deceleration factor (55 g).

2.7.1.2+9
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In the ANSYS analyses, the inertial body loads are considered
together with the impact loads. The results of the two simultaneous
loadings are documented as “"impact loads".

The stresses throughout the vssk body are calculated for individual and
combined loading conditions. The individual loading conditions are (1)
internal pressure (including bolt preload); and (2) 30-foot side impact
(impact load only). The combined loading condition is the 30-foot side
impact with bolt preload and 50 psig inte-ns’ pressure. This is the most
critical combined loading condition for the 30-foot side drop, as will be
shown in a discussion later in this report,

The finite element model has one plane of symmetry in the cask geometry
and in the side drop loading conditions. Symmetric boundary conditions
are applied to the cask finite element model by restraining the nodes on
the symmetry plane to prevent translations in the direction normal to the
symmetry plane. In addition, two nodes at the outer cask radius on the
top and bottom ends of the cask, opposite the points of impact, are
restrained laterally (in the drop direction) and the node at the top is
restrained in the longitudinal direction to prevent rigid body motion.
When the cask system is in equilibrium (i.e., the inertial body loads
match the impact loads exactly), then the reaction forces at these
supports will be zero. An examination of the magnitude of the reaction
forces provides a check of the validity of the finite element evaluation
for the 30-foot side drop condition, The sum of reactions in the cask
lateral direction for the bottom model is 9,465 pounds, for the
application of a 55 g-load. This means that the unbalanced force of the
cask model system is only 9465/55 = 172.1 pounds. Compared to one-half
of the de gn weight of the cask (125,000 1b), the unbalanced force is
negligible, amounting to only 0.1 percent of the design weight of the
cask. A similar check done for the top model indicates that the
unbalanced force is 0.5 percent of the design weight, which is also
negligible.

The allowable stress limit criteria, for containment ar iencontainment
structures, are provided in Section 2.1.2. These criter.a are used to
determine the allowable stresses for each cask component, conservatively

using the maximum operating temperature within a given component to
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2.7.1.3 Thirty-Foot Corner Drop

The NAC-STC is structurally evaluated for the hypothetical accident
10-foot corner drop condition in accordance with the requirements of

10 CFR 71.73(¢)(1). In this event the NAC-STC, equipped with an impact
limiter over each end, falls through a distance of 30 feet onto a flat,
unyielding, horizontal surface. The cask strikes the surface on its rop
or bottom cornmer. The cask center of gravity is directly above the
initial impact point for the corner drop condition. For the NAC-STC, an
angle of 24 degrees from vertical is calculated for the corner drop
orientation. The types of loading involved in a corner drop accident are
closure 1id bolt preload, internal pressure, thermal, impact load, and
inertial body load. There are six credible corner impact conditions to
be considered, according to Regulatory guide 7.8:

1. Top corner drop with 100°F ambient temperature, maximum decay heat
load, and maximum solar insolation.

2. Top corner drop with -20°F ambient temperature, maximum decay heat
load, and no sclar insolation,

3. Top corner drop with -20°F ambient temperature, no decay heat load,
and no solar insolation.

4. Bottom corner drop with 100°F ambient temperature, maximum decay heat
load, and maximum solar insolation.

5. Bottom corner drop with -20°F ambient temperature, maximum decay heat
load, and no solar insolation.

6. Bottom corner drop with -2( F ambient temperature, no decay heat
load, and no solar insolation.

The finite element analysis method is utilized to perform the corner drop
stress evaluations for the NAC-STC. The corner drop accident conditions
are analyzed using a three-dimensional structural model to accurately
represent the non-axisymmetric lords involved in the corner drop case.
One-half of the cask is modeled as a three-dimensional structure with one
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plane of svmmetry. The ANSYS STIF4S 3.D solid element tj, - .5 used in
‘he model. Two finite element models are tonstructed: a top fire mesh
mode! and & bottom fine mesh model. Each model is a complete
representation of the cas, vith a fine mesh reg..- at the impacting end
and with a relativel; coarse mesh at the opposite end. The fine element
mesh is mcdeled at the impacting end of the cask to ;rovide detailed
results in that region. The stresses predicted by the coarse element
mesh at the non-impacting end of the modal are not critical, so lecs
detail is required. The detsiled descriptions of the three-dimensional
finitr element models of the NAC-STC are described in Section 2.10.2.1.2.

During =r impact eveny, *he cask body will experience & deceleration in
the corner ¢rop direction. Considering the cask as a free body, the
impact limiter will apply the load to the cask impacting corner to
produce the deceleration. Since the deceleration represents an
amplification factor for the inertial loading of the cask, the equivalent
static method is adopted to de the impact evaluations. The analyses
consider the behavior of the cask to be linvar elastic. Additionally, the
fabrication stresses are considered to be nigligible (Section 2.6.11.0).

Five categories of load -- closure lid bolt preload, internal pressure,
thermal, impact, and body inertia -- are considered on the cask:

1. Closure 1id bolt preload - The required total bolt preloads on the
inner 1id bolts and the outer lid bolts are 4 .81 x 106 pounds and
5.09 x 105 pounds, respectively (Section 2.6.7.5). Bolt preload is
spplied to the model by imposing initial strains to the bolt shafts,
as explained in Section 2.10.2.2.3. The initial strains applied to
the bolts are 3.034 x 10'3 inch/inch and 6.863 x 10°% tneh/inch for
the inner and outer 1id bolts, respectively. The bolts are modeled
as beam (ANSYS STIF4) elements.

2. Internal pressure - The cask internal pressure is temperature
dependent and is evaluated in Section 3.4 4. Pressures of 50 psig
and 12 psig are applied on the interior surfaces of the cask cavity
for the hot ambient and cold ambient cases, respectively.
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Thermal - The heat transfer analyses performed in Sections 3.4.2 and
3.4.3 determine the cask temperature distributions for the following
three combinations of ambient temperature, heat load, and solar
insolation:

Condition 1. 100°F ambient temperature, with maximum decay heat
load, and maximum solar insolation.

Condition 2. -20°F ambient temperature, with maximum decay heat
load, and no solar insolation,

Condition 3. -20°F ambient temperature, with no decay heat load, and
no solar insolation.

The cask temperature distributions, calculated for each of the three
thermal conditions, are used in the ANSYS structural analyses to
determine the values of the temperature-dependent material properties
such &s modulus of elasticity, density, and Poisson’'s ratio. These
temperatures are also used to evaluate the thermal stress effect on
the cask.

lmpact loads - The impact loads are produced Ly the impact limiter

a. .ng on the cask corner during & corner drop condition. The impact
loads are determined from the energy absorbing characteristics of the
impact limiters, as described in Section 2.6.7.4. The impact load is
expressed in terms of the design cask weight (loaded or empty,,
multiplied by an appropriate deceleration factor (g's). The design
deceleration factor of 5 g is used for both top and hottom corner
drops. This compares to the actual deceleration factors of 41.4 g,
and 0.4 g, as documented in Section 2.6.7.4.

The impact loads for the corner drcp analyses have lateral and
longitudinal components, which are calculated from the total impact
loads. The lateral component is distributed as a pressure with a
circumferential distribution (similar to the side drop pressure) over
an arc of 0 to 79.4 degrees on each side of the impact centerline
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(Section 2.10.2.2.2). The longitudinal component has & uniform
distribution on a sector of the impacting end of the cask, over the
same arc of 0 to 79.4 degrees on each side of the impact centerline.

Section 2.10.2.2.2 documenty the impact pressures for a cask design
weight of 250,000 pounds end an impact limiter contact length of
24.06 inches (12.03 in.hes at each end). In the corner drop case the
impact energy is absorbed by only one impact limiter and, hence, the
corner drop lateral impact pressures are determined by multiplying
the side drop impact limiter by 2 (to account for only half as much
impact limiter area), and by multiplying by the sine of the drop
angle. For example, the corner drop lateral impact pressure, for the
elemen’ s loceted between the 0- and 8.29-degree circumferential
planes, is:

Press, = (163.22)(2)(sin 24°) = 132.76 psi for 1 g
Press o = (132.78)(55 g/1 g) = 7203.0 psi for 55 g

‘ The follewing is a summary of the lateral impact pressures, for the
elements at the various circumferential locaticis, for a l-g
deceleration:

LATERAL IMPACT
ARC PRESSURE FOR 1 g DECELERATION
(deg) (psi) &)
0 - 8.3 132.78 55
8.3 - 17.0 129.07 55
17.0 - 26.2 121.26 55
26.2 - 35.8 108.99 55
35,8 « 45.9 92.06 55
45.9 - 56.5 70.52 55
56.5 - 67.7 4b .73 55
67.7 - 79.4 15.42 55

2.7.1.3-4



NAC-STC SAR September 1990
Docket No. 71-9235

The longitudinal impact pressure is calculated as the cosine
component of the total impact load, divided by the sector area within
the O- to 79 .4-degree arc. Therefore:

Weight = 250,000 ib

Ares = (79.4/180)(x)(43.38)% = 2604 in®

Press, = (250,000) (cos 264%)/2604 = B7.70 psi for 1 |
Press,, = (87.70)(55 g/1 g) « 4824 .0 psi for 5, g

1t should be noted that the design weight of the cask is 750,000
pounds, which inc’udes the weight of the empty cask (194,000 1b) plus
the weight of the cavity contents (56,000 1b).

Inertial body ioad - The inertial effects that occur during the
impact ave represented by equivalent static forces, in accordance
with D'Alembert’'s principle. Inertial body load includes the weight
of the empty cask (194,000 1b) and the weight of the cavity contents
(56,000 1b).

Inertia loads result ng from the weight of the empty cask are imposed
by applying an appropriate deceleration factor to the cask mass. The
lateral and longitudinal components of inertial loading are
determined in the same manner as for the impact loading.

The inertial load resulting from the 36,000-pound contents weight is
represenced as an equivalent static pressure load with both lateral
and longirudinal componeits applied on the interior surface of the
cask. The lateral component is applied to the cask model with the
same circumferential distribution as that for the side drcp pressure
(over an arc of 0° to 79.4° on each side of the impact centerline).
The lateral component pressure is determined by ratioing the side
drop contonts pressure values (Section 2.10.2.2.1) by the
deceleration factor and by the sine of the drop orientation angle.
The longitudinal component has a uniform distribution over the cask
cavity end. The longitudinal componen: pressure is calculated by
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ratioing the end drop contents pressure by the deceleration factor
and by the cosine of the drop orientation angle. The total
deceleratior factor is constant at 55 g for both tha top and the
bottom corner drops.

Section 2.10.2.2.1 contains the side drop contents pressures for a
total contents weight ¢f 56,000 pounds. The corner drop lateral
contents pressure for the elements located between the 0O and 8.29-
degree circumferential planes is therefore:

Press, = (6.51)(sin 24°) = 2.65 psi for 1 g
Press,, = (2.65)(55 g/1 g) = 146.0 psi for 55 g

The following is & summary of the applied lateral contents pressures,
for the elements at the various circumferential locations, for a l-g

deceleration.
LATERAL CONTENTS
ARC PRESSURE FOR 1 g DECELERATION

(deg) Lpsd) (g

0 - 8.3 2.65 55
8.3 - 17.0 2.57 55
17.0 - 26.2 2.42 55
26.2 - 35.8 2.17 55
52.8 - 45.9 1.83 55
45.9 - 56.5 1.641 55
56.5 - 67.7 0,89 55
67.7 - 79.4 0.31 55

The longitudinal contents pressure is calculated from the
longitudinal component of the total contents weight and the area over

which it acts. Therefore:

Weight = 56,000 1b

Area = (1)(35.5)% = 3959 in®

P:o:sl - (56,000)(cos 26°)/3959 = 12.92 psi for 1 g
Pressg, = (12.92) (55 g/1 @) e 711.0 psi for 55 g
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In the ANSYS analyses, the inertial body loads are considered
together with the impact losds. The results of the two simultaneous
loadings are documented as "impact loads".

The stresses throughout the cask body are calculated for individual and
combined loading conditions. The individual loading conditions are:

(1) internal presvure (including bolt prelcad); (2) 30-foot drop top
corner impact (impact load only); and (3) 30-foot drop bottom corner
impact (impact load only). The combined loading conditions are: (1) the
30-foot drop top corner impact with bolt preload and 50 psig internal
pressure and (2) the 30-foot drop bottom corner impact with bolt preload
and 50 psig internal pressure.

The model has one plane of symmetry in the cask geometry and in the
corner drop loading conditions. Symmetric boundary conditions are
applied to the zask finite element model by restraining the nodes on the
symmetry plane te¢ prevent translations in the directivn normal to the
symmetry plane. In adaition, two nodes at the outer cask radius on the
top ant bottom ends of the cask opposite the point of impact are
restrained laterally; a longitudinal restraint is applied at one of the
nodes opposite the end of impact, i.e., a bottom corner drop is axially
restraited at the top node, and vice-versa. These lateral and axial
restraints are only te prevent rigid body motion; there should be no
significant reaction forces associated with these restraints. When the
cask system is in equilibrium (i.¢., the inertial body loads match the
impact loads exactly), then the reuction forces at these supports will be
zero. However, it is difticult to balance the impact limiter pressure
resultant with the contents pressure and inertial body load resultant.

An eccentricity between the two resultants induces a moment on the cask
model. Therefoire, non-zero reactions are found &t the resrraints. The
reaction forces cause very high localized stresses (ur stress
singularities) in the model at the supports. These itresses are
unrealistic and do not exist in the real cask. Tir “tress singularity
effect is minimized by distributing the reaction forces over the nodes in
the top and bottom regions of the model. For the bottom corner drop, the
reactions at the supports are 612 pounds laterally and zero
longitudinally, for the application of & 55.g deceleration. This means
that the unbalanced force of the cask wodel system is only 612/55 = 11.1
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pounds. Compared to one-half of the design weight of the cask (125,000
1b). the unbalanced force is negligible, amounting to only 0.009 percent
of the design weight of the cask. For the top corner drop, the reactions
at the supports are 511 pounds laterally and zero longitudinally, for the
application of a 55-g deceleration. This means that the unbalanced force
of the cask model system is only 511/55 « 9.3 pounds. Compared to one-
half of the design weight of the cask (125,000 1b), the unbalanced force
is negligible, amounting to only 0.007 percent of the design weight of
the cask.

The allowable stress limit criteria, for containment and non-containment
structures, are provided in Section 2.1.2. These criteria are used to
determined the allowable stresses for each cask component, conservatively
using the maximum transport temperature within a given comporent to
determine the allowable stress throughout that component. Note that
higher component temperatures result in lower allowable stresses. Table
2.10.2-5 documents the allowable stress values determined for each
component, for temperature condition 1.

Stress results for the individual loading cases of internal pressure
(including bolt preload) are documented in Tables 2.10.4-1 and 2.10.4-2A.
Stress results for the individual 30-foot top and botton corner drop
impact loading cases are documented {n Tables 2.10.4-16 and 2.10.4-41A.
These are the nodal stress summaries obtained from the finite element
analysis results. As described in Section 2.10.2.4.2 and Section 2.10.4,
the nodal stresses are documented on the representative section cuts.
Stress results for the combined loading conditions discussed above are
documenced in Tables 2.10.4-141 and 2.10.4-152, All of the corner drop
analyses are performed at temperature condition 1. The results from
Sections 2.7.1.1 and 2.7 1.2 indicate that the stresses associated with
temperature condition 1 yield the smallest margins of safety due to the
effect of higher temperatures upon the allowable strossus.

These tables document the primary, primary membrane (;.). primary
membrane plus primary bending (Pm + Pb)' and critical Pn and Pm + Pb
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stresses in accordance with the criteria presented in Regulatory Culde

7 6. As described in Section 2.10.2.3 and 2.10.2.4, procedures have been
implemented to document the nodal and sectional stresses as well as to
determine the critical stress summary for all cask components.

The P and the P + Pb stresses documented in Tables 2.10.4-142 through
2.10.4-15) and 2.10.4-146 through 2.10.4-162 are stress results on the
0., 45.9-, 91.7-, and the 180-degree circumferential locations. They
{ndicate that the stress variations in the circumferential direction are
similar between the top and the bottom corner drops. Furthermore, it is
observed that the maximum calculated stresses are located on the
circumferential locations in the 45 9. to 67.7-degree region. This is
because the maximum shearing stresses are located near the 56 .5-degree
cirsumferential location. This shear stress, vhich is in the axial to
circumferential location, is caused by the cantilever support from the
impact limiter pressures and is compounded by the uneven distribution of
the impact limiter and of the contents pressure loading.

The top corner drop cases result in higher maximum stress intensities
than the bottom corner drop cases. For the individual impact loading
cases, the maximum calculated membrane stress intensity for the top
corner drop is 33.7 ksi. The maximum calculated membrane plus bending
stress intensity is 52.8 ksi. By comparison, for the combined loading
case, including impact, bolt preload, and internal pressure, the maximum
caleculated F stress intensity is 33.4 ksi and the maximum calculated
& Pb stress intensity is 51.8 ksi. The meximum stress intensity due
to impact alone is 1.9 percent greater thai the maximum stress
intensities due to the combined loading. Therefore it is concluded that
the impact case is the governing one for the 30-foot corner drop
condition,

As shown in Tables 2.10.4-141 through 2.10.4-152, the margins of safety
are positive for all of the corner drop accident conditions. The most
critically stressed component is the inner 1id for the top corner drop,
and is the bottom forging for the bottom corner drop. The minimur ‘gin
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2.10.0 Appendices

2.10.1 Computer Program Descziptions

The structural evaluation of the NAC-STC body, closure lids, basket and
impact limiters is accomplished using two computer codes, ANSYS and
RBCUBED. Each program is described in the following sections.

2.10.1.1 ANSYS

The structural analysis of the main body, the closure lids, and the
basket of the NAC-STC is verformed by the finite element analysis method
using the ANSYS structural ~nalysis computer program. The ANSYS computer
program is a lerge-scale, general purpose computer program for the
solution of several classes of engineering analyses that include stat.ic
and dynamic; elastic, plastir, creep and swelling; buckling, and small
and large deflections. The matrix displacement method of analysis based
on finite element idealization is employed throughout the program. The
large variety of element types available gives ANSYS the capability of
analyzing two-dimensional and three-dimensional frame structures, piping
systems, two-dimensional plane and axisymmetric solids, three-dimensional
solids, flat plates, axisymmetric and three-dimensional shells, and
nonlinear problems, including gap element interfaces. A two-dimensional
axisymmetric model and two three-dimensional wodels, a top fine model and
a bottom fine model, are used in the analysis of the NAC-STC. The
interface gap elements provide the capability of realistic modeling and
evaluation of the interactions between the lead layer and the surrounding
stainless steel shells; between the top forging, i er lid, and outer
11d; and between the neutron shield material and the steel in the inner
1id and in the bottom of the cask.

Typically, the ANSYS program is run by sequential implementation of three
options: pre-processing (or model building); analysis (calculation of
stiffness matrix, displacements and reaction forces solution, element
stresses); and post-processing (selection of analysis results). Each
option may be run in the interactive or batch mode computer environment.
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The ANSYS preprocessing routine (PREP7) is used to construct the finite
element mesh, describe each cask component material (temperature-
dependent) property, assign unique identifiers for cask components, model
displacement boundary conditions and prescribe tempersture, point loads,
or surface tractions of appropriate element faces or nodes. The PREP7
graphics option is & valuable tool that permits the user to check the
model for completeness. The ANSYS analysis option uscs the PREP7 file to
generate a solution file and to provide a user-oriented printout of the
solution phase. In general, c¢ach solution provides & complete echo of
the model input data, model displacement ic¢iution, element stresses,
nodal forces, reaction forces, and any warnings or errors related to the
analysis.

A variety of ANSYS post-processors (for example, Postl) utilize the
solution file to so.:, print, or plot selected results from the ANSYS
avalysis. The post-processors can provide many useful features including
a maximum set of variables (such as stress components or displacements)
or sectional stresser along a designated path. Additionally, the
structural behavior can be viewed by model displacement and stress
contour plots.

2.10.1.2 RBCUBED - A Program to Calcylate lmpact Limitex Dvnamics

RBCUBED is an impact limiter analysis computer program developed bv NAC
(Hardeman) and used in the NAC-STC impact limiter analyses., RBCUBED
utilizes quasi-static methodology; that is, each iteration freezes an
instar in time during which all calculations are performed, and then,
proceeds to the next time increment. The methodology employed in the
program sizes the impact limiter and calculates the deceleration forces
used to calculate the stresses imposed on the cask structure, but does
not implement any load factor. There are several assumptious that are
attendant to this methodology:

', Gravity is the only force that acts on the cask during free fall.

Wt ‘le falling, the cask is translating vertically and continues to do
so until the initial (first) impacting end has been brought to rest.
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In oblique and side drop cases, after the first end has been stopped,
*he cask rotates until the second limiter strikes the unyielding
surface and absorbs the remaining kinetic energy.

2. There is no sliding or lateral motion of the cask at any time during
the impact(s).

3. The cask weight includes the impact limiters, but the length of the
cask does not,

4. The deceleration force generated durirg crushing of the isotropic
energy absorption material acts at the centroid of the area engaged
in crushing for that increment in time,

5. Crushing of the energy absorption material occurs from the outside
toward the cask body.

6. The component of the cask weight acting downward and the crush force
acting upward are assumed to act colinearly. The magnitude of the
weight component is very small compared to the crush force.

7. The impact limiter material that is not between the cask and the
unyielding surface does not absorb any kinetic energy The
extraneous limiter material is ineffective for the purposes of this
impact limiter analysis.

RECUBED {s capable of analyzing any rask impact orientation from vertical
(0*) to horizontal (90°).

The input data for RBCUBED includes the following: (1) height of drop;
(2) weight of cask system; (3) cask length; (4) impact orientation angle;
(5) deflection increment; (6) material crush properties (stress-strain
curve or force deflection curve); and (7) impact limiter geometry.
Geometric modeling of the impact limiter is performed using combinatorial
geometry based on the MORSE-CC computer program.
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The output data from RBCUBED includes the following: (1) a verbatim
input return; (2) & processed input of general problem parameters and
material properties; (3) the results of e RBCUBED execution--
deflection; (4) resultant force; (5) remaining kinetic energy;

(6) velocity; (7) elapsed time since the beginning of ifmpact; (8) ares
currently involved in crushing; and (9) a series of crush "footprints" at
crush intervals of one inch.

The computer program, RBCUBED--A Program to Calculate Impact Limiter

Dynamics, was benchmarked for validity by comparison of analysis results
to manual calculations using crush areas determined by drafting methods.
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A two-dimensional axisymmetric model is used for the axisymmetric loading
cases, which include internal pressure, thermal heat load, end drop on
top, and end drop on the bottom. The two-dimensional axisymmetric model
+s described in Section 2.10.2.1.1.

The other two models are three-dimensional, so that they can properly
analyze non-axisymmetric loading conditions, which include gravity (with
the cask in the horizontal positic ', the side drop impact, the corner
drop impacts, and the oblique drop impacts. The three-dimensional models
are described in Section 2.10.2.1.2.

2.10.2.1.1 Iwo-Dimensinrnal Axisvmmetric Model

The ANSYS PREP? routine is used to generate the finite element model of
the NAC-STC. Dimensions used in the development of the model are
obtained from Nuclear Assurance Corporation Cask Assembly Drawings 423-
602 through 423-605. Because of the axisymmetric geometry of the cask,
several of the loading cvonditions can be effectively analyzed using a
two-dimensional axisymmetric model. These ¢~ ditions include bolt
preload, internal pressure, thermal expansion, and drops on both the
bottom and the top ends of the cask.

The two-dimensional finite element model of the NAC-STC is constructed of
3083 nodes and 2842 elements. Care is t-ken when developing the model to
maintain adequate mesh density and aspect ratio for the elements in order
to mirimize any numerical inaccuracies that might result from the finite

element method.

The cask components that are considered in the ANSYS model include the
inner lid, the outer lid, the bolting for each of the lids, the top
forging, the inner shell, the transition sections, and the outer shell,
the lead shell, the bottom forging, the bottom plate, and the BISCO NS4FR
material in the bottom and in the inner lid.

ANSYS STIF3, STIF12, and STIF42 elements are used to construct the two-

dimensional finite element model of the NAC-STC. The overall view of the
model is shown in Figure 2.10.2-1. Detailed plots showing node numbering
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2.10.2  Einiie Element Analysis
2.10.2.1 Meodel Descr'utions

The finite element analysis technique is well suited for the evaluation
of the axisymmetric cask body structure, especially with respect to the
following: (1) the interaction between the lead layer and the stainless
steel shells; (2) the interaction between the internal neutron shield
layers and the surrounding steel in the inner lid and the bottom forging:
(3) the discontinuity effects at the shell and bottom forging
intersections; and (4) the interaction of the top forging and the bolted
lids in the vicinity of the closure. Furthermore, finite element
analysis must consider (1) the stresses in the inner ad outer shells
induced by the lateral pressure loading from the lead during the 30-foot
drop conditions; (2) the differential thernmal expansion of the lead layer
and the stainless steel shells under both hot and cold temperature
conditions: and (3) the fact that no physical bonding « ists between the
lead and the surrounding stainless steel.

The finite elewent models of the NAC-STC body are generated utilizing the
ANSYS PREP7 routine. The aspect ratio of finite elements and the density
of the geometric mesh is carefully arranged, especially at the locations
of geometric discontinuities and force boundaries, to minimize the
possibility of numerical inaccuracies in the finlte element method.

The cask components considered in the finite element models include the
cask inner 1id and ovter lids; the top forging, the BISCO NS4FR neutron
shield layer in the inner lid; the inner shell, transition sections, and
outer shell; the lead laver; the bottom forging; the bottom plate; and
the BISCO NS4FR neutron shield layer in the bottom.

Due to the complexity of the cask geometry and the lciding conditions, it
is apparent that one model is not sufficiently accurate to characterize
all loading conditions and still be of a manageable size for available
computer resources; thevefore, three separate models are used to perform
the analysis of the NAC-STC.
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patterns and the mesh arrangements in the different regions of the model
are included in Figures 2.10.2-2 through 2.10.2-7,

ANSYS STIF42 elements, which are two-dimensional, axisymmetric,
isoparamecric solid elements, are used to model all of the cask
components except the bolts, the interfaces between the lead and the
steel, and the interfaces between the neutron shield material and the
steel. The bolts are modeled using ANSYS STIF3 elements, which are two-
dimensional beam elements. The section properties of the bolts are
entered on a "per radian” basis. The bolt preload is included in the
model by applying an initial strain to the bolt shaft, which connects the
bolt head to the threaded portions of the cask. The initial strain for
the inner lid bolts is 3.034 x 10'3 inch/inch. The initial strain for
the outer 1id bolts is 8.8633 x 10°* inch/inch, Beams representing the
bolt heads and the porticn of the bolts threaded into the cask do not
have an initial strain applied. For a detailed description of how the
bolts are modeled, and how the initial strain is determined, see section
230,289

The "gap" element, STIF12, represents two surfaces that may maintain or
break physical contact and may slide relative to sach other. Such
surfaces exist between: (1) the lead shell and the inner and outer
stainless steel shells, (2) the neutron shield and the cask bottom,

(3) the neutron shield and the inner lid, (4) the inner lid, and the
outer lid, (5) the inner lid and the cask, and (6) the outer lid and the
cask. Note that the gap element is only capable of supporting
compression in the direction normal to the surfaces and friction in the
tangential direction.

Gap elements completely surround the lead shell in the cask wall. If
there is contact between the lead and the stainless steel surfaces, the
gap elements transmit compressive load, but permit no tensile load
between the lead and the stainless steel. This means that the gap
elements allow the lead to move freelv inside the space surrounded by the
stainless steel. When & deceleration is imposed on the entire mass of
the cask model to simulate the inertial effect of & drop impact
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condition, the deceleration causes the lead to slump and, consequently,
creates a lateral pressure on the inner and the outer shells along the
lead/shell interfaces.

Similaril' <« <e the lead has a higher ccefficient of thermal expansion
than the 8. .ess steel, the lead will incur larger thermal expansions
and contractions than the stainless steel inner and outer shells; and
thus, may be restrained by those shells. The gap element again allows
the lead to move freely inside the annulus between the inner and the
outer shells. Pressures resulting from the thermal expansion restraints
develop wherever the lead contacts the stainless steel shells.

Thus, accurate modeling is achieved for the lead slump during an impact
load condition and for the differential thermal expansicns and
contractions during temperature excursions.

In Figure 2.10.2-1, the elements representine the lead shell and the
neutron shield layers are intentionally not shown, in order to improve
the clarity of the mesh in the stainless steel components.

A gap element stiffness of 3.0 x 10a psi approximately 10 times greater
than the cask stiffress, is specified to maintain the boundaries between
the lead/steel and neutron shield/-teel surfaces. Similar gap elements
are used to model the interfaces between the lids and the top forging.
The initial radial gap between the lead shell and the outer shell is
calculated to be 0.0428 inch.

The neutron shield that is located around the outer shell of the cask
along che length of the cask cavity is not modeled because its structural
rigidity is conservatively ignored in the structural analyses of the

cask However, its weight effects are included in the model by using an
increased effective density in the region of the cask between the top of
the bottom forging and the bottom of the inner lid. Modification of the
density of this portion of the cask allows the overall weight of the
empty cask to be adjusted to the proper value. Minor density changes are
also made to the bottom end forging and bottom plate to allow for proper
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center of gravity location. The mass of the upper impact limiter is
distributed to the tep end of the cask by increasing the density of the
1ids and top forging. The mass of the lower impact limiter is
distributed to the cask bottom by increasing the density of the bottom
forging and bottom plate. The resulting cask total weight (including
{mpact limiters) and center of gravity are then verified by an ANSYS
chieck run,

The material properties used in the stress analyses include the elastic
modulus, the Poisson's ratio, the density and the coefficient of thermal
expansion. The elastic modulii and coefficients of thermal expansion are
functions of temperature. They are represented by a table of material
property values at various temperatures. The material property
evaluation for each element is performed by linear interpolation of the
tabular date at the element average or integration point temperatures.
Thermal expansion is computed relative to a reference temperature
(assumed to be 70°F for this analysis). The material property values
used are given in Section 2.3.

The temperature distributions used are those computed in Sections 3.4.2
and 3.4.3. The nodal temperatures in the structural model are determined
from the results of the thermal analysis which is performed using the
HEATINGS computer program. The temperature distribution is considered to
to be constant around the circumference.

Stability of the finite element analysis requires that one node on the
model be restrained in the cask longitudinal (axial) direction to prevent
any vertical rigid body motion., Node 7332, located at the top outside
corner, is axially restrained for the pressure, thermal, and bottom end
impact cases (see Flgure 2.10.2-6). Node 360, located at the bottom
outside corner, is axially restrained for the top end impact case (see
Figure 2.10.2-2).

2.10.2.1.2 Three-Dimensional Finite Element Models

There are & number of loading conditions that can only be characterized
by a three-dimensional finite element analysis. In order to reduce the
overall problem size, two three-dimensional models are developed:
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The ANSYS reference manual recommends a 15-degree circumicrential mesh
{ncrement for shell structures. A minimum of twelve (180/15)
circumferential elements would be required to model & 180-degree surface,
according to this criteria. Since the region of impact will have much
higher stresses than the region of the cask remote from the impact, a
non-uniform circumferential element spacing is chosen. A very fine mesh
near the region of impact varies to a coarse mesh on the side of the cask
opposite the impact region. The largest circumferential element size was
chosen to be twice that of the smallest, with the element size varying
linearly in between. Figucre 2.10,2-8 {llustrates the resulting non-
uniform angular locations of each row of nodes. Table 2.10.2-1 documents
the angular location of each plane of nodes, and the circumferential
element size for each row of elements. The arc length of the smallest
elements, those along the line of impact, is 8.3 degrees. The arc length
{increases to 16.6 degrees for the elements farthest avay from the impact.

A series of parametric studies were performed, which considered a thick-
walled cylinder subject to a gravity loading in the lateral direction, in
order to examine the results of using different mesh densities.
Circumferential mesh densities of 28 uniformly spaced elements and of 15
uniformly spaced elements were considered. The results of the parametric
study indicated that maximum stresses as determined by the mesh with 28
circumferential elements were within | percent of those determined by the
mesh with 15 elements. Therefore, it is concluded that the 15 element
non-uniform mesh is adequate to mode! the structural behavior of the
cask. The parametric studies also considered tr: : fects of varying the
number of elements through the wall thickness an: of varying the element
aspect ratioc.

Three-dimensional beam elements (STIF4), solid elements (STIF45), and gap
(STIF52) elements are used in the construction of the two three-
dimensional finite element models. All cask components (forgings, lids,
lead shell, shielding, inner and outer shells, etc.) are modeled using
the STIF4S element. The STIF4S element is an eight-node, three-
dimensional , parametric solid element having three degrees of freedom at
each node (translations in X, Y, and Z directions).
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Connections and interfaces between the components of the cask are modeled
using the ANSYS STIFS2 gap element. The STIF52 gap element is &
three-dimensional interface element that represents two surfaces that may
maintain or break physical contact, and may slide relative to each other.
The use of this element is required in areas wnere contact between
adjacent surfaces is not guaranteed by the geometry or loading. Such
locations include the lead/steel shell interfaces and 1id top forging
interfaces. The disadvantage of the STIF52 element is that, because it
is a nonlinear element, the solution procedure becomes an iterative one
and can substantially increase solution run times. The cask lid bolte
are modeled using the ANSYS beam element (STIF4). The STIF4 is a three-
dimensional, uniaxial element with tension, compression, torsion, and
bending capabilities. The element has six degrees of freedom at each
node (translations in the nodal X, Y and Z directions and rotations about
the nodal X, Y, and Z axes).

The material properties required by ANSYS for the three-dimensional
analyses are those identified in Section 2.10.2.1.

2.10.2.1.2.1 Bostom Fine Mesh Model

The bottom fine mesh model of the NAC-STC is constructed of 13,597 nodes
and 10,050 elements. The maximum in-core wavefront size is 794. The
maximum in-core wavefront size is used as a measurement of the size of an
ANSYS analysis. The Root Mean Square (RMS) wavefront size is 507.

The complete bottom fine mesh model is shown in Figure 2.10.2.9. A two-
dimensional view of the model is shown in Figure 2.10.2-10. The node
numbering patterns and mesh arrangement in different regions of the model
are provided in Figures 2.10.2-11 through 2.10.2-19. The node numbers
shown in these figures are for the O-degree circumferential plane. A
circunferential node number increment of 2000 is» used to determine the
node numbers on the remaining ci cumferential planes. The bottom half of
the cask contains the finer mesh density. The structural components have
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The three-dimensional model is generated by first creating a mesh for a
two-dimensional plane and then revolving the mesh 180 degrees around the
longitudinal axis of the cask to create & half model, as described in
Section 2.10.2.1.2.

The complete top fine mesh model is shown ir Figure 2.10.2-20. The upper
half of the model is shown at a larger sca.e in Figure 2.10.2-21. Figure
2.10.2-22 is a view of the O-degree circumferential plane of the top fine
mesh model. Figures 2.10.2-23 through Figure 2.10.2-31 show in detail
the node nunbering patterns and the mesh arrangement at different regions
of the cask. The node numbers shown in these figures are for the O-
degree circum.erential plane. The node numbers on the remaining
circumferestial planes can be determined by adding 2000 (unless otherwise
roted on each plot) to the node numbers on each succeeding
circumferential plane. In Figure 2.10.2-23, the elements representing
the lead layer and the neutron shield layers are intentionally net shown,
in order to improve the clarity of the mesh used in the stainless steel
components .

All cask components (cask body, lead, shielding, lids, etc.) are modeled
using the ANSYS STIF4S5 solid elements, as in the bottom fine mesh model.
The structural components have a mesh density of at least three elements
through their thickness near areas of structural discontinuities to
ensure the detection of stress gradients in those regions. The lead
shell and the neutron shield end layers are modeled with one element
through their thicknesses, which is adequate to distribute their loads to
the surrounding structure. The lids are modeled with two or more
elements through their thickness near the center of the cask, where
stresses are low, and with a finer mesh density near the outer radius of
the cask, where the stresses are higher as a result of the bolt loads and
the impact loads.

Interaction between the cask components is modeled by use of three-
dimensional gap elements (STIFS52). The cask components that are

enclosed bv stainless steel, including the lead and the end neutron
shields, are surrounded radially and axially by gap elements. The
interface between the inner lid and the cask top forging is modeled using
STIF52 gap elements in the axial and radial directions. The cuter lid
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1ids, and additionally because neither of these spacings are the same as
the element circumferential spacing used in the ANSYS model. This
problen is solved by "averaging" the effective bolt properties around the
circumference.

The bolts are modeled using ANSYS STIF4 beam elements and are located on
their appropriate radii (connecting the outer lid to the inner lid and
connecting the inner 1lid to the cask top forging), on each
circumferential plane location. Since there are 16 circumferential
planes contained in the finite element model, this results in 16
equivalent bolts per 1id. Each bolt consists of four elements--one
element as the bolt shaft, one as the bolt thread, and two as the boit
head.

The effective properties of each bolt are determined by calculating the
percentage of the 180-degree arc that each bolt affects, and multiplying
that by an overall sum ¢ the actual properties. Table 2.10.2-2 shows
the calculated percentages of the 180-degree arc, determined by summing
one-half of the angles of the arc of the two elements adjacent to a given
node. Tables 2.10.2-3 and 2.10.2-4 document the calculated effective
properties for all of the bolts in both lids, including the associated
real constant numbers. Following are example calculations for tha inner
and outer lid bolt properties:

loner Lid Bolts (62, 1 1/2 - 8 UN)
Tensile area of one bolt = 1.492 inz
Total tensile area = (42)(1.492) = 62.66 in
Bolt minor radius (R) = 1.3444/2 = 0.6722 in

Moment of inertia (I) of one bolt = wR“/a = 0.1604 1n“
Total moment of inec-tia = (42)(0.1604) = 6.7368 1n“

2

Referring to Table 2.10.2-3, the inner lid bolt properties for
circumferential plane location 4, real constant number 17, are:

Tensile ares = (0.0522)(62.66)(0.5) = 1.6354 in’

1 = (0.0522)(6.7368)(0.5) = 0.1758 in
Diameter for stress recovery = [(1.492)(6)/«)]0‘5 - 1.378 in
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by = lth circumferential area over which the pressure is

applied
- R (Ali)(w/IBO) L

R = inner radius of cask = 35.5 in

L. = cask cavity length = 165 in
Therefore,
A, = (35.5)(601)(u/180)(165) = 102.23 (a8))
a8, = 8.3 - 0«83
ad, = 17.0 - 8.3 - 8.7°
4, = 26.2 - 17.0 = 9.2°
a0, = 358 - 6.2 = 9.6"
b8y = 45.9 - 35,8 = 10.1°
A, = 56.5 - 45.9 « 10.6°
Ad, = 67.7 - 56.5 = 11.2°
b8y = 79.4 - 67.7 = 11.7°

0. o Rt Bl | 4 15%: 0. e 4,15°(1.1335) = 4.70°

1 3 1
0, - 3-'-3—;-1-1—9 - 12.65°%; 0, = 12.65°(1.1335) = 14,34
12,0 + 26.2 Py . .
2y = ; - 21.6%; 4 = 21.6°(1.1335) = 24.48
0, - zu__;.m - 31°%; 4, = 31°(1.1335) = 35.14°
o daaft 60.2 _ L L . . .
5 - 40.85%; 8, = 40.85°(1.1335) = 46.30
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F - a286(?..x)

tetal

Se.ting the total load (F ) to 28,000 1b

totai

6286(Pn‘x) - 28,000

(Ppyy) = 6.533 psi

P.‘x represents che contents pressure load which would ~.cur along the

drop centerline. Given Pnax‘ the contents pressure loadings, which are
applied to the eight sectors of elements, are calculated as follows:

Pl - Pmax coav1 « 6.533 cos(4.70*) = 6.51 psi

P, = P cosf, = 6.533 cos(14.34*) = 6.33 psi
Py = P cosb, = 6.533 cos(24.48%) = 5.95 psi
P, = P cost, = 6.533 cos(35.14") = 5.34 psi
Py = P cosé, = 6.533 cos(46.30*) = 4.51 psi
P, w P cosl; - 6.533 cos(58.04%) = 3 .46 psi
Py =P co;ﬂ; - 6.533 co8(70.39*) « 2.19 psi
Py = P cosfg = 6.533 cos(83.37%) = 0.76 psi

8 max

The following is a summary of the side drop contents pressures applied to
the finite element model in the eight circumferential sectors:
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ARC (deg) PRESSVRE (psi)
0-8.3 6.51
8.3 - 17.0 6.33
17.06 - 26.2 5.95
26.2 - 35.8 5.34
35.8 - 45.9 4,51
45.9 - 56.5 3.46
56.5 67.7 2.19
67.7 - 79.4 0.76

The pressurec are applied to the cas™ inner shell, over the leagth cf the
cask cavity for the side drop analyses. It should be noted that these
pressures consider a 1 g deceleration condition. Pressures for the
1-foot and 30-foot side drop analyses are calculated bv ratioing these
pressure values by the appropriate deceleration g-loads, which are
documented in Sections 2.6.7.2 and 2.7.1.2.

. For the corner and oblique drop analyses, the contents pressure loading
is a combination of the end drop pressure load and the side drop pressure
load. The curner and oblique drop pressure loadiigs are determined by
breaking up the contents pressure load into longitudinal and lateral
components, based on the drop angle. The longitudinal component is
applied to the cask end, and the lateral component is applied to the cask
inner shell as described previously for the side drop case.

2.10 2.2.2 lmpact Pressure Calculation

For the bottom end drop analysis, the impact pressure is assumed to
“niformly contact the cask bottom end over an area determined Ly the
outside diameter of the cask. Therefore, the cask weight (including
contents) of 250,000 pounds and the cask outside radius of 43.35 inches
are used to calculate a bor.um end drop impact pressure of:

P - —20.000 o 47 35 psi
(x)(43.35)

.30.2-1%
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For cases when no contents are present, the weight of the empty cask plus
basket is 21,000 pounds, therefore the bottom end drop impact pressure
8§

p o 2000 o 35 74 pet
(%) (43.35)

These pressures apply to a 1 g loading condition. Pressurc values for the
1-foot and 30-foot end drop analyses are determined by ratioing these
pressure values by the g-loads applicable to the specific case, which are
documented in Sections 2.6.7.1. and 2.7.1.1.

For the top end drop analysis, the impact pressure is assumed to
uniformly contact the cask top end over an area determined by the outside
diameter of the cask, less the area represented by the 0.075-inch radial
gap between the outer lid and the top forging. Therefore, the cask
weight (including contents) of 250,000 pounds, the ¢~ outside radius of
43.35 inches, the top forging inside radius of 40.88 inches, and the
outer 1id outside radius of 40.805 inches, are used to calcuiate a bottom
end drop impact pressure of:

P - - 220,000 z 5= = 42.48 psi
(%) (63.35)% - (=)[(40.88% - 40.805)°]

For cases when no contents are present, the top end drop impact pressure
is:

211 000
(%) (43.35)% - (x)[(40.88% . 40.805)

Pe - 35.86 psi

2
]
These pressures apply to a 1 g loading condition. Pressures for the
1-foot and 30 -foot end drop analyses are calculated by ratioing these
pressure vaiues by the g-loads applicable to the specific case, which are
documented in Sections 2.6.7.1 and 2.7.1.1.

For the side drop analyses, the impact pressure load is applied to the

finite element model as a distributed pressure over the contact area
between the impact limiters and the cask. Since the center of gravity of
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the loaded cask is located within 1 inch of the cask middle plane, the
impact load is assumed to be evenly divided between the two limiters.

The distribution of impact pressu~e is assumed to be uniform, in the
longitudinal direction, over the two 12.03-inch impact limiter contact
areas. The distribution of impact limiter pressure is assumed to vary
sinusoidally in the circumferential direction. A cosine-shaped pressure
distribution is selected, which is "peaked" at the impact centerline, and
is spread over a 79 .4-degree arc on each side of the impact centerline,
as shown in Figure 2.10.2-32. The region of applied pressure (a 158.8°
arc) is del‘ned based on the "crush” geometry of the impact limiter. The
assumption of & peaked pressure distribution ‘s a conservative,
classical, stress analysis procedure since the applied pressure actually
is spread over a 180-degree arc (90-degree half-cask arc).

te following calculation is performed to determine the precsure (Pi) to
te applied to elements within c.e eight circumferential sectors defined
in Section 2.10.7.2.1. The calculation is based on the weight of a half-
model of the cask at 1 g. Pressurs forces for the 1-foot and 30-foot
side drop analyses are determined by ratioing these pressure forces by
the g-load applicable to the specific case,

The following formula can be used to compute the maximum impact pressure.
This method uses a summation scheme to approximate the integration of the
cosine-shaped pressure distribution:

8 '
Frocal ® (5. Puge &y 008 (1)) c0n (4
where
Ftotnl = 125,000 1b (the cask design weight for a half model)
l’.‘x = maximum impact pressure occuring at the impact

centerline

{ = average angle of subtended arc
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¢ » ith

circumferential sector

Avi = arc length, in degrees, of sector i

01 = Normalized angle to peak at 0° and to be zero at 79.4°

- '1 (90/79.4) = 1,1335 01

Ay = ith circumferential area over which the pressure is

applied
- R(AOL)(r/IBO)L - 0.017&5(601)(R)(L)
R « outer radius of the cask at impact limiter contact
points

- 43,35 in

L = Impact limiter contact length = 24.06 in (for two
limiters, one on each end of the cask)

a8y = 8.3 - 0 - 8.3°

602 -17.0 - 8.3 =28.7°
A03 - 26.2 - 17.0 = 9.2°
48, = 358 - 26 2 = 9.6°
AP, = 45.9 - 358 « 10.1°
A8, = 56.5 - 45.9 =« 10.6°
a6, = 67.7 - 56.5 = 1..2°
008 - 79.4 - 67,7 = 11..°

T S 01

2 - 4.15%°(1.1335) =« 4.70°
by, = ; - .i.65% o; - 1265‘(11335) w 14.34"
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g, = AL 282 L 21 6% 0, = 21.6°(1.1373) = 24.48"

3 2

o, » $222200 _ 31e; 9, - 31°(1.1335) = 35.14°

by = 22822 L 0.85%; 0, = 40.85°(1.1335) ~ 46.30°
§ = 4222203 o 51,20 4 = 51.20°(1.1335) = 58.04°
0, = B2 BLT . 67.20%; 0, = 62.20°(1,1335) = 20.39*
b, » SLL2T24 _ 93 55 §. = 73.55°(1.1335) = 83.37°

8
F1 - Pnnx Ai cou(&i) cos (01)
i = 1 through 8

Fl - P-‘x(0.01765)(R)(8.3')(L) cos(4.15°) cos(4.70%)

. = 0.1440 (Pw)(L)(R)

F2 - Pn‘x(0.01765)(R)(8.7')(L) co8(12.65%) cos(14.34°%)

= 0.1435 (Pmax)(L)(R)

F3 - P"x(0.017u5)(R)(9.2’)(L) cos(21.6%) cos(24.48%)

= 0.1359 (Pmax)(L)(R)

F - P.nx(0.01765)(k)(9.6')(L) cos(31®) cos(35.14°%)

- 0.1174 (Ppax’ () (R)

Fs - P“x(0.01765)(R)(lO.l’)(L) cos(40.85%) cos(46.30%)

- 0.0921 (P _. )(L)(R)

F6 - P-‘x(0.017h5)(R)(10.6')(L) cos(51.20%) cos(58.04°)

0.0614 (Puax)(L)(R)
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P7 « 163.7918 cos (70.29%) = 54.99 psi
P8 = 163.7918 cos (83.37°) = 18.96 psi

The following is & summary of the side drop impact pressures applied to
the finite element model in the eight circumferential sectors:

ARC . (deg) PRESSURE __ (psi)
0 - 8.3 163.22
8.3 - 17.0 158.67
17.0 - 26.2 149 .06
26.2 - 35.8 133.98
35.6 - 45.9 113.17
45.9 - 56.5 86.69
56.5 ¢ 7 56.99
67.7 - 79.4 18.96

It should be notad that these pressures consider a 1 g deceleration
coendition. Pressures for the l-foot and 30-foot side drop analyses are
calculated by ratioing these pressure values by the appropriate
deceleration or g values, which are documented in Sections 2.6.7.2 and
P e Y,

For the corner and oblique drop analyses, the impact pressure loading is
a combination of the end drop impact pressure load and the side drop
impact pressure load. The corner and oblique drop impact pressure
loadings are determined by brea'ing up the impact pressure load into
longitudinal and lateral ccaponents, based on the u:op angle. The
longitudinal component is applied to the cask end, and the lateral
component is applied to the cask inner shell as previously described for
the side drop case.

2.10.2.2.3  Bolt Initial Strain Determination

The standard technique for applying bolt preload to a finite element
model is employed. The bolts are modeled using beam elements, ANSYS STIF3J
elements for the two-dimen:ional model and ANSYS STIF4 elements for the
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three-dimensional top fine mesh model. Each bolt is modeled by four beam
elements, two that represent the belt head and two that represent the
bolt shuaft. The two bolt head elerents are defined by three nodes thi
are an iniegral part of the non-threaded plate. The bolt head elements
are assigned a stiffness of 10 times the actual bolt stiffness. The
first bolt shaft element connects the center node of the bolt head with a
node located at the top of the threaded hole This element represents
the portion of the bolt that is not engaged in the threaded hole. This
portion of the bolt will be in tension dus to the bolt preload. The
second bolt shaft element connects the node at the top of the threaded
hole with & node at the bottom of the threaded hole. This element
represents the portlon of the bolt that is engaged in the threaded hole.
The two bolt shaft elements are assigned material property values (area
and stiffness) equal to the actual bolt properties.

The effect of bolt preload {s imposed on the model by applying an initial
strain to the bolt shaft. The initial strain is applied only to the beam
element representing the portion of the bolt shaft not engaged in
threads. The initial strain values, which result in the required preload
values, are determined by first running ANSYS analyses of both the two-
and three-dimensional models with a "trial" initial strain, applied te
the bolt shaft element, as the only loading condition. The resulting
beam element force (from the element representing the portion of the bolt
shaft not engaged in threads), is then used to ratio the trial initial
strain to a value that will result in a beam element force closer to the
actual bolt preload. This procedure is performed iteratively until the
beam element force is effectively equal to the actual bolt preload.

The trial initial strain values are first determined by performing hand
calculations of the value of P/nAE for both the inner and the outer lid
bolts. For the inner 1id bolts, the calculation considers a required
total bolt preload (P) of 4,870,000 pounds for 42 bolts, a quantity (n)
of 42 bolts, a bolt cross-sectional area (A) of 1.492 square inches per
bolt, and & Young's modulus (E) of 31.0 x 10° psi. For the outer 114
bolts, the calculation considers a required total bolt preload (P) of
509,316 pounds for 36 bolts, a quantity (n) of 36 bolts, a bolt cross-
sectional area (A) of 0.606 square inches per bolt, and a Young's moduius

(E) of 28.3 x 106 psi The hand calculations resulted in trial initial
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strains of 3.0 x 10'3 inch/inch for the inner lid bolts and 8.5 x 10’“
inch/inch for the outer lid bolts.

The trial initial strain values were used in the iterative procedure
outlined previously. Several iterations were performed on both the two.
and three-dimensional models until the initial strain values yielded bolt
preload values within 5 percent of the required amount. The final values
of initial scrain for a cask temperature conditicn of 250°F were
determined to be 3.034 x 10> ineh/inch for the inner 1id bolts, and
8.863 x 10'“ inch/inch for the outer lid bolts. The resulting bolt
preload values are documented below:

BOLT PRELOAD

ANSYS ANSYS Difference Difference
Required Calculated Calculated Required Required
Value 2-D Model 3-D Model 2-D 3.0
(1b) (1b) (1b)
Outer
Lid Bolts 509,316 519,280 509.7.1 2.0% 0.0%
Inner
Lid Bnlts 4,870,000 4,902,832 5,068,866 0.7% 4.1%

The ANSYS analyses results show good agreement with required belt preload
values, The differences between the required values and the two-
dimenrional ANSYS analysis values are less than 2 percent. The

differences between the required values and the three-dimensional ANSYS
values are less than 4.1 percent. Both the two-dimensional and three-
dimensional ANSYS values are conservative, therefore, it is concluded

that the final values of initial strain are adequate for modeling bolt
prelcad.
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2.10.2.2 FEinite Element Analysis Procedures

The structural evaluation of the NAC-STC is performed by ANSYS analyses
using three finite :lement models. A two-dimensional axisymmetric model
is +.ed for the axisymmetric loading cases, including bolt preload,
internal pressure (high and low), thermal hot and cold, thermal fire
transient, top end drop, and bottom end drop. A three-dimensional top
fine mesh model ic used in the non-axisymmetric loading conditions that
result in high stresses on the top end of the cask, including the top
corner drop and top oblique drops. The three-dimensional bottom fine
mesh model is used for the non-axisymmetric loading cenditions that
tesult in high stresses on the bottom end of the cask, including the
bottom corner drop, and bottom oblique drops. For the side drop
analysis, both the top fine mesh model and the bottom fine mesh model are
ar:lyzed separately, in order to obtain the detailed stresses for both
ends of the cask.

A number of individual and combined loading conditions are evaluated
using separate ANSYS analyses. The ANSYS analyses performed for each
individual loading condition are for the purpose of studying the
structural effects of each individual type of load applied to the cask.
The stress results of the ANSYS analysis of each individual load case are
documented by nodal stress summaries (for details about finite element
stress documentation procedures, see Section 2.10.2.4). The individual
loading conditions considered are:

1. Bolt preload plus maximum internal pressure, 50 psig.
2. Bolt preload plus minimu~ internal pressure, 12 psig.

3. Gravity with 100°F ambient temperature, maximum decay heat load, and
maximum insolation.

4. Cravity with -40°F ambient temperature, no decay heat load, and no
insclation.

$. Thermal heat with 100°F ambient temperature, maximum decay heat load,
and maximum insolation.
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6. Thermal cold with -20°F ambient temperature, maximum decay heat load,

10,

11.

12.

13.

15

16.

17.

and no insolation.

no insolation.

period.

Impact and inertial loads,
¢ = 0 degrees.

Impact and inertial loads,
¢ = 0 degrees.

Impact and insitlel ivads,
Agg~ees,

lmpact and inertial loads,
¢ = 24 degrees.

Impact and inertial loads,
load, ¢ = 24 degrees,

Impact and inertial loads,
¢ 0 Jegrees.

Impact and inertial loads,
load, ¢ = 0 degrees.

Impact and inertial loads,
4 = 950 degrees.

Impact and inertial loads,
¢ = 24 degrees.

. Impact and inertial loads,

load, ¢ ~ 24 Zegrees.

. Thermal cold with -40°F ambient temperature, no decay heat load, and

. Thermal fire transient with 1475°F surrounding enviroument, 30-minute

1-foot top end drop, 20 g impact load,

1-foot bottom end drop, 20 g impact load,

1-foot side drop, 20 g impact load, ¢ = 90

1-foot top corner drop, 20 g impact load,

1-foot bottom corner drop, 20 g impact

30-foot top end drop, 56.1 g impact load,

30-f5.* bottom end drop, 56.1 g impact

30-foot side drop, 55 g impact load,

30-foot top corner dron, 55 g impact load,

30-foot bottom cormer drop, 55 g impact
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19. lapact and interial loads, 30-foot bottom oblique drop, 55 ¢ .pact
load, ¢ = 15 degrees.

20. lmpact and inertial loads, 30-foot top critical oblique drop, 55 g
impact load, ¢ = 75 Degrees. (¢ = 75 degrees is the engle that
results in the most critical stresses for the 30-foot top oblique
drops) .

21. Impact and inertial loads, 30-fcuc bottom critical oblique drop, 55 g
impact load, ¢ = 75 degrees. (¢ = 75 degrees is the angle that
results in the most critical stresses for the 30C-foot bLottom oblique
drops) .

Combined load cases are then evaluated by running ANSYS analyses of the
combined loading conditions. For example, the 30-foot top cormei drop
accident condition is evaluated by a single ANSYS analysis with the
following loads apyplied simultaneously:

55 g Impact and inertial loads (¢ = 24 degrees), 100°F ambient
temperature, maximum decay heat load, maximum solar insolation, bolt
preload, and 50 psig internal pressure.

A single analysis with multiple loads is used in contrast to the method
of superimposing the stress results from the individual analyses, in
order to more accurately evaluate the effect of the simultaneous loads on
the cask structure. For combined load cases, the stresses are documented
by nodal, sectional, and critical stress summaries. The following
combined loads cases are considered:

1. Thermal Heat (normal condition), with bolt preload, maximum internal
pressure of 50 psig, 100°F ambient temperature, maximum solar
insolation, maximum decay heat, 1 g gravity load, still air, loaded
and ready for shipment in the horizontal position.

2. Thermal Cold (normal condition) with bolt preload, minimum internal
pressure of 12 psig, -40°F ambient temperature, no solar insolation,
no decay heat load, 1 g gravity load, still air, loaded and ready for
siiipment in the rorizontal position.
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. Theraal Fire Transient (hypothetical accident condition) with a

surrounding environment of 1475°F for a 30-minute period, with bolt
preload, internal pressure of 125 psig (conservative; actual internal
pressure is 107.3 psig), maximum solar insolation, maximux decay heat
load, and 1 g gravity load in the vertical direction.

1-Foot Top End Drop (normal condition) with bolt preload, maximum
internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay heat load, 20 g impact and inertial
load (¢ = O degrees), still air.

. 1-Foot Top End Drop (normal condition) with bolt preload, minimum

internal pressure of 12 psig, -20°F ambient temperature, no solar
insolation, maximum decay heat load, 20 g impact and inertial load
(6 = 0 degrees), still air.

. 1-Foot Top End Drop (normal condition) with bolt prelcad, minimum

{internal pressure of 12 psig, -20°F ambient temperature, no solar
insolation, no decay heat load, 20 g impact and inertial i.ad
(¢ = 0 degrees), still air.

1-Foot Bottom End Drop (normal condition) with bolt preload, maximum
internal pressure of 50 psig, 100°F ambient temperature, maximum
solar insolation, maximum decay h.at load, 20 g impact and inertial
load (¢ = O degrees), still air.

. 1-Foot Bottom End Drop (normal condition) with bolt prelcoad, minimum

{internal pressure of 12 psig, -20°F ambient temperature, nc solar
insolation, maximum decay heat load, 20 g impact and inertial load
(¢ = O degrees), still air.

. 1-Foot Bottom End Drop (normal condition) with bolt preload, minimum

internal pressure of 12 psig, -20°F cmbient temperature, no solar
insolation, no decay heat load, 20 g impact and inertial load
(¢ = 0 degrees), still air.
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oy 38

18.

19.

20,

A I

22,

2.

30-Foot Bottom End Drop (hypothetical accident condition) with bolt
preload, minimum internal pressure of 12 psig, -20°F a bient
temperature, no solar insolation, meximum decay heat l. d, 56.1 g
impact and inertial load (¢ = 0O degrees), still air.

30-Foot Bottom End Drop (hypothetical accident condition) with bolt
preload, minimum internal pressure of 17 psig, -20°F ambient
temperature, no solar insolation, no decay heat load, 56.1 g impact
and inertial load (¢ = 0 degrees), still air.

30-Foot Side Drop (hypothetical accident condition) with bolt
preload, maximum internal pressure of 50 psig, 100°F ambient
temperature, maximum solar insolation, maximum decay heat load, 55 g
impact and inertial load (¢ = 90 degrees, scill air.

30-Foot Top Corner Drop (hypothetical accident condition) with bolt
preloaa, maximum internal pressure of 50 psig, 100°F ambient
temperature, maximum solar insolation, maximum decay heat load, 55 g
impact and inertial load (¢ = 24 degrees), still air.

30-Foot Bottem Cornmer Drop (hypothetical accident condition) with
bolt preload, maximum internal pressure of 50 psig, 100°F asbient
temperature, maximum solar insolation, maximum decay heat load, 55 g
impact and inertial load (¢ = 24 degrees),6 still air.

30-Foot Bottom Oblique Drop (hypothetical accident condition) with
bolt preload, maximum internal pressure of 50 psig, 100°F ambient
temperature, maximum solar insc'ation, maximum decay heat load, 55 g
{mpact and inertial load (¢ = 1! degrees), still air.

30-Foo: Top Oblique Drop (hypothetical accident condition) with bolt
preload, maximum internal pressure of 50 psi, 100°F ambient
temperature, maximum solar insolation, maximum decay heat load, 55 g
impact and inertial load (¢ = 75°%), still air. (¢ = 75* is the angle
which results in the most critical stresses for 30-foot top oblique
drops) .
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24 .

30-r00t Lttow Oblique Drep (nypothetical accident condition) with
bolt preload, maximum internal pressure of 50 psi, 100°F ambient
temperature, maximum solar insolation, maximum decav heat load, 55 g
impact and inertial load (¢ = 75%), still air. (# = 75° is the angle
which results in the most critical stresses for 30-foot top oblique
drops) .

2.10.2.4 [Einite Element Documentaticn Procedures

Documentation of the finite element stress calculations is performed

according to the following pro. "dure:

A sketch of the cask is prepared showing the points on each shell for
which stressas are calculated and tabulated. At given axial
locations on the cask, separate points are designated on the inside
and outside of each shell. At given radial locations on the end and
closure plates, separate points are designated on the inside and
outside of each plate. In addition, for thick sections or thin
sections at structural discontinuities, the stresses are presented
for several points through the thickness in order to adequately
define the stress distribution for the stress linearization
calculations. Furthermore, for three-dimensional models, the stress
varlations around the circumference are documented at several
selected circumferential locations.

For each stress point identified in step 1, a nodal stress summary,
including stress convonents and principal stresses, is prepared for
each individual normal and accident condition loading (e.g., internal
pressure, hot and cold temperature, impact, etc.).

Summaries are prepared for the combined stresses at each stress point
per the load combinations specified in Regulatory Guide 7.8. Tne
combined stresses are classified in the categories of primary, and
primary plus secondary stress intensities, as specified in Regulatory
Cuide 7.6.
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4. §Stress intensity summaries are prepared for the primary membrane
(P-). primary membrane plus primary berding (Pn + Pb), and primary
plus secondary (Sn) stress categories. These stress intensity values
are obtained by performing stress linearization calculations using
the nodal stresses obtained from step 2. This calculation is
peformed on all of the selected sections.

In order to perform steps 1 through 4, representative section cut
locations were chosen based on the critical stress locations. The nodes
representing the stress points used in steps 1 through & are located on
these representative section cuts. The section locations are described
in decail in Section 2.10.2.4.2.

5 Stress evaluations are then performed at every feasible cross-section
of the cask. Then, the most critical cross-section within each
component is determined by searching, on a component basis, for the
cross section where the maximum stress inrtinsity is located. Since
the stress evaluations and the search ure performed by a computer
algorithm <very reasibie cross-zection is identified «nd evaluated,
insviing that the maximum stress location within each covwponent is
found. Stress cables are then prepared to summarize the ci'tical
primary membrane, primary membrane plus primary bending, primary plus
secondary stresses, and the margin of safety, of each cask component,
for each loading conditien.

In order to perform step 5, the cask is divided into components based on
the physical geometry of the cask, such that each component consists of a
single material. The details of the cask component identification are
given in Section 2.10.2.4.1.

2.10.2.4.1 Structural Component Ildentificaction

Cask components are defined so that the qualification of the casx can be
performed on a component basis. Stress evaluations are performed at every
feasible cask cross-section, and then a computer search ir performed to
identify the section within each component which has the maximum stress
intensity. Critical stress summaries are then prepared on a component
basis.
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The determination of critical stresses considers the stress results at a
total of 3877 cross-sections on the three-dimensional top fine mesh
model, and at a total of 3188 cross-sections on the three-dimensional
bottom fine mesh model. For the two-dimensional axisymmetric model,
stress evaluations are performed for a total of 487 cross-sections.
These evaluations cover all of the feasible cross-sections of the cask.

Preparation of the critical stress summaries also requires the
calculatior. of allowable stress values. Since allowable stress is a
function of material properties (design stress intensity, yield strength
and ultimate tensile strength), it is convenient that the components be
defined such that each component consiste of a single material. This is
accomplished by designating the components in a manner consistent with
the actual physical construction of the cask, i.e., the components are
defined as the unique physical entities which exist prior to the final
assembly of the cask.

The marerial properties used to determine allowable stresses are
functions of temperature. If the allowable stresses for all components
vere determined using the maximum cask temperature, the allowable
strecses ~ill be overly conservative in those components which never
experience the maximum cask temperature. Maximum temperatures determined
on a component basis, rather than on a cask basis, permit the
determination of more reasonable, but still conservative, allowable
stresses. Therefore, the maximum component temperature is used in
calculatii- *he allowable stresses for that component.

The finite element cask components are uniquely designated as shown in
Figure 2.10.2-33, Tables 2.10.2-5 through 2.10.2-7 document the name of
each component, th: material of which it is constructed, and an arbitrary
material identification number (used in the ANSYS model). The fifth
column of each table documents the maximum temperature which occurs in
each individual component, as determined by the thermal analysis of the
temperature conditions indicated in the table title.
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The sixth and eighth columns of Tables 2.10.2-5 through 2 10.2-7 document
the design stress intensity (S and the ultimate tensile strength (S

- rr " 'u
for the component material at the maximum component temperature The

values of 1.5(S and 0.7(S ) are also provided

Representative Section loc

The entire NAC-STC body and closure lids are analyzed for structural

adequacy. Representative section ¢ . iviecions are defined, based on the

1

critical stress locations, in order to illustrate the overall structural

the cask he celected section locations are identified by

Figure

ase--pressure, thermal, and mechanical--is evaluated

a2a

separately The stress components are documented for each of the
selected sections and for the nodes on the sections The individual load

cases are then combined to obtain total principal stresses and stress

intensities for the primary membrane, primary membrane plus primary

bending, and primary plus secondary stress categories

Figures 2.10.2-35 and 2.10.2-36 show the distribution of nodes and

lements in the circumferential direction for the three-dimensional top

-

ine mesh model, and fo he three-dimensional bottom fine mesh model,

.
e

respectivel For the three-dimensional m Jiels, stress results are

docur- ted for several of the 16 circumferential planes

nates of the nodes which define the ends of the section cuts

coord

.

for the two-dimensional ax

svmmetric, three-dimensional bottom fine mesh
b

e

and three-dimensional top fine mesh models are provided in

2.10.2-8 through 2.10.2-10, respectively Tables 2.10.2-11 through

2.10.2-13 contain the node numbers and coordinates of all stress point

locations on each section cut, for the three models
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Figure 2.10.2-1 ANEYS Two-Dimensional Finite Element Model - NAC-STC
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Figure 2.10.2-2 Cask Bottom (Region A) - NAC-STC ANSYS Two-Dimensional
Model
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Figure 2.10.2-4 Cask Shells (Region C) - NAC-STC ANSYS Two-Dimensional
Model
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Figure 2.10.2-5 Cask Upper Transition (Region D) - NAC-STC ANSYS Two-
Dimensional Model
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Figure 2.10.2-6 Cask Top Forging (Region E) - NAC-STC ANSYS Two-
Dimensional Model
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Figure 2.10.2-7 Cask Lids (Region F) - NAC-STC ANSYS Two-Dimensional

Model
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Figure 2.10.2-8 Circumferential Mesh Spacing (End View) - ANSYS Three-
Dimensional Top and Bottom Fine Mesh Models
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Figure 2.10.2-9 ANSYS Three-Dimensional Bottom Fine Mesh Finite Element

Model - NAC-STC
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Figure 2.10.2-10 Details - NAC-STC ANSYS Three-Dimensional Bottom Fine
Mesh Model
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Figure 2.10.2-11 Cask Bottom (Region A)
Three-Dimensional Model
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12 Cask Bottom (Region B) - NAC-STC ANSYS Bottom Fine Mesh
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Figure 2.10.2-13 Cask Bottom (Region C) - NAC-STC ANSYS Bottom Fine Mesh

Three-Dimensional Model
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Figure 2.10.2-14 Cask Lower Transition (Region D) - NAC-STC ANSYS Bottom

Fine Mesh Three-Dimensional Model
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Figure 2.10.2-16 Cask Lower Shell (Region F) NAC-STC ANSYS Botton Fine

Mesh Three-Dimens .onal Model
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-

Figure 2.10.2-17 Cask Lower Shell (Region G) - NAC-STC ANSYS Bottom Fine

Mesh Three Dimensional Model
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Figure 2.10.2-18 Cask Upper Shell (Region H)

Mesh Three-Dimensional Model
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Figure 2.10.2-19 Cask Lids (Region 1) - NAC-STC ANSYS Bottom Fine Mesh

Three-Dimensional Model
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Figure 2.10.2-22 Details
Model

AC-STC ANSYS Three-Di
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NAC-STC SAR September 1990

Docket No 19235
Figure 2.10.2-24 Cask Lower Transition (Pegion B) - NAC-STC ANSYS Top
Fine Mesh Three-Dimensional Model
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Figure 2.10.2-25 Cask Lower Shell (Region C) - NAC-STC ANSYS Top Fine

Mesh Three-Dimensional Model
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NAC-STC SAR

Docket No 1-9235

Figure 2.10,2-27 Cask Upper Shell (Region E)

Mesh Three-Dimensional Model
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Figure 2.10.2-28 Cask Upper Transition (Region F) - NAC-STC ANSYS Top

Fine Mesh Three-Dimensional Model
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Figure 2.'0.2-29 Cask Upper Transition (Region G) - NAC-STC ANSYS Top

Fine Mesh Three-Dimensional Model
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Figure 2.10.2-30 Cask Top Forging (Region H) - NAC-STC ARSYS Too Fine

Mesh Three-Dimensional Model

<o



i
1 13:35:34
FREO™Y

TYPFE iR

N =)
|WRIETz24
(U = 4
Wl |

e ———— g .._._.q

- Fird NI 1 — .,__.___!31

ircumferential Node Increment *

Al -

{reumferential Node [ncrement = (UK




September |

Figure 2.1 "-32 Load Distribution for Cask Side Drop lmpact
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Figure 2.10.2-34 ANSYS Finite Element Model - Representative Section
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Figure 2.10.2-36 Nodal ldentification - NAC-STC ANSYS Three-Dimensional
Model
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Table 2.10.2-1 Circumferential Mesh Spacing

Circumferential Angular Location Angular Spacing
Plane ldentification [ Increment
Nunber STV 34 T 1 Rp—— SRE-TT 3477 HN—
1 J.0

2 8.3 8.3

3 17.0 8.7

4 26 .2 9.2

5 35.8 9.6

6 5.9 10.1

7 56.5 10.6

67.7 11.3

79 .4 3.7

10 91.7 12.3

11 104 .7 13.0

12 118.3 13.6

13 132.6 14.3

14 147 .6 15.0

15 163 .4 15.8

16 160.0 16.6
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Table 2.10.2-2 Circumferential Plane - Percentage of 180" Arc

Circumferential
Plane Real Constant Sum of Adjacent Percentage
ldentification No. _ Numbers ~Half-Avgles oL lB0° Arg
Inner Outer
Bolts Bells
1 14 3 (172)(8.3) = 4.12 0.0233
2 15 32 (1/2)(8.3 + 8.7) = 8.5 0.0472
3 16 33 (1/2)(8.7 + 9.2) = 9.0 0.0500
[ 17 34 (172)(9.2 » 9.6) = 9.4 0.0522
5 18 35 (1/72)(% 6 + 10.1) = 9.9 0.0550
6 19 36 (1/2)(10.1 + 10.6) = 10.4 0.0577
7 20 37 (1/2)(10.6 + 11.2) = 10.9 0.0605
8 21 K1 (1/2)(11.2 + 11.7) « 11.5 0.0639
9 22 39 (1/2)(11.7 + 12.3) = 12.0 0.0667
10 23 40 (1/72)(12.3 + 13.0) = 12.7 0.0706
11 24 4l (1/2)(13.0 + 13.6) = 13.3 0.0738
12 . 42 (1/2)(13.6 + 14.3) =« 14.0 0.0778
13 26 43 (1/2)(14.3 + 15.0) = 14.7 0.1817
14 27 Gh (1/72)(15.0 « 15.8) « 15.4 0.0%56
15 28 45 (1/72)(15.8 « 16.6) = 16.2 0.090LO
16 29 U6 (1/2)(16.6) = 8.3 0.0461
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Table 2.10.2-3 Effective Inner Lid Bolt Properties

Circunferential
Plane Real Constant

umwmm_mwww

1 14 0.7300 0.0785 1.378 1.1
e 15 1.4790 0.15%0 1.378 1.11
3 16 1.5665 0.1684 1.378 1,34
4 17 1.635 0.1758 1 378 1.11
5 18 1.723 0.1852 1.378 3.1
6 19 1.8077 0.19%:3 1.378 1.11
7 20 1.8955 0.2037 1.378 1.11
8 21 2,0020 0.2152 1.378 1.11
9 22 2.0897 0.2246 1.378 1.11
10 23 2.2119 0.2377 1.378 1.11
11 L 2.3122 0.2485 1.378 1.11
12 25 2.4375 0.2620 1.378 1.:3%
13 26 2.5500 0.2751 1.378 1.11
14 27 2.6818 0.2883 1.378 1.11
15 28 2.81%7 0.3031 1.378 1.11
16 29 1.4443 0.1552 1.378 1.11
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Table 2.10.2-5 Ildentification of ANSYS Model Structurai Components, Materials
and Allowables: Condition 1

Condition 1: 100°F Ambient with Contents

Allowable Stress (ksi)

Normal Accident
Comp Mat Max Pn Pn*Pb Pn Pn*Pb
3p  Dassristisn Masazial 1D Zams. g (1309 Q.0
1 Bottom Plate 1048S 5 126 28.2% 30.0 51.5  73.6
2 Bottom Forging  3048§ 6 201 20,0 30.0 46.3 66.2
3 Transition Shell XM-1988 15 294 11.5 47.3 66.2 94.6
“ Inner Shell 30488 7 156 19.5 29.2 46.0 65.7
5 Outer Shell 30488 ) 330 22.2% 29.6 “6.0 65,8
6  Top Forging 30488 9 233 200 30.0  45.2 4.6
7 Inner Lid 30488 10 200 20.0 30.0 48.0° 71.0
. 8 Outer Lid 17-4 PH §§ 11 183 45.0 67.5 9.5 135.0
9 Inner Lid Bolt SB-637 N4 13 210 119.4° 119 .4°
10 Outer Lid Bolt 17-4 PH §§ 12 184 98.4° 98 .4°
Notes:

1 §_ 1is used (the greater of Sm and Sy governs for nonconfinement structures)
‘ 2.45 governs.

’ Bolt allowables based on material yield strength.

| 2.10.2-78



NAC:-STC SAR September 1990
Docket No. 71-9235%

Table 2.10.2-6 ldentification of ANSYS Model Structural Components, Materials
and Allowables; Condition 2

Condition 2: +20°F Ambient with Contents

Allowable Stress (ksi)

Normal Accident
Comp Mat Max Pn Pn*Pb Pn Pm’Pb
a0 Deassistien  Gadarial 20  Zam. Sl 138 O G
] Bottom Flate 10485 5 ol  10.0° 30.0 §2.8 75.0
2 Bottom Forging  304SS 6 gol 200 30.0  48.0° 70.0
3 Transition Shell XM-198§ 15 184 13,2 49.8 69.7 996
4 Inner Shell 30488 7 243 20.0 30.0 48.0° 68.9
5 Outer Shell 10488 8 222 24.5% 30,0 “8.9 69.9
6  Top Forging 30488 9 120 200 30.0 48.0° 69.2
7 Inner Lid 30488 10 860 200 30.0 48.0° 72.0°
. " Outer Lid 17-4 PH §§ 11 2" 45,0 67.5 9.5 135.0
9 Inner Lid Bolt SB-637 Ni 13 119,44 119 .4
10 Outer Lid Bolt 17-4 PR 8§ 12 98.4% 98.4%
Notes:

] Material properties at 100°F used for temperature less than 100°F.
2 Sy is used (The greater of § and §  governs for Nonconfinement Structure).
. )

2.05. and 3.65ln govern.

“ Bolt allowables based on material yield strength.

2.10.2-79
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Table 2.10.2-7 Ildentification of ANSYS Model Structural Components, Materials
and Allowables; Conditions 3, &4, and 5

Allowable Stress (ksi)

Normal Accident
Comp Mat Max Pn Pn*Pb Pn Pn’Pb
i panahistiod  paasial 30 . gamt Sl MQ 070 %
1 Bottom Plate 10488 s %100 30.0° 30.0 2.5 75.0
2 Bottom Forging  3048S 6 100 20.0 30.0  48.0° 70.0
3 Transition Shell XM-19 8§ 15 s 100  33.3 50.0 70.0 100.0
“ Inner Shell 30488 7 $100 20.0 30.0 48.0° 72.0°
5 Outer Shell 10488 8§ <100 30.0° 30.0 §2.5 75.0
6 Top Forging 1048§ 9 100 20.0 30.0  48.0° 70.0
7 Inecr Lid 10486 10 100 200 30.0 48.0° 72.0°
£ Outer Lia 17.4 PH 65 11 €100 45.0 67.5 94.5 135.0
9 Inner Lid Bolt SB-637 N& 13 s 100 115.0% 115.0%
10 Outer Lid Bolt 17-4 PH 88 12 s 100 105.0" 105 .0
Notes :
1

Condition 3: -20°F ambient '/ithout contents
Condition 4: -40°F ambient without contents
Condition 5: 100°F ambient without contents
(Material properties at 100°F used for -40°F and -20°F conditions.)

2 Sy is used (the greater of Sm and Sy governs for nonconiinement structures).

3
2.48  and 3.65' govern,

“ Bolt allowables based on material yield strength.
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Table 2.10.2-8 Section Cut ldentification - (2-D Model)

Inside Node Outside Node

Radial Axial Radial Axial

section” () (dn) (o 4o
A 0.00 14 .40 0.00 8.20
B 0.00 6.20 0.00 0.75
¢ 35.50 14 .40 35.50 8.20
D 39 .44 6.20 39 .44 0.75
E 39 .44 8.20 43.35 8.20
F 35.50 14 .40 37.50 14.40
¢ 40.70 14 .40 43.35 14 .40
H 35.50 29.40 37.00 29.40
1 40.70 29 .40 43,35 29.40
J 35.50 55.65 37.00 55.65
K 40.70 55.65 43.35 55.65
L 35.50 96.90 37.00 96.90
M 40.70 96.90 43.3% 96.90
N 35.50 138.15 37.00 138.15
0 40.70 138.15 43.35 138.15
P 35.50 160,40 37.00 160.40
Q 40.70 160.40 43.35 160.40
R 35.50 175.40 37.00 175.40
H 40.70 175,40 43.35 175.40
T 39.56 179.40 43.35 179.40
U 35.50 179 .40 35.50 185 .40
v 35.21 188 .40 3s.21 193.71
W 0.00 179 .40 0.00 185.40
X 0.00 188.46 0.00 193.71

*Refer to Flgure 2.10.2-34 for the section cut locations.
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Table 2.10.2-9 Section Cut ldentification - (3-D Bottom Fine Mesh Model)

Inside Node Outside Node

Radial Axial Radial Axial

section’ (in) (in) (dn) (4n)
A 0.00 14.40 0.00 8.20
B 0.00 6.20 0.00 0.75
¢ 15.50 14.40 15,50 8.20
D 194k 6.20 19,44 0.75
E 194k 8.20 43.35 8.20
F 1550 15.00° 17,50 15.00°
¢ 40.70 15.00° 43.35 15.00°
H 15,0 29.40 17.00 29,40
1 40.70 29.40 43.35 29.40
J 15,50 5565 37.00 55,65
K 40.70 55.65 43.3% §5.65
L 1550 96.90 37.00 96.90
M 40,70 96.90 43.38 96.90
" 15,50 138.15 17.00 138.15
0 40,70 138.15 43,38 138.15
P 1550 160,40 17.00 160.40
Q 40.70 160. 40 43,35 160.40
R 1550 175.40 37.50 175.40
s 40.70 175.40 43.35 175.40
T 40.70 179,40 43,35 181.68°
U 1550 179.40 1550 185.40
v 15, 50" 187.40 15 50" 193.71
v 0.00 179 .40 0.00 185.40
% 0.00 187.40 0.00 193.71

lkofet to Figure 2.10.2-34 for the section cut locations

2Hovcd one section up from the root (Y = 14.40") to pick up higher
stresses

3Hovod up for impact pressure specification

“No nodes at outer lid bolt circle for three-dimensional bottom model
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Table 2.10.2-10 Section Cut ldentification - (3-D Top Fine Mesh Model)

Inside Node Outside Node

Radial Axial Radial Axial

section” () (in) (o) (in)
A 0.00 14 .40 0.00 8.20
B 0.00 6.20 0.00 0.75
C 35.50 164.40 35.50 8.20
D 39 44 6.20 39 .44 0.75
E 39 44 8.20 43.35 8.20
F 35.50 14 .40 37.50 14 .40
G 40.70 14.40 43.35 164 .40
H 35.50 29 .40 37,00 29.40
1 40.70 29 .40 43.35 29 .40
J 35.50 55.65 37.00 55.65
K 40.70 55.65 43.35 55.65
L 35.50 96.90 37.00 96.90
M 40.70 96.90 43.35 96.90
N 35.50 138.15 37.00 138.15
0 40.70 138.15 43.35 138.15
F 35.50 160 .40 37.00 160 .40
Q 40.70 160,40 43.35 160.40
R 35.50 175.40 37.50 175.40
S 40,70 175.40 43.35 175.40
T 39.56 179.40 43.35% 179.40
U 35.50 179.41 35.50 185.40
Y 35.21 188,40 a8 /22 193.71
W 0.00 179.40 0.00 185 .40
X 0.00 188 .46 0.00 193.71

"Refer to Figure 2.10.2-34 for the section cut locations
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Table 2.10.2-

-9235

11 Stress Point Locations -

September 1990

2-D Model (continued)

Location

Stress Point Radial Axial
1D _Node (i) (in)
F-1 251 35.50 14.40
F-2 261 36.17 14 .40
F-3 2n 36.83 14,40
F-4 281 37.50 14.40
G-1 311 40.70 14 .40
G2 321 41.36 14 .40
G-3 33 42.03 14.40
C-b 341 42.69 14 .40
G-5 351 43.35 14.40
H-1 581 35.50 29.40
H-2 582 36.00 29.40
H-3 583 36.50 29.40
H-4 584 37.00 29.40
I-1 589 40.70 29 .40
1-2 590 41,34 29.40
1.3 591 42.03 29.40
1-4 592 42.69 29.40
1-8 593 3.35 29.40
J-1 971 35 50 55.65
J+2 972 16,00 55.65
J-3 973 36.50 5$5.65
J- 974 37.00 55.65
K-1 979 40.70 55.65
K-2 980 41.36 55.65
K-3 981 42.03 55.65
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Table 2.10.2-11 Stress Point Locations - 2-D Model (continued)

Location
Stress Point Radial Axial
1D Node (in) (i)
K-4 982 69 5%.65
K:5 983 S99 55.65
L-1 1601 35.50 96 .90
L-2 1602 36.00 96 .90
L-3 1603 36.50 96 .90
L-& 1604 37.00 Q6 .90
M-1 1609 40.70 96 .90
M-2 1610 41.36 96 .90
M-3 1611 42.03 96 .80
M4 1612 42 .69 96 .90
M-5 1613 43.35 96 .90
N-1 2216 35.50 138.15
N-2 2217 36,00 138.15
N-3 2218 36.50 138.15
N-4 2219 37.00 138.15
0-1 2224 40,70 138.15
0.2 2225 41.36 138.15
0-3 2226 42.03 138.15
0-4 2227 42.69 138.15
0-5 2228 43,35 138.15
P-1 2546 35,50 160.40
pP-2 2547 36 .00 160.40
pP-3 2548 36.50 160 .40
P-4 2549 37.00 160.40
.10.2-86
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. Table 2.10.2-

<9235

11 Stress Point Locations -

September 1990

2+D Model (continued)

Location

Stress Point Radial Axial

1D Node dn (4n)
Q-1 2554 40.70 160,40
Q-2 2555 4l1.36 160.40
Q-3 2556 42.03 160 .40
Q-4 2557 42.69 160,40
Q-5 2558 43.35 160,40
R-1 271 35.50 175.40
R-2 2772 36.17 175.40
R-3 2773 36.83 175.40
R-4 2774 37.50 175 .40
. §-1 2779 40.70 175.4u
§-2 2780 41.36 175.40
§-3 2781 42.03 175 .40
S-4 2782 42.69 175.40
§-5 2783 43,35 175.40
T-1 7066 39.56 179.40
T2 7067 40.22 179 .40
T-3 7068 40 . 88 179 .40
T-4 7069 41.50 179 40
T-5 7070 42.11 179 .40
T-6 7071 42.73 179 .40
T-7 7072 43.35 179.40
U-1 3051 35.50 179.40
u-2 3052 35.50 180.60
u-3 3053 35.50 181.80
U-4 3054 35.50 183.00
U-5 3055 35.50 184 .20
. U-6 3056 35.50 185.40
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. Table 2.10,.2-11 Stress Point Locations - 2+D Model (continued)
Location

Stress Point Radial Axial

1D _Node o) (o)
V-1 3611 35.21 188,40
V-2 3612 35.21 189.23
V.3 3613 35,21 190. 1«
V-4 3614 35.21 191.¢3
V.5 3615 35.21 191.¢0
V-6 3616 35.21 192.78
V-7 3617 35.21 193.71
W-1 3241 0.00 179 40
W2 3242 0.00 180.60
v-3 3243 0.00 181 .80
. W-d 3244 0.00 183,00
w-5 3245 0.00 184.20
Wb 3246 0.00 185.40
X-1 3801 0.00 188 .46
X-2 3802 0.00 189.28
X-3 3803 0.00 190.15
X-4 3804 0.00 191.03
X-5 3805 0.00 191.90
X-6 360¢ 0.00 192.78
X-7 3807 0.00 193.71
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Table 2.10.2-12 Stress Point lLocations -

September 1990

3-D Bottom Fine Mesh Model

Location

Stress Point Radial Axial
1D Node (dn) dn)
A-1 1130 0.00 14.40
A-2 1129 0.00 11.35
A-3 1128 0.00 8.20
B-1 1185 0.00 6.20
B- 1184 0.00 3.48
B-3 1183 0.00 0.7%
c-1 90 25.50 14 .40
C-2 80 35.50 13.60
Cc-3 70 35.50 12.80
C-4 60 35.50 12.00
C-5 50 35.50 9.50
C-6 40 35.50 8.20
D-1 25 39 .44 6.20
D- 15 39 .44 3.48
D- 5 39 .44 0.75
E-1 35 39 .44 8.20
E-2 34 40,70 8.20
E-] 33 41.58 8.20
E-4 3 42 .47 8.20
E-5 3l 43.35 8.20
F-1 100 35.50 15.07
F-2 99 36.17 15.07
F-3 98 36.83 15.07
F-4 97 37.50 15.07

10,
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Table 2.10.2-12 Stress Point lLocations - 3-D Bottom Fine Mesh Model

(continued)
Location

Stress Point Radial Axial

1D Node (in) {in)
M-3 451 43,35 96 .90
N-1 810 35.50 138.15
N-2 807 37.00 138.15
0-1 524 40.70 138.15
0-2 521 43 .35 138.15
P-1 850 35.50 160,40
p-2 B47 37.00 160 .40
. Q-1 564 40.70 160.40
Q-2 561 43 .35 160 .40
R-1 890 35.50 175.40
R-2 887 37.50 175.40
§-1 604 40.70 175.40
§-2 601 43,35 175.40
T-1 614 40.70 179.40
T-2 611 43.35 179 .40
u-1 900 35.50 179 .40
U-2 910 35.50 185.40
V-1 920 35.50 187 .40
V-2 930 35.50 193,71
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Table 2.10.2-12

(continued)

Stress Point lLocations -

September 1990

3.D Bottom Fine Mesh Model

Location
Stress Point Radial Axial
JD Node (in) (in)
W-l 1216 0.00 179.40
w-2 1226 0.00 185.40
X-1 1236 0.00 187 .4C
X-2 1246 0.00 193.71
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Table 2.10.2-13 Stress Point Locations -

(continued)

September 1990

3:D Top Fine Mesh Model

2.10,2-94

Location

Stress Point Radial Axial

0 . Node (in) (in)
-1 1916 35.50 55.65
-2 1316 37.00 55.65
K-l 671 40.70 55.65
K-2 71 43.5) 55.65
L-1 1908 35.50 96.90
L-2 1308 37.00 96.90
‘ M-1 663 40.70 96 .90
M-2 63 43.50 86.90
N-1 1877 35.50 138.15
N-2 1477 36.25 138,15
N-3 1277 37.00 138.15
0-1 647 40.70 138.15
0-2 247 42.03 138.15
0-3 47 43.35 138.15
P-1 1840 35.50 160.40
pP-2 1640 36.00 160 .40
p-3 1440 36.50 160.40
P-4 1240 37.00 160 .40
Q-1 628 40.70 160.40
Q-2 “28 41.58 160.40
. Q-3 228 42 .47 160. 40
Q-4 28 43.35 160,40
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Table 2.10.2-13 Stress Point Locations - 3-D Top Fine Mesh Model

(continued)
Locatinn
Stress Point Radial Axial
T 1D Node (dn) Lin)

R-1 1816 35.50 175.40
R-2 1616 36.17 175.40
R-3 1416 36.83 178.40
R-4 1216 37.50 175 .40
§-1 616 40.70 175.40
§-2 4lé 41.58 175.40
§-3 216 42 .47 175.40
§-4 16 43.35 175.40
T-1 811 39.56 179.40
T-2 611 40.51 179.40
T-3 411 41 .46 179.40
T-4 211 42.40 179 .40
T-5 11 43.35 179.40
u-1 43058 35.50 179.40
vU-2 43057 35.50 180.15
u.3 43056 35.50 180.90
U-4 43055 35.50 181.65
U-5 43054 35.50 182.40
U-6 43053 35.50 i83.15
u.7 43052 35.50 183.90
U-8 43051 35.50 185.40
V-1 50024 35:.21 188 .40
50023 35.21 190.15

50022 35.21 191.90

V-b 50021 35:21 6 6.y |
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2.10.4 Detailed Finite Element Stress Summaries

This section documents the finite element stress results from the
different loading cases for the normal condition of transport and
hypothetical accident conditions. Nodal and sectional stress summaries
are presented for the representative sections as defined in Section
2.10.2.4.2, Critical stress summaries are presented for the critical
component sections determined as described in Section 2.10.2.4.1,

A summary of the individual and combined loading conditions is provided,
followed by the stress summary tables.
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Table 2.10.4-122 P, Stresses; 30.Foot Bottom End Drop; Drop Orientation = O Degrees; 2-D
Model, Condition 1

Condition 1: 100°F Ambient with Contents

Stress Components Principal Stresses
(ksi) (ksi)
Section® Node - Node 8x Sy Sz Sxy Syr Szx 81 §2 83 8.1,

---------------------------------------------------------------------------------

A 1. 5 2.9 1.3 2.9 0.0 00 0.0 2.9 2.9 -1.3 4.2
B 6 - 10 -3.6 -2.1 .6 0.0 00 0.0 -2.1 -3.6 -3.6 1.5
C 251 255 3.2 4.3 2 -1.6 00 0.0 3.6 2.2 -4.6 8.2
D 306 - 310 .2.3 -7.3 .6 -1,1 00 0.0 -2.1 -4.6 -7.5 5.4
E 306 - 3% 5.1 .50 1.0 .34 00 00 6.2 1.0 -6.1 12.3
F <51 281 -7.3 -3.7 30 .06 00 00 3.0 -3.6 -7.4 10.3
G 1 381 3.4 4.7 2.1 0.5 00 0.0 2.1 3.2 4.9 2.0
H g1 - S84 -0.1 -5.9 0.9 0.2 00 00 0.9 -0.1 -59 6.8
1 589 - 593 0.0 -4.8 0.8 0.0 00 00 0.8 0.0 -4.8 5.5
‘ J 971 - 9% 0.0 -54 1.2 00 00 0.0 1.2 6.0 -54 6.6
K 979 983 0.0 -4,1 0.0 00 00 00 00 0.0 -4.1 4.1
L 1601 - 1604 0.0 -4.4 1.2 00 00 00 1.2 00 -4.4 5.6
M 1609 1613 0.0 -3.2 0.0 0.0 00 00 0.0 ~.0 -3.2 3.2
N 2216 2219 0.0 -3.4 1.2 00 00 v.0 1.2 00 -3.4 4.6
0 9224 - 2228 0.0 -2.2 00 00 00 O. 00 0.0 -2.2 2.2
P 2546 2549 -0.1 -2.8 0.9 -0.1 00 0,0 09 -0.1 -2.8 3.7
Q 2884 . 2%%8 0.0 -1.7 ©0.2 0.0 00 ©00 0.2 0.0 -1.7 1.9
R 2771 27% 0.3 -2.0 0.6 0.3 00 o00 0.6 -0,2 -2.0 2.7
s 2779 2783 -0.8 -1.0 0.4 -.0.1 00 00 0.4 -0.8 -1. 1.9
T 7066 - 7072 0.8 -0.6 0.2 00 00 00 0.8 0.2 -C.6 1.4
U 3081 - 30% 0.2 -3.0 -0.4 ©0.2 o0 0.0 0.2 -0.4 -3.0 3.2
A 3611 3617 0.0 -0.4 -0.1 -0.1 00 O0.0 0.0 -0.1 -0.4 0.4
W 3241 - 3246 0.6 0.0 0.6 0.0 0O 0.0 06 0.6 00 0.6
X 3801 - 3807 0.0 00 00 00 ©00 0.0 00 0.0 0.0 0.0

----------------------------------------------------------------------------------

*Refer to Figure 2.10.2-34 for the identification of the representative sections.

. Note: Sx, Sy and Sz are normal stresses corresponding to radial, longitudinal
and circumferential stresses, respectively.
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Table 2.10.4-123 Pn + Pb stresses: 30-Foot Bottom End Drop; Drop Orientation = 0
Degrees; 2-D Model; Condition 1

Condition 1: 100°F Ambient with Contents

Stress Components Principal Stresses
(ksi) (ksi)
Section” Nods - Node Sx Sy 8z Sxy Syr Ssx 81 82 83 S.1.

----------------------------------------------------------------------------------

a1 1 s 21.0 -1.0 22,0 0.0 0.0 0.0 21.0 21.0 -1.0 22.0
BO 6 - 10 -19.4 -2.4 -19.4 0.0 0.0 0.0 -2.4 -19.4 -19.4 17.0
co 251 25 15.9 -1.4 3.2 -1.6 0.0 0.0 16.1 3.2 -1.6 17.7
DO 306 - 310 7.9 -2.9 -2.8 -1.1 0.0 00O 80 -2.8 -3.0 11.0
£1 305 388 15.2 +6.4 2.5 3.4 0,0 0.0 1%, 2,5 -7.0 22.7
F1 251 281 -11.2 -12.4 0.1 -0.6 0.0 v.0 0.1 -10.9 -12.7 12.7
G1 311 351 -7.8 -11.9 .0.7 0.5 o0.0 0.0 -0.7 -7.8 -12.0 11.3
HO sg] - S84 -0.1 -8.8 0.1 0.2 o00 00 0.1 -0.1 -8.8 8.9
10 589 593 0.0 -5.9 0.4 00 0.0 00 0.4 0.0 -5.9 6.3
J1 971 - 9% -0.1 -5.4 12 0.0 0.0 0.0 1.2 -0.1 -54 6.6
K1 979 - 983 0.0 -4.2 0.0 0.0 00 00 0.0 0.0 -4.2 4.2
L1 1601 - 1604 -0.1 -4.4 1.2 00 00 00 1.2 -0.1 -4.4 5.6
MO 1609 - 1613 0.0 -3.2 0.0 00 0.0 00 00 0.0 -3.2 3.2
N1 2216 2219 -0.1 -3.4 1.2 0.0 0.0 0.0 1.2 -0.1 -3.4 4.6
01 2224 2228 0.0 -2.2 0.0 00 00 0.0 0.0 0.0 -2.2 2.2
PO 2546 2549 0.0 -3, 0.7 -0.1 0.0 00 0.7 0.0 -3.5 4.2
Qo 2554 - 256 0.0 -1.9 0.1 00 00 090 0.1 0.0 -1.9 2.1
R1 2771 2776 -0.3 -4.6 0.0 0.3 00 00 0.0 -0.2 -64.6 4.6
S1 2779 . 2783 -2.1 -2.8 -0.3 -0.1 o000 0.0 -0.3 -2.0 -2.8 2.5
TGO 7066 - 7072 0.1 -2.0 -0 00 ©00 0.0 0.1 -0.4 -2.0 2.1
Ul 3051 3056 -0.7 -11.2 0.3 0,2 0.0 0.0 0.3 -0.7 -11.2 11l.4
Vo 3611 - 3617 -0.6 ©O0.4 -1.8 -0.1 00 00 04 -0.6 -1.8 2.2
Wil 3241 9246 4.7 0.0 4.7 0.0 0.0 0.0 4.7 47 0.0 4.7
X0 3801 3807 -4.5 0.1 -4.5 00 0.0 00 0.1 -4.5 -4.3 %,

----------------------------------------------------------------------------------

“Refer to Figure 2.10.2-34 for the identification of the representative sections,

Note: Sx, Sy and Sz are normal stresses corresponding to radial, longitudinal
and circumferential stresses, respectively.
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Table 2.10.4-124 Critical Pn Strees Summary: 30-Foot Bottom End Drop; Drop Orientation = 0
Degrees; 2-D Morel; ConZition 1

Condition 1: 1J)O°F Ambient with Contents

Princip.1l
P, Stresses (ksi) Stresses (ks') Margin
Comp. Section Cut Allow. of
No. Node -Node Sx Sy Sz Sxy Syz Szx Sl 82 83 §.1. Stress Safety

1 306- 310 -2.3 -7.3 4.6 -1.1 00 0.0 -2.1 -4.6 -7.5 5.4 51.5 8.5
2 305- 3% 5.1 .50 110 .34 00 00 6.2 1.0 -6.1 12.3 46.3 2.8
3 416- 419 0.1 4.7 56 0.6 00 00 56 00 -4.8 10.4 66.2 5.4
4 g51- 8% 0.0 -56 1. 0.0 0G0 00 1.2 0.0 -56 6.8 46.0 5.8
5 S44- 548 0.0 4.8 14 -0.1 00 00 14 00 4.8 6.2 46.0 6.4
6 7064- 2774 0.0 3.8 1.7 0.4 00 00 3.8 1.7 0.0 3.9 45.2 10.7
7 3021- 3026 ©0.2 -8.0 -1.7 -0.2 0.0 0O 0.2 -1.7 -8,0 8.3 48.0 4.8
. 8 3621- 3627 0.0 -0.6 -0.2 -0,1 00 ©00 0.0 -0.2 -0.6 0.6 94.5 144.7

Locations of the most critical sections for each component are provided in the following:

Section Location

Inside Node Qutside Node
Comp X Y X 5 e
No. " (in) (in) (in) (in)
1 39.44 .20 39 .44 75
2 39.44 20 43,35 8.20
3 35.50 18.40 37.50 18.40
4 35.50 47 .40 37.00 «7.40
5 40.70 26.40 43.35 26..\0
6 37.655 17%.40 37.50C 175. 44
7 37.655 179 .40 37.655 185 .40
8 33.705 188 .40 33.705 193.71

....................................................................

*Refer to Figure 2.10,.2-33 for cask component identification.

. Note: The X (radial) and Y (longitudinal) are global cartesian coordinate axes. Sx, Sy and
Sz are normal stresses corresponding to radial, longitudinal and the circumferential
stresses, respectively.
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Table 2.10.4-125 Critical Pm + Pb Stress Summary; 30-Foot Bottom End Drop; Drop Orientation =
0 Degrees; 2-D Model; Condition 1

Condition 1: 100*F Ambient with Contents

Principal

Pn + Py Stresses (ksi) Stresses (ksi) Margin

Comp. Section Cut Allow. of
No."  Node-Node Sx Sy Sz Sxy Syz Szx Sl s2 83 §.1. Stress Safety

1 16- 20 -19.3 -2.2 -19.3 -0.1 ©0.0 0.0 -2.2 -19.3 -19.3 17.1 73.6 3.3

2 305- 355 15.2 -6.4 2.5 -3.4 O0.0 0.0 15.7 2.5 -7.0 22.7 66.2 1.9

3 416- 419 -0.1 -10.5 4.2 -0.6 0.0 0.0 4.2 -0.1 -10.5 14.7 94.6 5.4

4 gs1- B85 -0,1 -5.7 1.2 0.0 0.0 0.0 2 0.1 +8.7 6.9 63.7 8.5

5 S44- 548 0.0 -5.6 1.1 -0.1 0.0 0.0 2 0.0 58 5,7  §8.8 8.8

6 084« 2774 2.6 122 38 04 0.0 0.0 12.2 3.3 28 VA GH 8.7

7 3021- 3026 ©0.1 12.2 -0.1 .0.2 0.0 0.0 12,2 0.1 -0.1 12,3 7.0 4.8

8 3801- 3807 -4.5 wuv.1 -4.5 0.0 00 00 0.1 -4.5 -4.5 4.7 135.0 28.0

locations of the most critical sections for each component are provided in the following:

Section Location

Inside Node Outside Node
Comp . X Y X Y
No.” (in) (im) (in) (in)
1 1.42 6.20 1,42 75
2 39 .44 §.20 43.35 8.20
3 35.50 18.40 37.50 18.40
A 35.50 47.40 37.00 47.40
5 40,70 26.40 43.35 26.40
6 37.655 179.40 37.50 175.40
7 37.655 179.40 37.655 185.40
] 0.0 188.46 0.0 193.71

*Refer to Figure 2.10.2-33 for cask componen: identification.

. Note: The ¥ (radial) and Y (longitudinal) are global cartesian coordinate axes. Sx, Sy
Sz are normal stresses corresponding to radial, longitudinal and the circumferentia.

stresses, respectively.
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Table 2.10.4-130 Primary Stresses; 30-Foot Side Drop; Drop Orientation = 90 Degrees;
3.D Model; O-Degree Circumferential Location; Condition 1

(continued)
Principal
Stress Points Stress Components (ksi) Stresses (ksi)
Section” Node  Sx Sy Sz Sxy Syz Szx Sl §2 §3
V4 50021 -17.1 -9.5 0.6 -0.1 0.0 0.0 0.6 «9.5 +12.1
vl 43278 -2.1 -2.8 0.1 -0.1 -0.2 0.2 | -2.1 -2.8
W2 43274 -1.4 «3.% 0.0 0.0 «0.2 0.2 0.0 -1.4 -3.2
w3 43271 -0.3 -1.8 0.0 0.0 -0.3 0.1 0.0 -0.4 -1.9
X1 50084 -0.7 -5.6 0.0 -0.1 0.0 0.2 0.1 -0.7 -5.6
X2 50083 -0.3 -5.9 0.0 -0.1 0.0 0.2 0.1 -0.4 -5.9
X3 50081 0.4 -6.6 0.0 0.0 -0.1 0.2 0.5 -0.1 -6.6

-----------------------------------------------------------------------------

*Refer to Figure 2.10.2-34 for the identification of the representative sections.

Note: Stresses are in the cylindrical coordinate system.
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Table 2.10.4-131 P' Stresses: 30-Foot Side Drop; Drop Orientation = 90 Degrees; 3-D Model;
0-Degree Circumferential Location; Condition 1

Condition 1: 100°*F Ambient with Contents

Stress Components Principal Stresses
(ksi) (ksi)
Section' Node - Node Sx Sy Sz Sxy Syz Szx Sl s2 s3 8.1.

---------------------------------------------------------------------------------

A 1130 1128 -1.0 2 0.0 -0.1 0.1 00 0.0 -1.0 -3.2 3.1
B 1185 - 1183 -0.3 .0 00 .01 00 -0.2 0.1 -0.4 -6.0 6.0
C 90 - 40 -5.9 3 2.2 0.1 <0.3 0,8 2.2 3.9 9.5 W7
D 25 - s .. -11.0 2.4 0.2 -0.1 -0.3 2.4 -8.8-11.0 13.4
E 35 - 31 .8.5-124 0.1 0.3 0.0 14 0.3 -8.6 -12.5 12.7
F 100 97 0.8 .8 -52 0.6 -0.8 30 0.7 -6.4 -10.1 10.8
G 94 7 W 2 6.2 0.5 -0.3 1.8 6.8 0.7 -6.2 13.0
H 330 - 327 0.0 100 1.2 -.0.7 -1.5 -0.1 10.3 1.0 -0.1 10.4
1 244 - 241 -0.1 20 8.7 .01 -0.6 00 8.8 1.9 -0.1 8.9
J 550 - 547 -0.2 10.3 12.7 .0.8 -0.8 0.0 12,9 10.1 -0.2 13.2
K 364 - 341 -0.1 4 13,0 -0.2 -0.4 0.0 13,0 2.4 -0.1 13.1
L 740 - 137 %0.3 7.7 388, 1,800 0.0 38,3 7.9 Q0.4 18.0
M 663 - 63 -0.4 3.4 16.6 1.1 0.0 0.0 16,6 3.7 -0.7 17.3
N 1877 - 1277 -0.2 10.3 10.9 0.8 0.9 0.0 11.6 9.7 0.2 1.1.9
0 647 - 47 -0.1 2.3 1.6 -0.2 0.3 00 .6 2.3 -0.1 14.7
P 1840 - 1240 -0.1 10.5 0.4 -0.7 1.5 0.1 10.8 0.3 -0.2 11.0
Q 628 - 28 0.2 %2 11.8 0.3 .0:8 01 %1.% 332 -0 1%.0
R 1816 - 1216 -3.5 -10.2 -4.5 0.7 o0.8 -1.6 -2.3 .55 -10.4 8.1
) 616 - 16 0.8 -2.4 8.6 0.1 0.4 0.1 8.7 0.8 -2.5 11.1
T 811 - 11 «6.2 <118 1.7 0.6 0,3 -3,2 2.9 +7.2 -11.6 14.0
U 43058 - 430%1 -2.9 -3.8 -1.4 01 -0.1 -1.2 -0.7 -3.6 -3.8 3.0
v 50024 - 50021 -6.1 -5.2 -0.3 0.1 0.0 O.0 -0.3 -5.2 -6.1 5.7
W 43078 - A%271 1.3 2.7 000 0.0 <0.% 0.2 DA «1.3 <28 2B
X 50084 - 50081 -0.1 -6.1 ©60 00 00 0.2 0.1 -0.3 -6.1 6.2

----------------------------------------------------------------------------------

*Refer to Figure 2.10.2-34 for the identification of the representative sections.

Note: Stresses are in the cylindrical coordinate system.
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Table 2.10.4-132 P + P, Stresses; 30-Foot Side Drop; Drop Orientation = 90-Degrees; 3-D
Model; O-Degree Circumferential location; Condition 1

Condition 1: 100°F Ambient with Contents
Stress Components Principal Stresses

(ksi) (ksi)
Section” Node - Nods Sx 8y 8z Sxy Sys Sex S§1 82 83 5.1,

AO 1150 = 1128 1.3 «4.4 0.3 0.0 0.1 0.0 0.3 <13 A% 4.7
BO 1185 - 1183 0.4 -6.7 0.0 -0.1 0.1 -0.2 05 -0.1 -6.7 7.2
c1 90 - 4 1.0 -%.7 7.3 0.0 +0.6 0.0 7.3 1.0 5.7 13,1
D1 25 5 -.5.9 -1000 5.0 0.2 -0.1 -0.1 50 -59 -10.0 15.0
S 35 - 31 .8.8 -10.8 5.3 0.3 -0.1 2.0 5.5 -9.1 -10.9 1l6.4
FO 100 - 97 0.3 -16.9 -32,8 1.2 -0.6 3.8 0.8 -16.9 -33.3 34.1
C1 g4 - 91 1.3 5.3 172 0.3 <08 .46 179 0.6 3.3 Q1.3
HO 330 - 387 00087 L) <O a2l 0,8 000,088 0L 29
10 264 - 241 0.0 4.3 12.6 -0.3 -04 0.0 12,6 4.3 0.0 12.6
. J O 550 - 547 -0,1 12,7 1.6 -0.9 -0.7 0.0 14,8 12.5 -0.1 14.9
KO 364 - %1 0.0 6.1 1.7 -0.5 -0.3 0.0 1l4.7 6.1 -0.1 14.8
LO 7640 - 737 -0.1 10.6 20.0 -2.6 0.0 0.0 20.0 11.2 -0.7 20.7
MO 663 - 63 0,5 9.3 19.3 2.2 0.0 0,0 19.3 9.8 0.0 19.3
NO 1877 - 1277 -0.1 13.0 1:2.7 -1.0 0.9 0.0 13.8 12.0 -0.1 13.9
00 647 - 47 0.0 6.2 1635 0.5 0.2 0.0 16.5 6.2 +<0.1 16,0
PO 3040 ~ “T1940. 0.2 1584 5.4 0.8 18 003 1307080k 0L RAVe
QO 628 - 28 0.0 6.0 15,2 0.4 0.3 0.1 .15:2 6.0 0.0 15.2
R1I 1836 - 1216 0.5 7.4 5.9 0.5 1.2 0.5 6.1 -0.5 7.5 13.6
S0 616 - A6  +0.% =0.3 158 .00 0.2 0% 183/8 0.2 40,3 18,0
TO 811 - 11 3.2 -34 196 0.3 0.1 -0.8 19.6 3.1 -3.4 23.0
UO 43058 - 43051 -11.9 -7.5 -1.7 -0.1 -0.2 -2.5 -1.1 -7.5-12.5 1ll.4
Vo 50024 - 50021 -14.8 -90 00 00 00 0.1 0.0 -9.0 -14.8 14.7
W1 43278 - 43271 -2.2 -3.2 0.1 -0.1 -0.1 0.2 0.1 -2.2 -3.3 3.4
X0 50084 - 50081 0.4 -6.6 00 0.0 -0.1 0.2 0.5 0.1 -6.6 7.1

----------------------------------------------------------------------------------

*Rcfer to Figure 2.10.2-34 for the identification of the representative sections.

. Note: Stresses are in the cylindrical coordinate system.
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Table 2.10.4-133 Critical P Stress Summary; 30-Foot Side Drop; Drop Orientation = 90 Degrees
3.D Model; Condition 1

Condition 1: 100°F Ambient with Contents

Principal
Pu Stresses (ksi) Stresses (ksi) Margin
Comp. Section Cut . Allow. of
No.* Node -Node Sx Sy Sz Sxy Syz Szx Sl §2 s3 S.I. Stress Safety

1 25- s .. -11.0 2.4 0.2 -0.1 -0.3 2.4 -88 -11.0 13.4 51.5 2.8
2  16140-16137 0.0 1.5 1.1 0.0 -12.4 0.2 13.7 0.0 -11.1 24. 46.3 0.9
3  14340-14337 -0.1 3.9 o0,7 0.2 -15.4 -0.1 17,8 -0.1 -13.2 31.0 66.2 34 %
4 14520-14517 -0.1 3.7 0.9 0.0-10.7 0.0 13.1 -0.1 -8.5 21.6 46.0
5 662 62 0.2 2.9 16,7 -2.6 0.0 0.1 16,7 4.5 -1.4 18.0 46.0 1.6
6 401- 1 -10.7 -35.5 0.1 1.8 0.2 1.6 0.4 -10.8 -35.6 36.0 45.2 0.3
7  43071-43031 -12.0 -6.9 -0.5 -0.1 -0.2 -2.0 -0.1 -6.9 -12.3 12.2 49.7 3.1
8 S1501-51804 <4.% -3.3 3.2 0.2 0.1 0.1 3.2 +3.3 .46 7.8 %5 W/S°

Locations of the most critical sections for each component are provided in the following:

Section Location

Inside Node Outside Node
Comp . X y z X y z
‘ No.¥  (in) (deg) (in) (in) (deg) (in)
A, A e R U NN B SR A S e Ly S
! 1 39,44 0.0 6.20 39,44 0.0 0.75
2 15,50 79.4 17.40 37.50 79.4 17.40
3 35,50 67.7 29.90 37,00 67.7 29.90
4 15,50 67.7 47 .40 37.00 67.7 47.40
3 40,70 0.0 99.50 43.35 0.0 99.50
6 40.88 0.0 193,71 41,35 0.0 193,71
7 33.71 0.0 185.40 3646 0.0 185.40
8 40.88 180.0 193.71 40.08 180.0 18840

----------------------------------------------------------------------------

*Refer to Figure 2.10.2-33 for cask component idencification.

. Note: The x (radial), y (circumferential) and z (longitudinal) are global cylindrical
0 coordinate axes. Stresses are in the cylindrical coordinate system.
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Table 2.10.4-134 Critical Pn - Pb Stress Summary; 30-Foot Side Drop; Drop Orientation = 90
Degrees; 3-D Model; Condition 1

Condition 1: 100°F Ambient with Contents

Principal
P, + P, Stresses (ksi) Stresses (ksi) Margin
Comp. Section Cut Allow. of
No."  Node-Node Sx Sy Sz Sxy Syz Szx Sl $2 83 S§.1. Stress Safety

1 25- 5 -.5.9 .10.0 5.0 ¢.2 -0.1 -0.1 5.0 -5.9 -10.0 15.0 73.6 3.9
2 100- 97 0.3 -16.9 -32.8 1.2 -0.6 3.8 0.8 -16.9 -33.3 3.1 66.2 0.9
3 12350-12347 -0.2 6.0 -0.7 0.0 -16,0 -0.1 18.9 -C.2 -13.7 32.6 94.6 1.9
4 14520-14517 -0.2 6.4 1.9 0.0-11.4 0.0 15,7 0.2 7.5 233.2 68,7 1.8
5 662- 62 0.5 8.5 19.6 -2.9 0.0 0.0 19.6 9.5 -0.4 20.0 65.8 2.3
6 403~ 3 7.4 -27.7 21,2 1.5 0.5 3.4 21.6 -7.7 -27.8B 49 .4 64.6 0.3
7  43001.43008 -20,3 -7.0 10.0 -0.7 0.3 1.0 10.1 -7.0 -20.3 30.4 71.0 1.3
' 8 51501-51504 -13.3 -7 35 4% 0.7 00 0.8 4.9 -7.8-13.5 18.4 135.0 6.3

Locations of the most critical sections for each component are provided in the following:

Section Location

Inside Node Outside Node

Comp . X y z X y 2

No.*  (in) (deg) (in) (in) (deg) (in)
1 39.44 0.0 6.20 39 .44 0.0 0.75
2 35.50 0.0 15.00 37.%0 0.0 15.00
3 35.50 56.5 30.40 37.00 56.2 30.40
4 35.50 67.7 142 .40 37.00 67.7 142 .40
5 40,70 0.0 99.50 43.35 0.0 99.50
6 40,88 0.0 190.15 43.35 0.0 190.15
7 39.53 0.0 185.40 39.53 T 179.40
8 40,88 180.0 193.71 40 .88 180.0 188.40

----------------------------------------------------------------------------

*Refer to Figure 2.10.2-33 for cask component identification.

' Note: The x (radial), y (circumferential) and z (longitudinal) are global cylindrical
coordinate axes. Stresses are in the cylindrical coordinate system.
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Table 2.10.4-152 Primary Stresses; 30-Foot Bottom Corner Drop; Drop Orientation = 24
Degrees; 3-D Bottom Model; O-Degree Circumferential Location; Condition 1

(continued)
Principal
Stress Points Stress Components (ksi) Stresses (ksi)
Section* Node Sx Sy Sz Sxy Syz Szx Sl 82 83
Ll 740 0.1 2.4 -2.9 0.4 0,2 -0.1 2.4 0.0 -2.9
L2 738 -0.3 4.7 +3:0 0«08 =0, 0.0 4.8 -0.5 -2.0
L3 737 0.3 7.8 0,9 -2.1 -0.2 0.0 7.8 0.3 <0.9
Ml 454 -0.1 -0.9 .36 0.6 -0.2 0.0 0.2 1.2 -3.9
M2 452 0.2 0.9 -3.2 -0.3 -0.2 0.0 1.0 0.1 -3.2
M3 451 -0.2 2.4 2.7 0.0 -0.2 -0.1 2.4 -0.2 2.7
N1 810 -0.1 c R 0P e RO e 0.2 0.0 3.8 -0.1 -1.4
N2 807 -0.1 6.3 -0.1 -0.4 0.1 0.0 6.3 -0.1 -0.1
0l 524 0.0 0.7 Ch A 0.0 0.1 0.0 0.0 -0.6 «1.2
02 521 0.0 2.0 0.1 -0.1 -0.1 0.0 2.0 0.1 0.0
Pl 850 0.0 3.3 4.0 -0.2 0.4 -0.1 3.6 0.0 «4.0
P2 847 -0.1 $:3 -1.3 0.3 0.3 0.0 $.4 +0.1 -1.3
Ql 564 0.0 0.2 0.2 0.0 0.0 0.0 0.0 -0.2 -0.3
Q2 561 0.0 1.5 0.7 -0.1 0.0 0.0 1.3 0.7 0.0
R1 890 +1.0 20,2 1.8 0.0 0.2 -0.2 L3 -0.2 -1.0
. R2 887 1.9 | B -5.2 0.1 0.1 -0.5 -1.1 1,7 -5.2
S1 604 -0.4 0.3 0.4 0.0 0.0 -0.4 0.6 0.3 -0.6
82 601 0.0 0.7 0.5 0.1 -0.1 -0.1 0.7 0.5 0.0
T 897 0.5 0.3 -1.6 0.0 0.1 -0.2 0.6 -0.3 -1.6
T2 614 0.3 0.2 0.0 0.0 0.0 -0.4 0.5 0.3 -0.3
T3 611 -0.1 0.1 0.0 0.0 -0.1 0,2 0.2 0.1 -0.3
Ul 900 0.7 0.1 -0.4 0.0 0.1 0.1 0.7 0.1 «0.5
U2 910 0.5 -0.2 -0.4 0.0 0.0 0.1 0.5 -0.2 -0.4
V1 920 -0.2 -0.4 -0.3 0.1 0.0 0.1 -0.1 -0.4 -0.4
V2 930 -0.5 1.0 -0.2 0.2 0.0 0.1 -0.1 -0.5 -1.0
Wl 1216 1.8 2.8 <120 0.0 0.0 -0.2 2.3 1.2 -1.0
w2 1226 -0.3 -0.1 0.5 0.0 -0.1 -0.1 0.5 -0.1 -0.3
X1 1236 0.3 0.0 -0.6 0.0 -0.1 -0.1 0.1 0.0 -0.6
X2 1246 -1.5 2.4 8 -0.1 0.0 0.2 1.1 1S -2.5

-----------------------------------------------------------------------------

*Refer to Figure 2.10.2-34 for the identification of the representative sections.

Note: The x (radial), y (circumferential) and z (lc:gitudinal) are global cylindrical
coordinate axes. Stresses are in the cylin. .cal coordinace system.
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J 550 547 0 4. 8 g.9 0.4 0.6 0.0 4 9 0.1 Q 9 14
K 3uu 34] ( A 1 A ‘A 0.3 0 ( : & (\ \ &
1 &0 737 01 4.7 | 0.9 2 0.0 6.9 0.2 1.6 ¢
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5 T 6la 611 1 2 ( 0.( 0.1 0.3 0.4 2 0.3
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to Figure 2.10.2-34 for the identification of the representative sections
! o { 1 v i ey rantial vl » © Ai{nal ™ o s 1 ahal
Note The x (radial y (circumferential) and z (longitudinal) are global c)
coordinate axes Stresses are in the cylindrical coordinate system
&£, 4V . 8-L10
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Table 2.10.4-154 P + P, Stresses: 30-Foot Bottom Corner Drop; Drop Orientation = 24
Degrees: 3-D Bottom Model; O-Degree Circumferential Location; Condition 1

Condition 1: 100°F Ambient with Contents

Stress Components Principal Stresses
(ksi) (ksi)
Section” Node - Node Sx Sy Sz Sxy Syz Szx S1 82 §3  S.I.

----------------------------------------------------------------------------------

Al 1130 - 1128 17.5 134 -6.5 0.5 1.8 2.1 17.7 13.5 -6.8 24.5
80 1185 - 1183 -17.5 -18,8 2.7 0.4 1.7 2.3 3.1 -12.7 19,0 22.1
c1 90 - 40 -14.1 1.4 -15.6 -1.3 -0.6 -4.7 -1.3 -10.1 -19.7 18.5
DO 25 - 5 4.6 -2003 -5,0 14 00 -0.7 4,7 -5.1 -20.3 25.1
- 35 - 31 8.2 -89 -23.1 1.2 -0.7 -6.6 9.6 -9.0 -24.4 34.1
F1 100 - 9?7 -2.0 -1.5 -29.1 -0.2 -1.0 -3.3 -1.4 -1.7 -29.5 28.1
G1 9 - 91 -0.1 -2.4 -23.2 00 -0,5 -1.0 -0.1 -2.4 -23.2 23.2
HO 330 - 327 -0.6 3.2 -23.1 -0.2 -0.7 1.1 3.3 -0,5 -23.2 26.5
10 26 - 241 0,0 3.2 -.9.86 -0.2 .0.2 -0.1 3.2 0.0 -9.9 13.1
J O $50 - 57 o000 7.1 -90 .05 -0.6 0.0 7.2 -0.1 -9.0 16.2
KO bbb « 341 0.0 2.8 6.6 0.2 0.2 0.0 26 00 6.4 9.0
LO 740 - 73 o000 71 -0.9 -21 -0.2 00 7.7 -0.5 -0.9 8.6
MO 45 - 451 0.1 2.5 -2.6 0.0 -0.2 0.0 2.5 -0.1 -2.6 5.1
NO Bi0 & 807 ' «0.) 63 0,1 0.6 0T 0.0 6.3 0% 0. Hb
00 524 - 521 0.0 2.0 0.1 -0,1 -0.1 ©€0 2.0 0.1 0.0 2.1
P1 850 - 87 00 3.5 -40 0.2 04 -0.1 3.6 0.0 -4.0 7.6
QO 1O SR | 3 SN - R A A5 IR D SRR RABR 0 VR < B S T RN « 5 RPN 1 1 B $
RO 890 « 887 1.2 1.7 8.2 0.1 0.3 «0.8 -3.1 #),7 3.2 6.3
1 604 - 601 -0.4 03 04 00 00 -04 06 03 -0.6 1.1
T1 614 - 611 03 0.2 00 o0C 00 0.4 05 6,3 -0.3 0.8
U1l 900 - 910 0.7 0.1 <04 00 01 0.1 0,7 0.1 -0.5 1.2
Vo 920 - 930 -0.5 -1.0 -0.2 0.2 00 0.1 -0.1 -0.5 -1.0 0.9
Wl So38 « 1088 3.2 8% L0 N0 RV sl R R R =10 R
X0 1236 - 1246 .5 2.4 1.1 -0.1 0.0 -0.2 S Y BN R R

-----------------------------------------------------------------------------

‘Refer to Figure 2.10.2-34 for the identification of the representative sections,

Note' The x (radial), y (circumferential) and z (longitudinal) are global cylindrical
coordinate axes. Stresses are in the cylindrical coordinate system.
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Table 2.10.4-155 Critical P- Stress Summary; 30-Foot Bottom Corner Drop; Drop Orientation =
24 Degrees; 3-D Bottom Model; Condition 1

Condition 1: 100°F Ambient with Contents

Principal
P, Stresses (ksi) Stresses (ksi) Margin
Comp. Section Cut . Allow. of
No.®  Node-Node Sx Sy Sz Sxy Syz Szx Sl 52 s3 S.1. Stress Safety

--------------------------------------------------------------------------------------------

1 27~ 7 -13.0 -17.0 -3.7 0.1 -0.5 -6.2 -0.6 -16.1 -17.0 1l6.4 Z1.5 2.1
2 10140-10137 0.0 6.4 -12.9 0.0 -6.6 -0.8 8.5 0.0 -14.9 23.4 46.3 1.0
3 10160-1015? ©0.0 6.9 -12.5 0.0 -6.6 -0.6 8.9 0.0 -14.6 23.5 66.2 1.8
& 12%20+12%17? 0.1 3.0 9.7 0.0 7.6 0.0 6.5 +0.1+:13.3 19.8 4&6.0 1.3
5 12204-12201 -0.2 2.6 -9.7 0.0 -4.4 -0.2 4.0 -0,2 -11.1 15.1 46.0 2.0
6 14880-14877 -0.1 1.7 -0.8 -0.1 3.3 0.1 40 -0.1 -3.1 7.1 45.2 5.3
7 16900-16%910 -0.2 0.5 -.0.8 -0.1 0.6 0.2 0.7 -0.1 -1.1 1.8 4B.0 25.2
‘ 8 1236- 1246 -0.7 -1.2 0.3 -0.1 0.0 -0.2 0.3 -0.7 -1.2 1.5 94.5 60.7

Locations of the most critical sections for each component are provided in the following:

Section Location

Inside Node Outside Node

Comp . X y z X y z

No."  (inm) (deg) (in) (in) (deg) (in)
1 37.50 0.0 6.2) 37.50 0.0 0.75
2 35.50 45.9 17.40 37.50 45.9 17.40
3 35.50 45.9 18.90 37.50 45.9 18.90
4 35.50 56.5 47 .40 37.00 56.5 47 .40
5 40.70 56.5 26 .40 43.35 56.5 26.40
6 35.50 67.7 172.40 37.50 €7.7 172.40
7 35.50 79 .4 179,40 35.50 79.4 185.40
8 0.0 0.0 187.490 0.0 0.0 193.71

----------------------------------------------------------------------------

.*Refor to Figure 2.10.2-33 for cask component identification.

Note: The x (radial), y (circumferential) and z (longitudinal) are global cylindrical
coordinate axes. Stresses are in the cylindrical coordinate system.
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Table 2.10.4-156 Critical Pm . Pb Stress Summary; 30-Foot Bottom Corner Drop; Drop
Orientation = 24 Degrees; 3-D Bottom Model; Condition 1

Condition 1: 100°F Ambient with Contents

Principal
P+ P Stresses (ksi) Stresses (ksi) Margin
Comp. Section Cut Allow. of
No.* Node-Node Sx Sy Sz Sxy Syz Szx Sl S2 S§3  S.I, Stress Safety

--------------------------------------------------------------------------------------------

1 1170- 1168 -44.2 -33.1 -4.6 -0.1 -0.1 -0.1 -4.6 -33.1 -44.2 39.6 73.6 0.9
2 14035-14031 9.1 -3.6 -21.0 5.2 -8.6 -5.2 12.9 -3.6 -24.8 37.7 66.2 0.8
3 10150-10147 -0.1 4.6 -21.5 0.0 -7.9 -0,7 6.8 -0.1 -23.7 30.5 94.6 % |
4 12520-12517 -0.1 5.0 -9.1 0.0 -8.0 0.0 8.6 -0.1 -12.8 21.4 65.7 AP §
5 10204-10201 -0.3 2.9 -10.6 0.0 -4.3 -0.2 4.2 -0.3 -11.9 16.0 65.8 3.1
6 14880-14877 -0.1 1.7 -1.8-0.1 4.0 0.1 4.3 -0.1 -4.4 B8.7 64.6 6.4
7 1216- 1226 1.2 2.3 1.0 0.0 0.0 0.2 2.3 1.2 -1.0 33 N0 203
8 1236- 1246 -1.5 -2,4 11-0.1 00 -0.2 1.1 -1.5 3 3.0 0 .-

Locations of the most critical sections for each component are provided in the following:

Section Location

Inside Node Outside Node

Comp . X y z : y z

No.*  (in) (deg) (in) (in) (deg) (in)
1 14.73 0 6.20 14.73 0.0 .15
2 39 .44 67.7 8.20 43.35 67.7 8.20
3 35.50 45.2 18.15 37.50 45.9 18.15
4 35.50 56.5 47 .4C 37.00 86.5 47.40
5 40.70 45.9 26 .40 43.35 45.9 26.40
6 35.50 67.7 172.40 37.50 67.7 172.40
7 0.0 0.0 179.40 0.0 0.0 185,40
8 0.0 0.0 187 .40 0.0 0.0 193.71

----------------------------------------------------------------------------

*Refer to Figure 2.10.2-33 for cask component identification.

. jote: The x (radial), y (circumferential) and z (longitudinal) are global cylindrical
coordinate axes. Stresses are in the cylindrical coordinate system.
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11.2.4.6.1 Buckling Analysis

W§ 7 Lomment

The effects of the lead slump stress needs to be included in all of
the load conditions. This requires the use of the unbonded SCANS
analyses for all accident load cases. The inner shell stress
levels will be higher than the values given in the TSAR when the
correct lead modulus is used in the accident analyses. 1f SCANS is
not used with the built-in lead properties for this analysis, an
elastic-plastic analysis using the lead stress-strain curve of
NUREG/CR-046]1 and an acceptable finite element program will be
required.

NAC Response

As discussed in the response tc Comment 11.2.4.3.2, rigorous finite
element analyses using the ANSYS computer program have been
prepared for the NAC-STC, The effects of the lead slump stress are
calculated in all of the ANSYS evaluations. The axial, hoop, and
in-plane shear components of the primacy plus secondary stresses,
as determined by the ANSYS analyses, are the input data for the
buckling evaluation of the NAC-STC. The ANSYS analysis results are
compared to those from the quarter-scale model drop tests for the
outer shell in the NAC Response to Comment 11.2.4.9. The buckling
evaluation of the NAC-STC inner shell and transition sections is
performed by an NAC proprietary computer program in accordance with
ASME Code Case N-284. The documentation of the NAC-STC adequacy in
satisfying the buckling criteria is presented in the NAC-STC SAR
Section 2,.10.5. The results of the buckling evaluation are
summarized in Table 2.1C 5-1 of the SAR.

123



Nuclear Assurance Corporation November 1990
Project No. M-55

Appendix B

Pertinent pages copied from the NAC-STC SAR for reference purposes
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2.10.5 lnnexr Shell Buckling Analysis

Code Case N-284 (Metal Containment Shell Buckling Design Methods) of the
"ASME Boiler and Pressure vessel Code" is used to analyze the NAC-STC
inner shell and transition sections for structural stability. Structural
stability ensures that the inner shell and transition sections do not
buckle during cask fabrication, normal conditions of transport, or
hypothetical accident conditions. The buckling evaluation requirements
of Regulatory Guide 7.6, Paragraph C.5, are shown to be satisfied by the
results of the interaction equation calculations of Code Case N-284,

The inner shell buckling design criteria, specifically the criteria of
Code Case N-2B4, are described in detail in Section 2.1.3.4.

2.10.5.1 Buckling Analvsis

The structural stability analysis of the NAC-3TC inner shell and
transition sections ls performed by an NAC proprietary computer program
in accordance with the ASME Code Case N-284. The data considered for an
ASME Code Case N-284 buckling evaluation includes shell geometry
parameters, shell fabrication tolerances, shell material properties,
theoretical elastic buckling stress values for the shell, and primary
plus secondary (P + Q) stresses at the sections of the shell to be
evaluated. The axial, hoop, and in-plane shear components of the P + (
stresses in the inner shell and in the transition sections are obtained
from the ANSYS finite element analyses for each of the normal conditions
of transport and hypothetical accident conditions. Since the inner shell
and the transition sections of the primary containment vessel are
uifferent materials and have different operating temperatures, a separate
buckling evaluation is performed for the inner shell and for the
transition sections. The fixity provided by the thick end forgings
precludes buckling in the regions of the inner shell immediately adjacent
to the forgings.

Nodal P + Q stress components are conservatively used for the buckling

evaluation of the inner shell and the transition sections of the NAC-STC
for the heat condition, the cold condition, all of the 1-foot drop
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conditions, the 30-foot top and bottom end drops, the 30-foot side drop,
and the 30-foot top and bottom corner drops (nodal stresses include any
peaking effects that are present at the node location). Sectional P + Q
stress components, as required by ASME Code Case N-284, are used for the
buckling evaluation of the inner shell and the transition sections of the
NAC-STC for the 30-foot top and bottom 75-degree oblique drops and for
che 30-foot bottom 15-degree oblique drop. For each load condition
evaluated, the maximum compressive axial stress component calculated
anywhere in the inner shell is combined with the maximum compressive hoop
stress component calculated anywhere in the inner shell and the maximum
in-plane shear stress component calculated anywhere in the inner shell;
this produces a grossly conservative, bounding case buckling evaluation
of the inner shell. The same analysis is used in the buckling evaluation
of the transition sections. The stress component values used in the
buckling evaluations are documented in Table 2.10.5-1.

The maximum normal conditions transport temperature in the inner shell is
determined to be 356°F. The maximum temperature in the transition
sections is determined to be 306°F. Therefore, a temperature of 356°F is
used to determine the values of the modulus of elasticity and yield
stress to be used in the buckling evaluation of the Type 304 stainless
steel inner shell. Similarily, a temperature of 306°F is used for the
transition sections.

2.10.5.2 Analysis Results

The sesults of the buckling evaluation of the NAC-STC inner shell and
transition sections are summarized in Table 2.10.5-1. All interaction
equations yield values less than 1.0. Also, there are no concentrated
loads on the inner shell or transition sections that would lead to
localized buckling. Therefore, the buc'.iing criteria of Code Case N-284
are satisfied and it is concluded that buckling of the NAC-STC inner
shell and transition sections will not occur.
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2.10.5.3 Verification of the Code Case N-284 Buckling Evaluation of zhe
NAC-STC Innex Shell and Transition Sections

The results of the proprietary NAC computer program that performs the
Code Case N-284 buckling evaluation are verified by a hand calculation of
load case “JT" (Table 2.10.5-1). This step-by-step analysis procedure
reflects the procedure diagrammed in paragraph-1800 of Code Case N-284.
The geometry parameters for the NAC-STC inner shell and transition
sections are defined in Table 2.10.5-2,

Step 1

For load case "JT”, the compressive stresses from Table 2.10.5-1 are:

S‘ = 16,445 psi

S, = 10,356 psi
S4p = 14,515 psi

Step 2

For accident conditions, the factor of safety (FS) is 1.34. Multiplying
the stress components by this factor of safety yields:

PS[S¢) - 22,036 psi
PS[S‘] - 13,877 psi
Fs[s‘,] « 19,450 psi
Step 2
Capacity reduction factors, calculated per Section 2.1.3.4.3, are

provided in Table 2.10.5-3, and are as follows for the load case "Jp"
transition section temperature of 300°F:

2.10.5-3
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a‘L - 0,403

@py = 0.8

GOOL - 0.8

In order to directly use the capacity reduction factors from Table
2.10.5-3, the tolerance requirements of Article NE-4220 of the "ASME
Boiler and Pressure Vessel Code," Subsection NE must be satisfied.
Article NE-4221.1 and Article NE-4221.2 set forth the "maxiwum diffecence
in cross-sectional diameters" and "maximum deviation from true
theoretical form for external pressure”. Table 2.10.5-4 shows that the
requirements of Articles NE-4221.1 and NE-4221.2 are satisfied, as long
as the maximum tolerances and configuration constraints are met during

manufacturing.

Step &

. Plasticity reduction factors are determined using the equations presented
in Section 2.1.3.4.4 as follows (Sy available from Table 2.10.5-5):

1. Axial Compression

S‘(FS)/Sy - (22,036)/(463,620) = 0.5052

n¢ = 1.0

2. Hoop Compression
SG(FS)/Sy - (13,877)/(43,620) = 0.3181
ng = 1.0

3. Shear

S“(FS)/Sv = (19,450)/(63,620) = 0.4459

nge = -0
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From Section-1600 of Code Case N-2B4, as an upper limit, the compressive
stresees, S1 (i = ¢ or #), must be less then the yield strength, §
divided by the appropriste factor of safety (8‘ < sv/rS). Similarly, for
shear, S“ must be less than or equal to 0.6 Sy divided by the
appropriate factor of safety (S" s 0.6 § /F5). As stated in Section
2.1.2.4.1, there is & factor of safety of 2.0 for normal transport
conditions and a factor of safety of 1.3/ for hypothetical accident
conditions. Table 2.10.5.6 presents the elastic upper bound compressive
and shear stresses, evaluated using normal and accident condition factors
of safety, Under no circumstances can the elastic values presented in
the table be exceeded. However, satisfying these limits alone is not
sufficient to demonstrate that buckling will not occur. As stated in

Section 2.1.3.4.1, the interaction equations must also be satisfied.
Ssep 2
Compute elastic stress components per the following equation:

5 - Si(FS)/o

is il
s“ - S‘(FS)/o‘L « (22,036)/(0,403) =« 54,680 psi
s.. - S'(FS)/o‘L e« (13.877)/(0.8) = 17 346 psi

S". - S“(FS)/G“L « (19,450)/(0.8) » 24,313 psi

Step 6

Compute inelastic stress components per the following equation:

Sip = S1s/My

o0 " S4s/Ng = (56,680)/(1.0) = 54,680 psi

‘p s../"' - (17.3106)/(10) e 17,346 Pl‘

S - §

" - (24,313)/(1.0) = 24,313 psi

o0s’" o8
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isep J

For the NAC-STC, the buckling evaluation approach, consistent with the
vessel design and method of analysis, is that of paragraph-1710 of Code
Case N-284.

Step B

Theoretical uniaxial buckling values are available from Section
2.1.32.4.2. For the transition section at 300°F, these theoretical values
are as follows (Table 2.10 5-7 and Table 2.10.5-8):

sdoL = 68 435 psi

o - 49,155 psi

SOQL rel

SheL * 47,927 psi

8§ - 176,487 psi

dhel

Applicable elastic and inelastic interaction equations in
paragraph-1713.1.1 and paragraph-1713.2.1 of Code Case N-284 are checked
as follows:

1. Elastic Buckling (Paragraph-1713.1.1, Code Case N-284)

a. Axial Compression Plus Hoop Compression

(S" < 0.5 S'.]

54,680 > (0.5)(17,346); therefore, not applicable.

b. Axial Compression Plus Hoop Compression

[S“ 2 0.5 S"]

(540 = 03 Sne)/(Baet = 05 Sner)] * (B0a/5ne)” % 20

2.10.5-6
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. and, therefore, Equation B (above) becomes:

54 680 - (0.5)(0 981) (48 665) ; A
et LI (0 081) ~ (0.5)(0.981) (a8 o605y * 1€17,346/(D.981) (48,463))" = 0.182

therefore,
Q4 = 0,182 < 1.0

2. loelastic Buckling (Paragraph-1713.2.1, Code Case N-284)

. Axial Compression Plus Shear
(5”/5‘.;,]2 ‘ [5“,,/5“.L]2 1.0
(56,680/668,435)% + (26,313/176,487)° 5 1.0
0.026 5 1.0
. therefore,
Q5 = 0.026 < 1.0

b. Hoop Compression Plus Shear

(SOP/SKOL]z % (S“p/s¢o.1.]2 1.0

2 2

(17,346/49,155)° + (24,313/176 ,487)" s 1.0
| 0.144 5 1.0

?

| therefore,

| Q6 = 0.144 < 1.0

| 2.10.5-8
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The results of the hand calculation of load case "JT" are identical to
the results in Table 2.10.5-1 that were calculated by the NAC proprietary
computer program, which performs the Code Case N-284 buckling evaluation.
Thus, the computer program results in Table 2.10.5-1 and the buckling
stability of the NAC-STC i{nner shell are verified.

2.10.5-9



Table 2.10.5-1 Buckling Evaluation Kesults NAC-STC Inner Shell

‘oN 3e9%20Q
¥v¥S OLS-0WN

o1-s'ot'e

Inplane Plastic Buck!ling
tLoad Load Analysis Axial Hoop Shear Elastic Buckling interactions
Case Condition Section Stress Stress Stress Iinteraction Equaticns Equat ions

locat ion ipsi} (psi) (psi} Q1 c2 Qs Qe Q5 Qs
A Meat fnner Shell -1634¢ -830 122 . 0N .02 .04 60 .09 .06
Bls Cold Inner Shell -32) -3838 315 .o .00 .19 .00 .00 .0e
ClS 1-rt Top End Inrer Shel!l -5i5% -2867 o .09 .08 .29 a9 . 00 .08
olS 1-Ft Bottom End inner Shel} -%%38 -2864 o -10 .09 .30 .10 020 .09
E’s 1-Ft Side faner Shell -4911 -1829 4338 o4 .87 .10 .04 .o .o
'ls 1-Ft Top Corner Inner Shell -672% -9137 3029 .06 .10 .05 .07 .02 . 0o
Gls 1-Ft Bottom Corner Inner Shell -6819 -847 -2945 .07 .10 .04 .07 .02 .00
'IS 30-Ft Top End Inner Shell -10%0° -2705 o .07 .10 .9% .07 .03 .0
l's 30-Ft Bottom End Inner Shell -10649 ~-2679 L .08 .10 .09 .08 .93 .0
JIS Jo-Ft Side Inner Shell -9836 -7346 9724 -3 .10 .26 1) .08 .12
'xs 30-Ft Top Cormer inner Shell -16021 ~-2484 80813 -13 .16 .99 .13 .72 .82
LIS 30-Ft Bottom Corner Inner Shell -15916 -2154 -7853 -1 % U R .65 .0}
.IS 30-Ft Top Oblig. (75°) Iinner Shell -9659 -6848 S460 11 - 19 . 24 32 ¥ -1t
'lS 10-Ft Bott. Obligq. (15"} Imner Shell -16170 -159% ~-6427 -1) 16 o6 .13 .81 .03
OIS 30-Ft Bott. Oblig. (75"} Immer Shell -i0l6} ~-5650 -9286 -1o .10 20 .10 .07 .08
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Table 2.10.5-2 Geometry Parameters for the NAC-STC Inner Shell and
Transition Sections

Parameter Inner Shell Transition Section*
R = radius (in) [to centerline of shell) 36.25 36.25
t =« thickness (in) 1.9 1.50
Rey?-2 7.37 7.37
L‘ = length (in) 161.00 161 .00
L’ w 2#R = circunference (in) 227.8 227 .8
0.5
H‘ - L‘/(Rt) 21.83 21.83
0.5
H' - L,/(Rt) 30.89 30.89
M« lesser of M‘ or "0 21.83 21.83
v = Poisson's Ratio 0.275 0.275

‘Consorvattvoly consider the thinner portion of the Transition Section.
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Table 2.10.5-3 Capacity Reduction Factors for the NAC-STC Inner Shell
and Transition Sections

Temperature (°F)

Capacity Reduction
Factor 70 300 356

(SA-240, Type 304 Stainless Steel)

°¢L (axial) 0.267 0.207 0.207
aL (hoop) 0.8 0.8 0.8
‘OOL (shear) 0.8 0.8 0.8

| (8A-240, Type XM-19 Stainless Steel)

ayL (axial) 0.517 0.403 0.392
ap (hoop) 0.8 0.8 0.8
a0l (sheal) 0.8 0.8 0.8

2.10.5-13
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Table 2.319.5-8 Fabrication Tolerances tor the BAC-STC Inner Shell

Ianer Sheli Data

Heqguirement Varametery
(in)
Maximum Inside Diameter (1.D.} 71.06
Minimum 1.0 70.96
fominal 1.0, 71.00
NE-2221.1 aj) (Max 1.b. - Min 1.0.) 0.10
b) (0.921) x (Neninal 1.D.) 0.710
Tolerance Check Yes
{a < b} {0.10 in < 0.710 in)
Nominal Shell Thickness 1.50
Minimum Shell Thickness 1.48
Shell Length 161 . 00
Nominal Shell Outside Diameter (O0.D.) 74.00
Minimum Sheil O.D. 73.92
NE-4221.2 c} Permissible bDeviation, e 0.54
(Figure -4221.2-1)
-
d) Actual Deviation 0.04
Torerance Check Yes
{4 < <) (0.8 in < 0.53 n)
d (Nominal O.D. - Minimum O.D.)/2 (74.00 - 73.92}/2 = 0.04
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Table 2.10.5-6
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Normal
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Upper Bound Buckling Stress
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Table 2.10.5-8 T.eoretical Elastic Buckling Stresses for Selected

Temperatures (SA-240, Type 304 and §A-240, Type XM-19
Stainless Steel)

Parameter Theoretical Elastic Buckling Stress (psi)
Transition Section Inner Shell
Modulus of T« 70°F ) T = 300°F T » 356°F
Elasticity £« 28.3 x 10° £ = 27.0 x 10° £« 26.7 x 10°
S¢oL 708,490 675,945 668,435
S“L - SrcL 52,100 49,710 49,155
shoL 50,800 48,465 47,927
S"‘L 187,060 178,470 176,487
2.10.5-18
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11.2.4.7.2 Analysis Consideration

LS. NEC Comment

(a)

(b)

(e)

The statement: "The fuel assembly loadsy are transmitted in dirvect
compression through the tube wall to the web structure of each
support disk", indicates that the borated aluminum tubes play a
structural role in the basket. Please include the tubes in all
basket structural analyses.

1f the borated aluminum tubes fail, are there criticality concerns
due to the exposed fuel rods between the support disks?

Although the side drop is probably the most critical load case for
the basket support disks, the end and corner drops should be
addressed. Reasons for omitting the analyses should be provided.

Refer to the NAC Response to Comment 3.3.1; based on the
requirement of the Transportation Branch of the U.§. NRC that no
credit be taken for the strength of "borated aluminum alloy"
because no code, standard, or specification for its fabrication
exists, the fuel tubes are conservatively not considered in the
structural evaluation of the NAC-STC fuel basket, other than to
transmit direct compressive load through the wall of the tube. As
documented in the NAC Response to Comment 3.3.1, the "borated
aluminum alloy" fuel tubes do possess good strength
characteristics; the following classical stress analyses are
presented to conservatively demonstrate the substantial margins of
safety that exist for the fuel tubes for the 10 CFR 71 30-foot drop
accident conditions (the storage drop accident conditions are much
less severe).
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30:Feot Bottom End Drop

During a 30-foot bottom end drop accident, the fuel tubes are
loaded axially by their own weight. The direct compressive
stresses will develop in the fuel tubes. The design load for
analysis is the tube weight multiplied by an equivalent static
deceleration factor of 56.1g (Table 2.6.7.4-3, NAC-STC SAR).

It is noted that the lateral pressures, produced by the fuel
assembly and the support disks, will restrain the fuel tube wall
from buckling. Only the dirr~t compressive stresses are evaluated.

Tube Weight: W = [(9.073)% - (8.653))(160.0)(0.102) = 121.50 1b

Design Load: Ud = (121.50)(56.1) = 6816.2 1b

2 2 2

Cross-Sectional Area of Tube: A = (9.073)° - (8.653)° = 7 44 in

The calculated compressive strese is:

W
§, = 73 = 916 psi
The allowable compressive stress is equal to the yield stress of
"borated" 6351-T54 aluminum alloy at 450°F (NAC Response to Comment
3.3.1).

5, - Scy = 12900 psi

s
M.§, = g‘ - 1 = +large
c

Therefore, the fuel tubes are structurally adequate for a 30-foot drop
bottom end impact accident condition.

126



Nuclear Assurance Corporation November 19%0
Project No. M-55

20:-Foot Side Dreo

During & 30-foot side drop accident, the impact load on & tube due to
the contained fuel assembly may be supported by the wall of the
aluminum tube in the direction of the impact. Each fuel assembly
weighs 1500 pounds. The impact load on a tube is determined by
nultiplying the fuel assembly weight by an equivalent static
deceleration factor of 55g. The impact load is considered as a
uniformly distributed pressure over the entire surface of the tube
wall. The impact pressure is dete ned as:

w e (55)(1500 1b)/(160 in x 9.0 in) =« 57.3 psi

Assuming that the loaded tube wall is simply supported on two sides by
the disks, which are at a 3.5-inch edge-to-edge distance, and on the
other two sides by the vertical side walls of the tube, Reference 2,
page 386, case 1, is used to calculate the maximum bending stress in
the tube wall as:

2200

(S - B wb“/t

wvhere

b)max = 10,648 psi

0.669 (a/b = 9/3.5 = 2.57)

57.3 psi

9 in = width of aluminum tube

3.5 in = edge-to-edge spacing between adjacent disks

" T s € ™
L]

0.21 in = wall thickness of aluminum tube
The margin of safety is:
M.§. = (12,900/10,645) - 1 = +0.21
The maximum shear stress in the loaded tube wall is:
(ss)max . ‘f- = é%*i-g-%_%T%Ti » 872,39 B

The margin of safety is

M.8. = [(12900/2)/(477.5)) + 1 = +large
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Therefore, the fuel tubes are structurally adequate for a 30-foot side
drop accident condition.

Corner Drop

Reviewing the stress results in the tube for the side and end drop
analyses, the side drop condition is much more critical. The stresses
that occur during a 30-foot corner drop condition are close to, but
less than, the stresses resulting from the 30-foot end drop condition.
Therefore, the corner drop condition is not evaluated.

(b) Should the "borated aluminum alloy" tubes in the NAC-STC fuel
basket rupture and there was leakage of water into the cask, there
would be a eriticality concern. The containment boundary of the
NAC-STC is demonstrated to remain intact for all storage and
transport load conditions, so in-leakage of water to the cask will
not occur; Paragraph (a) of this response demonstrates that the
tube material yield strength at operating temperature for the
critical drop accident load conditions provides a minimum margin of
safety of 40,21 (the margin of safety against ultimate rupture is
+0.51, where su « 15.0 ski). Therefore, there is no criticality
con.ern for the NAC-STC fuel basket.

(¢) The stresses developed in the support disk for an end drop loading
condition are calculated in the following analysis. Comparing the
stress results for the side drop analyses in Section 11.2.4.7.5 of
the TSAR and these end drop analyses, the calculated maximum
stresses (impact + thermal) in the support disk are nearly the
same; 15.8 ksi for a side drop condition and 16.4 ksi for an end
drop condition with the thermal stress dominating (12.6 ksi). 1t
{s expected that the impact stress value for the corner drop
condition is of the same order of magnitude as the impact stress
value for the side and end drop conditions and the thermal stresses
are identical. Therefore, the corner drop condition is not
evaluated in detail.
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i o)
The support disks of the NAC-STC fuel basket are supported by
threaded rods and spacer nuts positioned at four locations near the
periphery of each disk, An ANSYS structural analysis is performed
to evaluate the effect of a 30-foot end drop impact (out-of-plane
loading) on the support disks in the NAC-STC with the cask in the
vertical position. The ANSYS 11 element (STIF43) is
used in the model as shown in Figure 1. This shell element is
selected because it can accurately calculate the shear deformation
effect on thick plate bending. The end drop impact loading is
applied in the cesk longitudinal direction (perpendicular to the
rlane of the support disk). A load factor of 56.1g is applied to
the mass of the support disk. The value of 56.1g is the maximum
deceleration of the NAC-STC for a 30-foot end drop impact.
Displacement restraints are applied in the ANSYS model at the nodes
wvhere the four threaded rods with spacer nuts are located.

The 20 highest nodal stresses in the support disk resulting from

. thermal expansion (Table 1) are used as & basis to determine the
critical combined thermal and 30-foot end drop impact stresses
because the thermal expansion stresses are dominant. The maximum
SIGE nodal stress (3.7 ksi, Teble 2) resulting from the end impact
loading, is conservatively used in the calculation of the combined
thermal expansion plus end impact stresses for each of the 20 nodes
with the maximum thermal expansion stresses. The absolute
summation method is used to combine the thermal expansion and
impact stresses. Table 3 documents the 20 nodal locations with the
highest total stresses (thermal expansion stresses plus maximum end
drop impact stress) at normal operation temperatures, and documents
the associated margins of safety. The minimum margin of safety is
40.67. Therefore, the structural adequacy of the NAC-STC fuel
basket support disk design for the 30-foot end drop accident
condition is demcnstrated.
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Figure 1 Basket Support Disk Finite Element Model - End Impact

Analysis
NAC-STC TSAR March 1990

Figure 11.2.4-15 Finite Eloment Model - Cravity Analysis
(NAC-STC 26 PYR Basket Support Disk)
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Figure 2 Llocation of the 20 Maximum SIGE Nodal Stresses in the
NAC-STC Fuel Basket Support Disk - Thermal Condition
NAC-STC TSAR Mareh 1990

Flgure 3 4.10-4 Location of the 20 Maximus SICE Nodal Stresses (n the
NAC-STC Fusl Basket Support Disk - Thermal Condition

3.6.10-9
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Table 2 End Drop lmpact (56.1 g) Basket Support Disk Stresses

Location
of 20
1
Highest Node S, Sy Sxy SIGE
Stresses Number (ksi) (ksi) (ksi) (ksi)
1 13532 -3.3 1.4 -1.3 3.7
2 13493 -4.1 1 -0.3 3.6
3 18497 -0.1 3.9 0.0 3.6
4 18122 0.1 -3.5 0.0 3.6
5 15576 0.2 3.6 0.0 3.9
6 13476 «0,2 «3.6 0.0 3.9
7 18516 0.0 3.4 «0.1 8
8 18141 0.0 «3.4 «0.1 3.9
9 18545 0.2 3.3 0.3 3.4
10 18170 0.2 -3.3 0.3 3.4
11 18415 3.2 2.9 -0.8 3.4
12 18032 vdi e «2.9 0.8 3.4
13 18498 -0.1 3.4 0.1 3.4
14 18123 0.1 3.4 0.1 3.4
15 18517 0.0 3.3 0.3 3.3
16 18142 0.0 +3.8 0.3 3.3
17 14097 «1.6 «1.9 ' i Wy
18 13677 0.5 2.9 0.0 Y
19 18042 0.2 «3.0 0.4 3.1
20 18425 -0.2 3.0 0.4 i3
'$168 (Von Mises) Stress - (0 707)[(5 NP PO DU IR | M
. ] X y X y Xy
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. Table 3 Combined Thermal + End Drop lmpact (56.1 g) Basket
Support Disk Stresses

“Thermal End Drop Combined
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