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For the end drop, all of the wood in the central part of the impact
limiter that is directly Hbacked-~up" by the cask body will crush.

The wood in the corner and side of the limiter will tend to slide

around the side of the cask since it. is not supported or backed-up by

the body and it will not crush or absorb energy as effectively as the

wood that is backed-up. During the side or oblique drop the wood

backed up by the cask will crush, while the wood beyond the end of

the cask body will have a tendency to slide around the end of the

cask. The analyses assume that the effectiveness of the portion of

the wood that is not backed-up may be as small as 20% or as large as

80%. Effectiveness is defined as the actual crush force developed at

the target by this material divided by the theoretical force required

to deflect the material. The analysis also assumes a range of wood

crush strengths. When determining maximum deceleration, the maximum

crush strengths are used and the non backed-up material is assumed to

be 80% effective. When determining crush depth, the minimum wood

crush strengths are used and the non backed-up wood is considered to

be only 20% effective.

Each impact limiter is attached to eight local lugs welded to the

side of the cask using high strength bolts. The attachments have

been sized to withstand the loads transmitted during a side drop.

This analysis is described in Section 2.10.2.7 of this Appendix.
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2.10.2.3 DESIGN CRITERIA

The outside dimensions of the impact limiter are sized to be yell
within federal and state highway height and width restrictions. The

balsa and redwood distribution and densities have been selected to

limit the maximum cask body inertia loads due to the one toot normal

condition drop and the thirty toot hypothetical accident drop so that

the design criteria specified for the containment boundary, the non

containment structure and shielding (See Section 2.1) are met.

The welded stainless steel structure of the impact limiter is

designed so that the wood is maintained in position and is confined

during crushing of the impact limiters. The outer shell and gussets

are designed to buckle and crush during impact. Local failure of the

shell is allowed during impact limiter crushing. The welded

stainless steel shell and its internal gussets are designed to

withstand pressure differences and normal handling and transport

loads with stresses limited to the material yield strength.

The impact limiters are designed to remain attached to the cask body

during all normal and hypothetical accident conditions.
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2.10.2.4 AN~AIYSIS FOR 30 FT FREE DROP ACCIPENT COND~ITIONS

2.10.2.4.1 Approach

The kinetic energy due to the hypothetical 30 ft drop accident is

absorbed by crushing of the impact limiters on the ends of the

packaging. The limiters contain materials. i.e. balsa arid redwood.

which provide controlled deceleration of the packaging by crushing

between the target surface and the cask body.

The applicable regulation. 1OCFR7l.73. requires that the packaging

be oriented for the drop so that it strikes the target in a position

for which maximum damage is expected. Dynamic impact analyses were

performed for different packaging orientations using the AO

computer code described in Section 2.10.2.5. This computer code has

been validated by comparing its dynamic results with those from hand

calculations for relatively simple problems. comparing its

calculated force-deflection curves with those obtained from static

crush tests1 and by correlating dynamic results with actual measured

cask behavior on other programs (see Appendix 2.10.3).

2.10.2.4.2 Assumptions and Boundary Conditions

The assumptions and boundary conditions are as follows:

1. The cask body is assumed to be rigid and absorbs no energy.

This assumption is realistic since the design criteria of

Section 2.1.2 limit metal deformations to small values. All of

the impact energy is therefore assumed to be absorbed by the

impact limiters.

2.10.2-10
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2. The crushable material is one or Beveral anisotropic materials.
The different wood regions are modeled individually.

3. The crush strengths of the wood sections are obtained from the

properties parallel to and perpendicular to the grain based on

the orientation of the cask at impact.

4. Each wood region is modeled as a one dimensional elastic.

perfectly plastic material up to a specific locking strain.

After reaching the locking strain, the stress increases linearly

with additional strain. The wood properties (modulus of

elasticity, average crush strength, locking modulus, and locking

strain) are taken from force-deflection curves of sample blocks

of wood. Typical force-deflection curves for redwood and balsa

are shown in Figures 2.10.2-lA and 2.10.2-lB. Since the locking

strain varies from sample to sample, conservatively low locking

strains of 80% for balsa and 60% for redwood are used.

5. The crush properties of the wood are varied with the initial

angle of impact and do not change during the drop event being

evaluated.

6. The cask and impact limiters are axisyinmetric bodies.

7. The crushing resistances of the impact limiter shell and gussets

have a negligible effect on the crush strength of the limiter

and, therefore, a negligible effect on the impact forces and

inertia loads.

*
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2.10.2.4.3 Packagina tynamic Computer Model

Figure 2.10.2-2• illustrates the computer model used for all
packaging orientations. Regions I. II. and Ill in the model are

used to delineat.e regions where different impact limiter materials
are used. It should be noted that the properties of the three

regions have been designed by choosing wood types and orientations

to accommodate the crush requirements of the three significant drop

orientations. The crushable materials of Regions I. I1. and Ill are

selected to control the decelerations resulting from vertical,

corner, and side drop orientations, respectively. Table 2.10.2-2

tabulates the wood properties that were used to describe the wood

stress-strain behavior in the analysis.

A portion of the impact limiter crushable material is backed up by

the cask body as it crushes against the impact surface. The

remaining material overhangs the cask body and is not backed up.

Backed up regions project vertically from the target footprint to

the cask body, while unbacked regions do not project vertically to

the cask. The effectiveness of the energy absorbing crushable

material varies depending on whether it is "backed upTM by the cask

or is unsupported. Two cases are analyzed to bound impact limiter

performance. In one case the non backed up material is assumed to

be 80• effective and maximum wood crush strength is used (maximum of

the possible range based on specified density). In the other case

the non-backed up material is assumed to be only 20t effective ane

minimum wood strength is used. Evaluating impact limiter

performance in this way results in a large range of deceleration

values, crush forces and crush depth. This in combination with

2.10.2-13
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close control of wood properties during procurement assures that the
effects of wood properties variation (including temperature effects)

and the effectiveness (or lack of effectiveness) of the non

backed-up portions of the limiter are covered.

2.10.2.4.4 Analysis Results Predicted by ADOC

The peak inertia loadings or cask body decelerations (in terms of

g's) versus initial angle of impact are presented in Tables 2.10.2-3

and 2.10.2-4 for the 30 foot drop. The depth of crush versus

initial angle of impact is shown in Tables 2.10.2-5 and 2.10.2-6.

Since the packaging CG is within a few inches of the center and the

impact limiters are identical, these tables are valid for impact on

either end.

In order to determine the cask stresses, these maximum g loads are

converted to forces and applied as quasistatic loadings on the outer

cask body. A detailed ANSYS finite element model of the TN-RAM

cask is used to perform this analysis. Cask body stress analyses

are performed for end. side and CG over corner (700) impact

orientations. The lid bolts are analyzed for the maximum axial g

load of 80.9 which occurs at an angle of 85*. The full details of

the stress analyses are presented in Section 2.10.1.

Based 0Jn the crush depths for the side drop from Tables 2.10.2-5 and

2.10.2-6, the trunnions would not hit the target. For the maximum

wood properties and 80% effectiveness of non backed-up wood the

clearance after the limiters crush would be approximately be 3 1/2

inches. For the minimum wood properties and 20% effectiveness of

2.1i0.2-15



c-ills Rev. 1

TABLE 2.10.2-2

TYPICAL WOOD MATERIAL PROPERTIES

PROPERTY

Density

BALSA REDWOOD ft
18.7-27;.5 lb/ft 3

310-12 lb/it

Parallel to Grain
Crush Stress

Locking Strain

Unloading Modulus

Locking Modulus

Perpendicular to Grain

Crush Stress

Locking Strain

Unloading Modulus

Locking Modulus

1560-2010 psi
0.8

32.000 psi

3,400 psi

300-420 psi

0.B

32,000 psi

3.400 psi

5000-6500 psi
0.6

1,247.000 psi

4,.100 psi

750-975 psi

0.6

1.247.000 psi

4.1I00 psi
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TABLE 2.10.2-3
F4AX1WIl IWZRT1A G LOAD VERSUS 1HIT1AL ANGLE

FOR1 30 FEET DROP

MAXIlUM WOOD CRUSH STRESS

EFFECTIVENESS OF NON.-BACKED UP WOOLD:

OF IMPACT

80%

Initial Angle
Of Impact

90"

85'

800

700

60°

500

40o
300

20'

10o

KAXIMUJN G LOAI) DURING FIRST IMPACT
TRANSVERSE

Axial Primary @Opposite
@ C.G. .Impact End C.G. End

69.6 0 0 0

80.9 - 8.5 - 15.0 - 1.5

77.2 -11.8 - 7.47 - 3.18

6;1.1 -19.4 -13.9 - 8.48

64.7 -31.9 -23.4 -15.0

61.4 -64.0 -35.1 - 6.14
42.1 -67.6 -37.4 - 7.12

34.1 -87.4 -42.4 2.49"

19.7 -86.6 -37.2 12.3 *

13.6 -99.4 -38.5 22.4

DO

10.2
0

-106
-82.7

-39.2

-82.7

28.1 *

-82.7

MAXIMUM G LOAD DUPING SECOND IMPACT

30e
20°

100

5,

- 4.8
- .23

- .33

- 0.7

33.5
45.3

49 .5

48.9

-34.4
-41 .1

-45.3

-45 .3

-102
- 128

-140""

-139

* PIAXIjUM ACCELERATION OCCURRED DURING SECOND IMPACT
** MAXIMU1M IMPACT FORCE 3.707.000 LB. AT DISTANCE OF 61.14 IN. FROM

C.G,
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TABLE 2)10.2-4
MAXiMUM 1NEiRTiA G LOAD VERSUS IiNTIAL ANGLE

FOIR 30 FEET DROP

MINIMUM WOOD CRUSH STRESS

EFFECTIVENESS OF NON-BACKED UP WOOD:

OF IMPACT

20%

Initial Angle
Of Ilmpact

900

70o

60o

50o

400

30°

20o

100

5.o

0'

MAXlIMUM G LOAD DURlING FIRST IMPACT
TRAN SVERSE

Axial Prilmary @ Opposite
S C.G. lmpact End • End

47.5% 0 0 0

45.3 - 4.7 - 2°32 0

49.6 - 7.89 - 5.51 - 3.12

60.1 -19.4 -14.3 - 9.15

70.4 -35.4 -27.2 -19.0

48.2 -50.7 -27.6 - 4.57

40.4 -76.2 -37.0 2.17

35.4 -106 -46.1 14.2

25.3 -119 -46.9 25.7

7.96 -67.1 -25.2 16.7 *

6.53 -63.6 -23.6 16.4 *

0 -52.7 -52.7 -52.7

MAXIMUM G .LOAD DURING SECOND IMPACT

10'
5,

-1.36
-0.64

42.4
38.0

-40.3
-36,3

-123
-111

M )AXIMUM ACCELERATION OCCURRED DURING SECOND IMPACT
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TABLE 2.1O.2-S.
DEPTH OF CRUSH VERSUS INITIAL ANGLE OP IU4PACT

1BIAXIWJM WOOD CRUSH STRESS/EFFECTIVENESS OF

WON BACKED-UP WOOD; 80%

•NITIA.L ANGLE OF IMPACT MAXIMUM CRUSH DEPTH. IN.

90°

700 (CG Over Corner)

6.01

20.5

9.12O°

2.10.2-1.9
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TABLE 2.10.2-6
DEPTH OF CRUSH VERSUS INITIAL ANGLE OF IMPACT

MINIMUM WOOD CRUSH STRESS/EFFECTIVENESS OF

NON BACKED-UP WOOD; 20t

I'

I!I

INITIAL ANGLE OF IMPACT MAXIMUM CRUSH DEPTH. IN.

90°

70° (CG Over Corner)

9.05

23.8

12.48

2.10.2-20
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non backed-up wood, the clearance after the limiter crush would be
slighly less than 1/2 inch, It is expected that the crush depth

would be somewhere between the two bounding cases.

2.10.2.4.S Results Eased on Hand Calculations

The deceleration and crush depths for the end and side drop angles

evaluated can be determined by relatively simple hand calculations.
These hand calculations were performed and the results are shown

below.

•nd Drop

The deceleration value can be determined by the expression:

Where

F -crush force. lbs.

w weight of cask

a , deceleration value

g - acceleration constant

Al so

F - A
c

Where

0 cr©ush stress, psi
A crush area, in 2

2.10.2-21



Therefore

a oc •

g w

The crush stresses of concern for an end drop are those for the

balsa.

For the central region (see Figure 2.10.2-2)

C * 1.560-2010 psi
c 5 2

A * 17(25.5 ) = 2.042 in2

For the outer region (see Figure 2.10.2--2)

a - 300-420 psi
c

A - (45.752 - 25.52) k
- 4,533 i12

Where

K2 0 , .20 for non backed portion being 20% effective

And

K8 0 - 0.80 for non backed portion being 80% effective

Therefore
A2 0 * 4,533 x 0.2 - 906 in2

A8 0 ,, 4,533 x 0.8 - 3.626 in 2

2.10.2-22
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ks can be seen, the deceleration values calculated by hand agree
yell with the values predicted by AtOC. The crush depths predic~e•

by RI)OC are conservatively higher.

The force crush depth and foot print as each of the il~ilters crush

is shown in Figure 2.10.2-2B. The force (dr) acting on an elenment

itde is

dfa R ocBoOsede

The energy absorbed as this elemuent deforms is

dE " [A-Ro(l-cosO)3
0 cl(Ro)2BcoseIcose-coselde

The total energy absorbed iin each of the limiters is obtained by

integrating the above,

E - 2Oc(Ro)2B cose[cose-coseo]de
0

- Oc(Ro) 2 B(eo-5in 2 eo)
2

The total force in each of the limiters is

F -20cBRoSinleo

2.10.2-24i
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Ahorizontal Crop case is evaluated using the following paralmeters:

R ,outside radius of limiters. 45.75 in.
0

Riinside radius of limiter. 25.5 in.

o average of crush stress, 3.140 psi

B ,length of liulter on side which crushes, 24.25 in.

W .80.000 lb.

H=360 in.

The total energy to be absorbed is

WE 80.000 x 360

This must be equal to the energy absorbed by deformation of each of

the two covers.

WE 28o(Ro) 2 B(8o-sin 2e)

2

80.000 x 360 2(3,14o)(45,.752 x 24.25)(eo-sin 2 eo)

2

The solution indicates that

e 30 degrees. F - 20 BR sin30
o c 0

- 3.482°500 lbs.

Therefore

6 - E£(1-coseo)

- 4S.7S(1-cos3O)

- 6.13 in.

2. l0.2.-26



The peak deceleration, 9, I5

a aC 2(3,140 x 24.25 x 45.75sin30)I80.O00

- 87.1 g

This problem solved with ADOC program gives the following iesults:

e - 36.8°
0

6 9.12 in.

8 82.3

V 3,35~0.00O lb.

Again, there is good agreement between ADO>C and the band

calculation. 7t should be noted that the g values arnd forces used

in the analysis for the cask body for the side drop are much higher

than predicted by hand calculation or ADOC.
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2.10.2.5 StB•R¥ D'E&CR1PTION OF ADOC COMPUTER CODE

One of the critical loadings which must be considered in the design
of transport packagings to be used for the shipment or radioactive

material is a free Crop from thirty-foot height onto an Unyleldin;

surface (lOCFRT1). The packaging must be dropped at an orientation

that results in the most severe damage. Impact limiters are usually

provided on the packaging to cushion the effects of such impact o•

tbe containment portion of the packaging. The limiters are usually

hollow cylindrical cups which encase each end of the containment and

are filled with an energy absorbing material such as wood or foai.

A computer code. AD)OC (Acceleration due to Dxop On Covers), has been

written to determine the response of a packaging during impact. The

analysis upon which this code is based in discussed in this

section. The overall analysis of the packaging response is

discussed in Section 2.10.2.5.1. and the methods used to compute the

forces in the limiters as they crush are presented in Section

2.10.2.5.2.

2.10.2.5.1 General Formulation

The general formulation used to compute the response of the

packaging as it impacts with a rigid target is discussed in this

section. The assumptions upon which the analysis is based are first

presented followed by a detailed development of the equations of

motion used to calculate the packaging dynamic behavior. This is

followed by a discussion of the numerical methods and the computer

code used to implement the analysis. A significant part of the

2.10.2-28



development is concerned with the prediction of forces developed lb

the impact limiter; as the impact occur;. This aspect of the

problem is discussed in Section 2.10.2.5.2.

ASSUMPTIONS

The cask body 16 assumed to be rigid and axisymnhet[ic. Therefore.

all of the energy absorption therefore occurs in the impact limiters

which are also assuiTed to have an axisymmetric geometry. Several

assumptions are made in calculating the forces which develop in the

limiters as they crush. These are discussed in Section 2.10.2.5.2.

Since the packaging is axisymiretric, its motion during impact will

be planar. The vertical, horizontal, and rotational components of

the notion of the packaging center of gravity (CG) are used to

describe this planar motion.

EQUATiONS OF' MOTION

A sketch of the packaging at the moment of impact is shown on Figure

2.10.2-3. The packaging is dropped from a height (H), measured from

the lowest point on the packaging to the target. The packaging is

oriented during the Crop, and at impact, so that the centerline is

at an angle (0) with respect to the horizontal. At the instant of

impact, the packaging has a vertical velocity of:

vo .#2H(1)

Where.

g . gravitational constant

2.10.2-29
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At some time (t) atter first impact, the packaging has undergone
vertical (u). horirontal (w). and rotational (p) displacements.

The location o? the packaging at this time is shown on Figure

2.10.2-4. One or both of the limiters have been crushed as shown.

The resulting Gefozmations (and strains) in the limiters result in

forces which the limiters exert on the packaging, thereby

decelerating it. These forces. and their points of application on

the packaging, are shown on Figure 2.10.2-4 as ¥vl Fv and

Fh. The method used to calculate these forces and the points of

application Is given in Section 2.10.2.5.2, below.

The three equations of motion describing the motion of the cask are:

Mu 4 Fvli * Fv2 - bN -0 (2)

MW - Ph - 0 (3)

3p - Pvi Xyj Fv2 Xv2 * FhiYh 0 (4)

Wher e.

N mass of packaging

3 , polar moiment of inertia of the packaging about its CG

(') - acceleration

At impact Ct -0), all of the initial conditions are zero except

that U' - VO
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CO*PUTER SOLUTION

The computer code is written to Compute the motion of the packaging
during impact. The solution is obtained by numerically integrating

the equations of motion (equations 2. 3. and 4) from the time of

impact (t 0 ) to a specified maximum time Ct a), The

integrations are carried forward in time at a specified time

increment (t6t). Parametric studies indicate that a time increment

of 1 msec is sufficiently small so that further reduction of the

time increment does not affect the results.. Solutions are usually

carried out to about l150 msec for the near horizontal drops and to

about 50 msec for the near vertical drops. The significant motions

of the packaging normally occur within these time periods.

A standard fourth order IRunge IKutta numerical integration method is

used to perform the numerical integrations. The following procedure

is used to carry the solution from time (t.) to time (ti~ 1 ).

Note that at time (t ) the displacements and velocities of the

three degrees of freedom describing the motion of the CG of the

packaging are known.

(1) Calculate the deformation of each of the limiters based on tbe

packaging geometry and the motion of the packaging's CG (see

Section 2.10,.2.Ea.2 for details).

(2) Calculate the forces which the limiters exert on the packaging

body u'sing the deformation of the limiters and their stress-

strain characteristics (see Section 2.0•.o for details).
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0
(3) Use Equations 2. 3. and 4 to calculate the accelerations durim;

the time interval.

(4) Use the iRunge Kutta equations to calculate the location and

velocity of the cask CC at time (ti 1 l).

(5) Go to step (1) to repeat the process until time -
max"

(6) Generate the output.

Output from the code consists of:

Problem title. packaging geometry. drop conditions, and

integration data.

~Limiter geometric and material property data.

History of packaging CG motion and amount of crushing in each

of the limiters.

Force history data.

Plot of acceleration histories.

Plot of maximum limiter deformations.

2.10.2.5.2 Forces in Limiters

The methods used to calculate the forces (Fvr. Fv and F ) in
the limiter caused by a given crush depth are discussed in this
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section. These calculations are used to perform steps (1) and (2)
above. The limiter geometry end material specification Is discusseC

first. The general methodology used to calculate the forces are

then presented which is followed with a detailed development of the

equations used to calculate the force-displacement relationships.

L1MITER GEO*HETRY

A sketch of the model of a limiter is shown on Figure 2.l0.2-5.

Regions 1,, II and 111 are used to delineate regions where different

materials are used. It should be noted that the properties of the

three regions are designed to accommodate the crush requirements of

the three significant drop orientations. The properties of regions

1, 31 and 111 are selected to control the decelerations resulting

from vertical, cornet, and shallow drop orientations, respectively.

The properties used to describe the stress-strain behavior of each

of the three materials are discussed below. The dimensions (A) and

(B) may vary for the limiters at each end of the packaging, but

(RO) and (R.) are taken to be the same for both limiters. The

same material properties are used for each of the limiters.

GENERAL APPROACH

The ideal energy absorbing material is one that has a stress-strain

curve that has a large strain region where the stress is constant.

Such a materials absorbs the maximum energy while minimizing force

(which determine; the magnitude of the deceleration). Wood, foam.

and honeycomb materials exhibit such behavior and are prime

candidates for impact limiter crushable material. If the constant

2.l0.2-3E>
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stress region of the *tress-train curve is of primary interest, the
forces may be calculated as the crush stress times the area of the

surface defined by the intersection of the target with the doughnut

shape of the impact limiter. This approach assumes that the crusb

stress. which acts normal to the crush surface. ii not influenced by

stresses acting in directions parallel to the crush surface (i.e.,

the confining stresses). This assumption is made in the compUter

code. The crush stress used as input to the code is selected to

represent that value which is consistent with the degree of

confinement afforded by the impact limiter geometry for the Crop

orientation considered. Therefore, the crushable material is

modeled in the code with a one dimensional (oriented normal to the

crush surface) stress-strain law. The properties of the

stress-strain law are selected to represent the degree of

confinement provided by stresses acting in the other two

dimensions. The properties of the crushable material are not

modified as the packaging rotates but are selected to represent the

material properties for the initial crush direction of the material.

Aportion of the "crushed" area of the limiter is often not backed

up by the packaging body (i.e.. a projection of a point in this non

backed up area normal to the target (impact surface) does not inter-

sect the cask body). The user must specify the percentage of these

forces which are to be included in the calculation. The confinement

provided by the overall construction of the limiter viii determine

the extent to which these non backed up forces are actually

effective:

it should be emphasized that the computer code does not pe~for any

computations which would allow the user to 3udge the adequacy of the

selected percentage of non backed-up forces which are counted.
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Tile evaluation of the impact area and its centroid (required to
locate the iupact forces) is computationally complicated because of

the many variations possible in the manner in which the target

intersects the limiter. This problem is resolved by dividing the

surface of the limiter into many small segments. The segment is

located relative to the target at each computation. If the

segment's original location is below the target, then it has crusheC

and it contributes a force equal to the stress times its area

projected on the target. The location of this force is also known.

The strain at the segment may also be evaluated so that the peak

strains nay be determined and stresses may be evaluated for strains

which fall outside of the constant crush stress region of the

stress-strain law.

The forces must be calculated at each time that the solution for the

packaging response is computed. The problem, therefore, is to

determine the forces acting on the limiters given the current

location of the packaging center of gravity. The solution for the

location of the packaging center of gravity is discussed in Section

2.10,2.5-l. The procedure used to perform these computations is as

follows (each of the steps is detailed below).

(1) Define the location of the target relative to the limiters froi

the current location of the packaging center of gravity

relative to the target.

(2) Divide .the surface of the limiter into segments and calculate

the strain in a one dimensional element spanning the distance

between the center of the segment and the packaging bo~y.
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(3) Comipute the stress in the element from the stress-strain
relationship. Multiply the stress by the area of the element

projected onto the target.

(4) After all of the segments on the limiter are evaluated, gun the

segment forces and moments of the forces to find the total

force and moment acting on the packaging.

(E) Calculate the horizontal force and moment of the horizontal

for ce.

(6) Use eq~uations .2, 3, and 4 to extend the solution to the next

time step. The new solution consists of the location of the

packaging CC at the new time. The above steps are then

repeated. This process is continued until the specified

maximum time is reached.

IETAILS OF FORCE CO•PUTAT1ONS

tetails of each of the six steps outlined above are given in this

sectionl. N~ote that the location of the packaging CC is known at tbe

beginning of this computational seguence.

peforination of the Limiter

The first step in the computation is to evaluate the location of the

limiters relative to the target given the location of the packaging

CG relative to the target. The limiter position relative to the

target is defined by the six variables (D1 through ]))as shown
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onFigure 2.10.2-6. The location of the cask at first contact is
shown on Figure 2.1O.2-6a with the subscript (0) added to the 1D's

indicating initial values. The initial values of these parameters

(when the lowest corner of the packaging first contacts) are found

from geometric considerations:

tl .02OO
D20 -

30 1
D40 . 30 1 I L I0 2SI

D50 -)40 -10

D60 , 30 •L I

At a given time (t) the packaging CG has displaced vertically (u).

horizontally (w). andt has rotated (p) and reached the position

shown in Figure 2.l0.2-6b. Each of the six points have then fallen

by an amount:

*D - i,(SlN e-SIN~e-p)).ir(COS e-Ccos(e-p)) (6)

Where,

1 -axial distance CG to point (..CG to top)

r * radial distance CG to point (.CG to impact)

T~hen the orzner deformationis become:

Di - i- i
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Where.o

11 12 •t- 1
1 ~-yL'

3
1 - 15 (1-y)Lo *

1 (1-y)L*
£

I • 0

•2 •3 " 5 "6 0

To facilitate the coniputationi of strains in the limiter, the

position of the limiter relative to the impact surface is classifies

as shown in Figure 2.10.2-7. There are three possible locations of

the impact surface relative to the limiter. The task is therefore

to define which of the three patterns apply, and to determine the

parameters (4) and (6) in terms of the variables t1 through

D6 . !,ust determined.

These deformations are next related to the three types of crush

patterns for the bottomi 1iuiter shown on Figure 2.10.2-7. Crush

pattern 1 applies when:

D1 < 0; D2 ( 0; 13 > 0(}

Then.

6- -D /COS * (9)

-14 - COS (D-2II
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Crush pattern 11 applles when:

D1> O; D2 < 0; D3 > 0 (10)

Then,

S- -½/COn 4 (II)

4 COS-1 ((D 3 -D)2 )1B1 )

Crush pattern III applies when:

lDi > 0; D2 < 0 D)3 < 0 (12)

Then.

" 2S 4 (13)

* - SIN- 1 ((DIj-D2 )/2RO0 )

The saine set of equations apply to the top limiter if (DI 12.

D3.D B) are replaced with (D1, .5, D6, B2) in equations
(8) through (13).

Strains in Limiters

The next step in the coimputation is to calculate strains in the

limiters given the deformation defined above. The limiters are

first divided into segments as shown in Figure 2.10.2-8. The nuiber

of segments used for the bottom (NB) and the sides (NS) are input by

the user. Locations on the surface of the limiters are described in

terms of the (R.Z.•) coordinate systems shorn on the figure.

Strains in the segments along the sides of the limiters are

calculated based on the location of the center of the segment

(RO..•).The segments at the bottom are divided into two
pieces: one for R ( PI (i.e. in legion 1) ann, the second for R
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> Ai s train Is calculated for each of these two pieces for
each segment along the bottom surface.

Tbe strains (c) are calculated as the deformation of the point

normal to the crush surface (6) divided by the undeformed distance

of the point from the surface of the limiter to the outer container

(q), again measured normal to the crush surface. Therefore:

c -6/q .(14)

tifferent equations govern each of these parameters for each of the

three crush patterns as showrn on Figure 2.l0.2-7.

The geometry for crush pattern I is shown on Figure 2.10.2-9.

Forces resulting from deformation of the side elements are neglected

for this crush pattern. It may be shown that the deformation is:

6 - A COS * t (R COS P - RO) SItN * (15)

The undeformed length of the element is taken measured to the plane

of the packaging bottom so that:

q - ACOS4 ( 16)

The geometry for crush pattern 11 is shown on Figure 2.10.2-10. The

deformation of the points on the bottom (a) and along the side (b)

may be repr~esented with the same equation:

6 - A COS * * Cr COS P - RO) SIN 4 - Z/COS, 4 (17)
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The original length of the element depends on the intersection of
the projection of the point on the impact surface with the outline

of the limiter. Four points are identified as shown on Figure

2.10.2-10. The lengths are:

ql (A-Z)/COS 4

q2 X/SXN 4) (18)

q 3 = (B-Z)/COS 4)
g4 (2 R2 ]2 1)/2
q4  - 1•SN )R cos 0)SiN 4)

Where,

2 2 2 1/2
X = R COS 0 + (R COS 0 - B2  B1R)

The deformation for crush pattern 111 is shown on Figure 2.10.2-11.

Deformations of points on the bottom of the limiter are neglected

for this crush pattern. The deformation is:

6 = •- Z/TAN 4) - • (1 - COS 0))/SIN 4)
0

The original length is measured to (Ri) so that:

q (R0 - R.)/SIN 4) (20)
0 1

Seqmnent Stress

The stresses in the elements are calculated from the above strains.

As mentioned above, three sets of stress-strain laws are input to

the code, one for each of the regions defined in Figure 2.10.2-5.
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The location of the center of the segment on the surface of the
limiter is used to determine which of the three stress-strain laws

is to be used. The model may be viewed as a set of one dimensional

rods which run from the center of the segment, normal to the target.

to another boundary of the limiter. The entire rod is given the

properties which the limiter material has at the beginning point of

the rod (i.e.. the intersection with the target).

The stress-strain law used tot the materials is shown on Figure

2.10.2-12. Each of the seven parameters shown on the figure is

input to the code for each of the three regions of the limiter. The

arrows on the figure indicate the load-unload paths used in the

model. The step in the crush strength is built into the

stress-strain law so that two crushable materials in series may be

modeled. The two crush strengths should be specified as the actual

crush strengths of the two materials. The first locking strain

(c1 ) should be specified as the locking strain of the weaker

material times the length of the weaker material divided by the

total specimen length. The higher locking strain CCL) should be

specified as the first locking strain plus tbe locking strain of the

stronger material times its length and divided by the specimen

length.

As stated above, the properties of the limiter material are not

varied as the limiter crushes and the packaging rotates. Limiter

materials such as wood exhibit anisotropic material properties.

This must 'be accounted for when the properties are input to the code

based on the anticipated direction of crushing. Most of the

anisotropic wood data is based on tests performed in the elastic
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range. The following relationshi'p has been iused to represent wood
properties for a )oa•iing which is applied at an angle (...) with

respect to the wood grain:

P - (PICOS 4ii . P2 SIN o)(/COS4 ai . S INa) (21)

Where.

P =property of interest.

P3, P2 =properties parallel and perpendicular to grain

Evaluation of Forces

The stresses determined above are mnultiplied by the area of the

segment pro~ected onto the crush surface. The areas of the sidewall

segments are (see Figure 2.10.2-B):

As - 21O B COS(e - p)/(NB tNS TAN 6) (22)

The area of the bottomi segments is divided into two parts, one in
region I and the other in region 11. These areas are:

Ab a 4RoLbSIN(O - p)/NB (23)

Where.

Lb uI* 2(rbb ,. {R
2 1/2

- R ) ; region I

2 2 1/2 2 2)1/2* (ro - •c) - (Rii - Ec ; region II
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These forces are summed for all of the elements to determine the
total force acting on the packaging. The forces are also multiplied

by their moment arms about the packaging CC to calculate the total

moment acting on the pactaging. The point on the segment is first

projected. normal to the target, to evaluate whether or not it

intersects the packaging body. It the projection Goes not irttersecr

the packaging body. only a percentage of the force is included in

the summation. The user specifies the percentage to be used.

fiorizontal Force

A horizontal force develops at the limiter/target interface. This

force is only considered for the bottom limiter (i.e.. the first to

impact) since the packaging is always close to horizontal when the

top impact limiter is in contact.

The horizontal force (F ) is first calculated as that required to

restrain horizontal motion of the tip of the limiter.

The horizontal acceleration (Aft) at the tip of the bottom

limiter (point 2 on Figure 2.lO.2-6) may be related to the CG motion

of the packaging by:

A11 a w - pE(YL" 4 B1 ) COS • 0SIN 41 (24)

Where.
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2.10.2.6 A•NALYSIS FOR ONE FOOT DROP NORM4AL CONDITION

This section describes the analysis of the TN-RAI4 for the one foot
normal drop condition. The TN-RAI4 is lifted vertically and is

transported horizontally. End and side drop orientations are

therefore considered to be credible normal drop events. Any other

drop orientation will cause the cask to tip over onto its side,

clearly an accident. The accident analyses in Section 2.10.2.4

bound any possible tipping accident. Therefore, the one foot. drop

analysis is performed only for the end and side drop orientations.

The packaging kinetic energy is again assumed to be absorbed by

crushing of the impact limiters. The dynamic system model of

Section 2.10.2.4 was used to perform the side drop (O°) analysis

using the AIDOC computer program described in Section 2.10.2.5. The

end drop analysis was performed assuming that the energy would be

absorbed by the soft balsa wood (oriented in the weak direction) in

the outer end of the limiter. This is a very accurate way to

determine g loads on an end drop since the g values can be

calculated by the expression F = Ma where F =crush stress times the

area and 14 = package weight divided by the acceleration of gravity g.

The inertial load results of these one foot drop analyses are

presented in Table 2.10.2-7. Again, two extreme cases are

considered. The upper bound stiffness case assumes maximum wood

crush strength and 80% effectiveness of non backed-up wood. The

lower stiffness case assumes minimum wood strength and only 20%

effectiveness of non backed-up wood. Tbe actual case will be

between these upper and lower bounds. Stress analyses in Section

2.10.1 are performed for the case(s) with maximum inertia loads.
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TABLE 2.10.2-7

MAX1M1UM INERTIAL G LOAD) DUR1NG ONE FOOT DROP

INITIAL.

ANG LE

0F IM-PACT

MAX 1MU.M 03 LOAD
A)• lAL TRAN 5VES 5

( ALL ( ALL

LOCATI]ONS ) LOCAT lO'.;s)

MAXI1MUM5 WOOD
CRUSH STRESS

AND 80%

EFFECT iVENESS OF

NON-BACKED UP WOOD

MINIM.UM WOOD

CRUSH STRESS

AND 20%

EFFECTIVENESS 0?

NON-RACKED UP WOOD

900
(End

Drop)

0°

(Side

Dr op )

29.8 0

0 -36.3

90°
(End

Drop)

0o

(Side

Drop)

21.27 0

0 -24.4
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2.10.2.7 UMPACT LIMiTER ATTACHMENT ANALYSIS

The impact limiter attachments are designed to keep the impact
limiters attached to the cask body during all normal and

hypothetical accident conditions. The loading which has the highest

potential for detaching the impact limiter is the slapdown or

secondary impact after a shallow angle 30 foot drop. During this

impact. the crushing force on the portion of the impact limiter

beyond the cask body (the non backed-up area) tends to pull the

limiter away from the cask. The end and corner drops are not

critical cases for the impact limiter attachments since th~e impact

force tends to push the impact limiter onto the cask in these

orientations.•

For the attachment bolt analysis, maximum effectiveness of the

non-backed up wood and maximum wood crush strengths of 2010 psi for

balsa and 6500 psi for redwood are assumed. The maximum wood

properties produce the highest overturning moment on the limiter.

Based on the dynamic analysis performed using the ADOC code, the

most severe slapdown impact occurs after a shallow angle oblique

impact at 10° initial angle. The peak deceleration and contact

force at the end of the cask body subjected to secondary impact

(slapdown) are maximum for thisicase. The peak deceleration is 140

g's and the peak force is 3,707.000 lb. as indicated in Table

2. 10.2-~3.

The maximum moment applied to tbe impact limiter attachments is

conservatively determined ignoring the mass of the impact limiter

which tends to reduce the attachment forces. The center of the

2.10. 2-5B



external impact force on the limiter is 5.60 in. from the center of
the cask reaction force. Therefore, the net moment applied to the

6
limiter by the impact force couple is 3.707 x 10 x 5.60 or 20.75

6
x 10 in. lb. This moment is reacted by the eight impact limiter

attachment bolts.

A free body diagram of the impact limiter is shown in Figure

2.10.2-13. It is conservatively assumed that the impact limiter

pivots on the edge of the cask end. The maximum force. F. occurs in

the bolt farthest from the pivot point, and the bolt force varies

linearly with distance from the pivot point.

The moment of inertia of the bolting pattern about the corner of the

cask (pivot point) is:

nr2d4
Ixx 2 •-oAb + n Ab (-)2 = 16.614 in.

Where:

d = cask dia. = 51.25 in.

n number of bolts = 8

r° bolt circle radius =27.63 in.

Ab - bolt area for 1• -B UNC bolts 2.00 in. 2

The distance from the pivot point to the highest stressed (farthest)

bolt is 53.25 in. Therefore, the maximum attachment bolt tensile

stress is Mcll or 66.506 psi. This conservatively calculated stress

is well below the minimum attachment bolt ultimate tensile strength

of 140.000 psi. The factor of safety against bolt failure is 2.10.

Therefore, the bolts will not yield and will hold the limiter on the

cask.
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2.10.2.8 IMPACT LIMITER PRESSUR~E ANALYSIS

The impact limh-ers are designed to be leaktlght during normal
transport conditions so that the moisture content, and hence vriush

strength, of the impact limiter materials is maintained. The outer

shell of the impact limiter is designed to withstand pressure

differences due to elevation arid temperature changes during

transit. The impact limiters are equipped with fusible disks whicti

melt during the hypothetical thermal accident thus preventing

excessive pressure buildup.

This section presents the analysis of the impact limiter structure

during normal transport conditions. The impact limiters are sealed

at ambient temperature, 68°F, and pressure, 2.4.7 psia. The maximum

temperature of the limiters during normal transport conditions is

1200?. The pressure increase due to this rise in temperature is:

579 .7R•P= 14.7 527.7•R -14.7 1.5 psi

The reduced external pressure due to elevation changes is

approximately 3 psi. These pressures are combined resulting in a

uniform total pressure of 4.5 psi.

The gussets in the impact limiter are spaced so that the average

length of any flat plate section of the outer shell is 18.5 inches.
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Assuming the plate edges are fixed and that there is a uniform
pressure difference applied on the entire surface, the maximum

stress at the center of the plate is:

o = wb 2

t 2

Roark. R~J. *'Formulas for
Stress and Strain".

Fourth Edition

Case 41 pg. 226

whetre.

b 18.5 inches
t =0.125 inches thick

w uniform load, psi

anid • = 0.3078. a function of the plate geometry.

Limiting the maximum outer plate bending stress to 1.5 times the

30.000 psi yield stress results in an allowable uniform load of:

w = 6.67 psi

Therefore, the impact limiter shell is capable of withstanding

simultaneous internal and external pressure fluctuations (1.5 psi

plus 3 psi) during normal conditions of transport.
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APPENDIX 2.10.3
IMPACT LIMITER TESTING

2.10.3 .1 INTRODUCTION

The performance of the TN-RAM impact limiters is determined

using a computer code ADOC. Accelerations Due to Drops On

Covers, which is described in detail in Appendix 2.10.2. A

number of tests have been performed on scale model impact

limiters that are similar to the TN-RAM design. The test

results indicate that the performance of the impact limiters is

acceptable and that there is good agreement with predicted

results. A comparison of the tested impact limiters and the

TN-RAM impact limiters is made in Section 2.10.3.2. The

detailed test descriptions and test results are discussed in

Sections 2.10.3.3 through 2.10.3.5. An evaluation of the test

results as related to the TN-RAM cask is made in Section

2 .10. 3. 6.

A series of static and dynamic tests have been performed on

one-third scale models of the TN.-BRP/REG impact limiters. The

tests were performed to evaluate the effects of the 30 foot

free drop hypothetical accident defined in 10 CFR 71.73(c)(l).

The objectives of the test program were to:

* Demonstrate that the inertia G values and forces

calculated using the ADOC computer code are conservative.

* Develop load-displacement curves resulting from the

* crushing of the impact limiters at various orientations.

* Demonstrate that the crush depths are acceptable, i.e.,

limiters do not bottom out and trunnions would not impact

the target.
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Assess contribution of dynamic effects to the overall
crush strength of the limiter.

Two 30 toot drop tests were performed to determine dynamico

effects. These tests were performed for the:

1) 900 end drop

2) 10° slapdown (shallow angle side drop)

The 90° end drop was selected to study dynamic effects because

it is the orientation for which dynamic buckling effects of the

impact limiter metal structure are expected to be greatest, and

it is an orientation for which significant decelerations are

expected. A static test was also performed for this

orientation for comparison. The 10 degree slapdown orientation

was selected because it is the orientation for which the

highest decelerations are expected for a near side drop

orientation.

Static crush tests were performed to establish load versus

displacement curves for the following orientations:

1) 900 end crush

2) 30° corner crush

3) 600 corner crush

4) 0° side crush

The 900 end crush test (1) was performed for the same

orientation as the end drop to permit comparison of the static

and dynamic tests.

The results of these tests have been scaled to show that the

TN-RAM Impact Limiters are acceptable.
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2.10.3.2 COMPARISON OF THE TN-RAI4 IMPACT LIMITER AND THE
TN-BRP/REG TEST MODEL LIMITER

The TN-BRP/REG one-third scale test model was fabricated in

accordance with TN drawing 3024-23-8. Rev. 1. The test article

consisted of a heavy carbon steel test body 60.0 inches long

and 30.08 inches in diameter and two redwood and balsa wood

filled impact limiters. The wood was confined by and encased

in a 0.09 inch thick carbon steel shell. The interior

structure of the impact limiter consists of sixteen .06 inch

thick gussets and a central ring having a 7.83 inch diameter.

Figure 2.10.3-1 shows the major dimensions and wood orientation

of the TN-BRP/REG test model and TN-RAM impact limiter. As

shown in the figure, the design of the test model limiter is

very similar to that of the TN-RAM impact limiter except for

size. Since the test limiter is not a true scale model of the

TN-RAM impact limiter, the scaling factor is slightly different

for each drop orientation. The scaling factors are discussed

in more detail in Section 2.10.3.6.

2.10.3.3 THIRTY FOOT DROP TESTING ON SCALE MODEL IMPACT

LIMITERS

2.10.3.3.1 END DROP

Test Summary and Objectives

A thirty foot end drop test was performed on a one-third scale

model of the TN-BRP/REG impact limiter at the Aerial Cable

Facility at Sandia National Laboratories. One purpose of the

test was to determine the most severe G loadings on the cask

during a 90 degree (end) drop. The data was used to

demonstrate that the analysis results performed using the

computer code. ADOC (accelerations Due to Drops On Covers) are

accurate and conservative. This section addresses only the

2.10.3-3
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FIGURE 2.10.3-I

WOOD ORIENTATION IN TEST MODEL AND TN-RAM IMPACT LIMITERS
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~8

2.10.3-4



1498C 14 BCRev. 1

test results pertaining to the crush properties of the impact
limiters. Additional data specific to the TN-BRP/REG cask

obtained from the tests such as stresses in the impact limiter

attachments does not pertain to the TN-RAM cask and is not

discussed in this SAR.

Good correlation between the test results and the ADOC analysis

were obtained, as will be described in this section. The

designs of the TN-RAM impact limiters and the TN-BRP/REG Model

Impact Limiters are very similar. The analysis methods used on

the TN-RAM cask and the TN-BRP/REG model are identical.

Therefore the analysis of the TN-RAM Cask for the thirty foot

end drop is shown to be accurate and conservative.

Model and Test Description

The model used for the 30 foot end drop test is discussed in

Section 2.10.3.2. The test set-up is shown in Figure

2.10.3-2. Accelerometers were mounted on the exterior of the

test body at 00. 90°. 1800 and 2700. at the approximate center

of gravity location and adjacent to each of the impact

limiters. The location of each of the accelerometers is shown

in Figure 2..10.3-3.

The impact surface was an essentially unyielding, horizontal

surface.

An inclinometer was placed on the cask body to measure the

angle of the test body longitudinal axis with respect to the

target surface. This angle was 90 ± 1 degrees. A steel tape

was used to measure the height of the lowest surface of the

package above the target. The height was 30 feet . 1.0

in./-O..0 in.

The test was photographed using high speed cameras (400 frames

per second and 2000 frames per second) and video cameras.

2.10.3-5
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FIGURE 2.1O.~3-2

TN-BRP/REG SCALE MODEL END DROP TEST SETUP

112 INCH
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MOCK-UP
LIMITER
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FIGURE 2.10.3-3

TN-BRP/REG SCALE MODEL END DROP ACCELEROMETER LOCATIONS
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Two accelerometers mounted on the test body provided data that

correlated with the photometric data and integrated to the

known velocity change during impact. Figure 2.10.3-4 shows the

acceleration vs. time trace for accelerometer A37ZR which has

been filtered at 750 hertz to eliminate ~most of the effects of

test body resonance ("ringing") at frequencies above 800-1000

Hz. The solid straight lines on the plot indicate a

conservative estimate of the rigid body acceleration of the

test model as a function of time. The rigid body curve ignores

the high frequency vibration which does not contribute

significantly to energy or body stress. The rigid body

deceleration has been conservatively approximated as an initial

triangular spike followed by a steady (flat) deceleration.

The apparent high initial deceleration spike may actually be

caused by measurement error due to inability of the

accelerometer to follow the short rise time of the deceleration

pulse. It is also possible that dynamic effects such as the
initiation of buckling of gussets and other structural steel

components may have resulted in an acceleration curve that

peaks initially and then decreases. For this SAR it is

conservatively assumed that the triangular spike is real and

that it is caused by dynamic buckling of the impact limiter

structure.

The rigid body deceleration curve determined from the measured

data is compared to the predicted results in Figure 2.10.3-5.

The dashed' lines are predicted (calculated) assuming 20% and

90% effectiveness of the unbacked up wood in the limiters.

These two bounding cases envelope the flat portion of the
measured curve. The initial spike in the test curveo

conservatively assumed to be caused by the steel structures.

2.10.3-8
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Wpeaks at 150G which is approximately 5%. greater than the
maximum predicted C value of 140G.

The test results 6how that the predicted deceleration values

are in good agreement with the measured values of the

TN-BRP/REG test model.

Note that, at drop angles slightly offset from vertical, any

possible gusset buckling effects will be greatly reduced since

the gussets will no longer be normal to the target and, at the

time of initial impact, only a single gusset is involved in

crushing.

The predicted crush depths for the bounding cases were 3.18 in.

and 4.5~ in. The former is based on average wood properties and

80% effectiveness of the unbacked up portion of the limiter.

The predicted crush values are very close to the measured value

~of approximately 3.25 inches. (Spring back of 0.25 to 0.50 in. j

of the limiter occurs making a precise crush measurement

impossible). Ais shown in Figure 2.10.3-5, the predicted shape

and duration of the impact deceleration pulse agrees well with

the measured data.

2,10.3-9
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FIGURE 2.10.3-4

ACCELERATION VS. TIldE TRACE
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FIGURE 2.10.3-5

PREDICTED VS. TEST ACCELERATION DATA ACCELEROMETER A37ZR
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* -Trris is a plot of acceleration versus time as calculated
by ADOC using average wood properties and assuming that
80% of the unbacked up portions of the limiter are

effective.

** This is a plot of acceleration versus time as calculated

by ADOC using average wood properties and assuming 20% of

the unbacked up portion of the limiter is effective.

r•OTE: The average wood properties are determined by tests on

wood samples taken from the wood used in the construction

of the model impact limiters.
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Even if the deceleration spike is real, the analysis approach
of using a bounding range of design parameters (average wood

strength was combined with both 20% and 80% effectiveness of

unbacked material in the model predictions) provides

decelerations and crush depths which compare well with the

measured values. This approach of performing bounding analyses

incorporating a wide range of assumed effectiveness of the

unbacked material ira the limiter was expanded even more ina the

TN-RAM analysis since both minimum and maximum wood crush

strengths were included. In addition the stress analysis was

performed at somewhat higher deceleration values ensuring

conservatism in the stress analysis.

2.10.3.3.2 SHALLOW ANGLE SIDE DROP

Test Summary and Objectives

A thirty foot shallow angle (100) side drop was then performed

on the one-third scale model of the TN-BRP/REG test body and

impact limiters. Excellent correlation between the test

results and ADOC analysis was obtained. Since the design and

analysis of the TN-RAM and TN-BRPIREG impact limiters are very

similar, the test results show that the analysis of the TN-RAM

impact limiter for the thirty foot slapdown is accurate.

Mdland Test De scriptio n

The model previously used for the 30 foot end drop described

above was used for this test. The front impact limiter

(primary contact end) had been crushed approximately 3.0 inches

on the inside during the end drop. The crushed dimensions of

this limiter are shown in Figure 2.10.3-6. The test set-up is

shown in Figure 2.10.3-7. The test body was aligned so that

its long axis formed a 10° + 1° ang'le with horizontal.

2.10.3-12
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FIGURE 2.10.3-6

CRUSHED DIMENSIONS OF FRONT IMPACT LIMITER AFTER TN-BRP/BEG

SCALE M4ODEL END DROP

.-5 1,.0.1
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FIGURE 2.10.3-7

TN-BRP/REG SCALE M4ODEL SLAPDOWN TEST SET-UP
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Accelerometers were mounted on the test body at the locations shown~
in Figure 2.10.3-8.

An inclinometer was placed on the cask body to measure the test body

orientation with respect to the target surface. A steel tape was

used to measure the height of the lowest surface of the test article

above the target. This height was 30 ft + 1.0 in/-O.O in.

The test was photographed using high speed cameras (400 frames per

second and 2000 frames per second) and video cameras.

Test Data and Results

The acceleration versus time traces at each of the axial

accelerometer locations are compared with the predicted traces in

Figures 2.10.3-9 through 2.10.3-12.

Six accelerometers were mounted approximately twenty inches from the

cask c.g., toward the primary impact end oriented perpendicular to

the axis of the test body. The maximum accelerations measured

during the primary impact by each instrument are given below:

Accelerometer I.D. Gins

AlIX 102

AIIXR 115

A13X 108

AIl3XR 112

AI7X 112

A17 XR 118

The acceleration vs. time trace for accelerometer AI7XR is

shown in Figure 2.10.3-9. The duration of impact was

approximately 18.5 msec. The predicted acceleration vs. time

2.10. 3-l5
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FIGURE 2.10.3-8

TN-BRP/REG SLAPDOWN TEST-ACCELEROMETER LOCATIONS

42
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n = ENDEVCO 7270-6K (3)
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trace at the same location calculated using the ADOC computer model
are also shown in Figure 2.10.3-9. Two predictions were made. The

first assumes that 20% of the unbacked wood is effective. The

second assumes that 80% of the unbacked area is effective. Figure

2.10.3-9 indicates that the ADOC model is conservative, predicting

14% to 21% higher G loads and a correspondingly shorter crush

duration.

Six accelerometers were mounted near the cask c.g. also oriented

perpendicular to the test model axis. The maximum accelerations

measured during the primary and secondary impacts are given below:

Accelerometer E.D. Priary mpact G1s Secondary Impact G's

A31X 49-

A31XR 46 64

A33X 60 75

A33XR 67 66

A37X 62 70

A37XR 64 63

The average peak deceleration at the c.g. during the primary

impact was 58 G's. The average peak deceleration at the c..g.

during the secondary impact was 68 Gas.

The acceleration vs. time trace for accelerometer A371R is

shown in Figure 2.10.3-10. The ADOC predictions for 20% and

80% effectiveness of the unbacked wood are also shown in Figure

2.10.3-10. Again ADOC predictions are conservative, predicting

10 to 30% higher G loads and a shorter crush duration.

One accelerometer was mounted about 11 inches axially from the

c.g. location toward the secondary impact end. The maximum

acceleration was 35 G's during the primary impact and 112 Gins

during the secondary impact. The test results and ADOC

predictions are shown in Figure 2.10.3-11.

2.1i0.3-21
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Five accelerometers were mounted approximately 21 inches
axially froni the center of gravity toward the secondary impact

end. The miaximumi accelerations measured during the primary and

secondary impacts by each accelerometer are given below:

Accelerometer I.D. Primary Impact G's Secondary ImPact G's

A51R 20 172

A53X 16 156

A53XR 14 148

A57X 10 125

A57XR 14 146

The average peak deceleration during the primary impact was 15

Gins. The average peak deceleration during the secondary impact

was 149 G's.

The acceleration vs. time trace for accelerometer A57X is

compared with the ADOC predictions in Figure 2.10.3-12. Note

that accelerometer A57X indicated the lowest G load of all

accelerometers mounted at that location. Acceleration vs. time

traces for the other accelerometers would be in closer

agreement with the ADOC predictions.

The accelerations measured during the 30 foot slapdown of the

TN-BRP/REG test model were less than the accelerations

predicted by ADOC. Therefore the ADOC predictions of peak

decelerations are conservative. Since the TN-RAM impact

limiters are very similar in design to the TN-BRP/REG test

model, the ADOC predictions of peak decelerations for the

TN-RAM cas4k will also be conservative.

2.10.3-22
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The crush depths predicted for the rear impact limiter
(secondary impact) were 4.01 in. to 4.32 in. for the two

bounding predictions (20% and 80% effectiveness of unbacked

wood). The measured value was 3.9 in. Again, some springback

has occurred. The predicted values agree with and are slightly

above the measured value.

2.10.3.4 STATIC TESTING

2.10.3.4.1 Test Model and Test Description

Four static crush tests of one-third scale TN-BRP/REG impact

limiters were performed at the National Bureau of Standards to

determine the load versus displacement curves for a range of

impact angles. The following tests were performed:

• Load applied radially into the side at 0° (Figure

2.10.3-13)

* Load applied into the corner at angles of 300 and 600

(Figure 2.10.3-14)

* Load applied perpendicular to the end at 900. (Figure ,

2.10.3-15)

The testing was performed using a large testing machine capable

of generating much more than the required load. The loading
surface was maintained perpendicular to the direction of

crushing 4nd the impact limiter support fixture was restrained

from shifting. The crushing rate was 0.5 inch/minute. Each

test was terminated when approximately 110% of the.required

energy was absorbed.

2.10.3-23
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2.10.3.4.2 Test Data and Test Results

The measured load versus displacement (force versus deflection)

curves for the model impact limiters are shown on Figures

2.10.3-16. 2.10.3-17. 2.10.3-18 and 2.10.3-19 for the 00 side°

30° corner, 60° corner and 9Q0 end static crush tests. The

results of these tests are summarized in Table 2.10.3-1 and

compared to predictions made using the ADOC computer program

model and methods described above.

Table 2.10.3-1 identifies the angular orientation of the impact

limiter (test body) axis relative to the test machine platen

(target) and the energy to be absorbed (based on test model

parameters). Note that 100% of the kinetic energy of the model

cask must be absorbed in only the 900 end test and the 600

corner test which is very nearly a c.g. over corner test. In

an actual 00 side impact. 50% of the total energy must be

absorbed by each of the two limiters. However, the impact

limiter that contacts the target during the secondary impact

(slap down) after a 100 oblique drop is oriented at about 00 as

it crushes, and it must absorb about 55% of the energy.

Therefore. the 0° test was continued to an energy level beyond

50% and the test/prediction comparison is shown for the 55%

slapdown energy. The energy absorbed by the impact limiter

that contacts first during a 300 corner impact is about 75% of

the total energy; therefore, the 300 test/prediction comparison

is made at that energy level.

The correl'ation between measured data and predictions is

excellent for the 0° and 900 tests. The wood blocks in the

limiter are well positioned by the metal structure at these

crush orientations, and the bounding ADOC analysis envelopes

the actual behavior quite well for the 900 end test and

predicts the 00 performance within a few percent. The

test/prediction correlation at 300 and 600 is good but not as

2.10.3-27
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exact. The upper bound predicted crush force for the required

energy is. however, conservative (high). The upper bound

predicted deflection is within 10% of the measured deflection

for the required energy at 300 and 20% at 60°. It should be

noted that the crush depths under dynamic conditions are

approximately 15% lower than the static tests. i.e. 900 and 00

orientations. Therefore, under dynamic conditions, the ADOC

predictions of crush depth are very close to or greater than

measured.

It can be concluded that the analysis method used to predict

the test results, which was also used in Appendix 2.10.2 for

the TN.-RAM analysis, produces conservative crush forces and

crush deformations that are accurate within I0-20% for static

conditions. For dynamic conditions, the maximum predicted peak

G's are equal to or greater than measured and predicted crush

depths are greater than measured.

The measured load versus displacement curves have been scaled

for the TN-RAM impact limiters. The scaling methods and

results are discussed in Section 2.10.3.6.

2.10.3.5 COMPARISON BETWEEN STATIC AN~D DYNAMIC TEST RESULTS

The one-third scale model limiter test program has provided

both static and dynamic data for two orientations. The static

results from the 900 end crush test can be directly compared to

the dynamic results from the end drop test since the motion is

unidirectional (no horizontal or rotational motion during

impact) and all of the kinetic energy is absorbed by one impact

limiter. The static results from the 0° side test can also be

compared with the dynamic results from the lO0'slapdown test.

but the complex motion during the dynamic test (primary impact

2.10.3-33
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followed by rotation followed by secondary impact) complicates
the comparison.

End Tests

The static and dynamic test results are numerically compared in

Table 2.10.3-2. The first two numerical columns compare the

static and dynamic results for the 90° end impact orientation.

Note that the energy absorbed by crushing of the end of the

limiter equals the weight of the model. 8.545 pounds.

multiplied by the drop height plus the crush distance. 30 feet
plus 3 inches, which equals 3.102 x 106 in lb. The peak

deceleration from the dynamic test (Figure 2.10.3-4) was 150

G. The peak impact force, assuming rigid body motion, was then
6

150 x 8.545 (model weight) or 1.28 x 10 pounds. The peak

measured crush force from the static test (Figure 2.10.3-19)
6

was 1.01 x 10 pounds. These values agree within 20%. The

peak deceleration that the maximum static crush force would
6

produce is 1.01 x 10 /8.545 or 118.2 G.

The impact limiter was permanently crushed about 3.0 inches

after the dynamic test. Some additional elastic deformation

existed at the end of the impact that returned when the impact

ended. This elastic deformation, or springback. is estimated

at about .25 inch based on observations from the static test as

the load was relaxed. The impact limiter deformation during

the static test when the required energy was absorbed was 3.85

in. This agrees reasonably well with the dynamic crush

deformatiQn and is somewhat higher as would be expected.
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TABLE 2.10.3-2
COMPARISON OF ONE-THIRD SCALE MODEL STATIC

AND DYNAMIC TEST RESULTS

90° END TEST
DYNAMIC STATIC

0° SIDE TEST
DYNAMIC STATIC

ABSORBED

ENERGY

(in Ib)

63.102 x 10 Same

(100% - Unidirectional Motion)

61.72 x 10 Same

(55% -Calculated by ADOC)

PEAK CG
DECELERATI ON

150 G
Measured (I)

6
1.28 x 10

Calculated (1)

118.2 C
Calculated (4)

1.01 x 106

Measured (3)

67.6 C

Measured (6)
71.2 C
Calculated (4)

PEAK IMPACT
FORCE (Ib)

6 6.578 x 10 .620 x 10

Calculated (1) Measured (3)

CRUSH
DISTANCE

I 3.0 in

Measured (2)

3.85 in
Measured (5)

I 3.9 in
Measured (2)

4.75 in

Measured (5)
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Notes from Table 2.10.3-2

M.easurements:

1. Conservatively high value from accelerometer measurement.

2. post test measurement: springback not accounted for.

3. Measured load; maximum to reach required energy.

4. Measured load; averaged over required energy.

5. Measured deflection at required energy.

6. Average of peak accelerations from E5 accelerometers at CG.

Calculated Values:

1. Model weight multiplied by CG acceleration (in G's)
2. Required energy divided by crush distance; conservatively high

since crush distance does not include springback.

3. Force calculated in (2) divided by model weight; conservatively

high since force is conservatively high.

4. Maximum measured load in (3) divided by model weight.

5. Measured load averaged in (4) divided by model weight.
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Side Tests

The last two numerical columns in Table 2.10.3-2 compare the

results for the 0° side impact orientation. The dynamic

results listed were obtained from the data recorded during the

secondary impact after the 10 degree slapdown test. The

crushing of the second limiter during that test was at

approximately the 00 side orientation. The data from that

secondary impact is compared with the static data for an

absorbed energy equal to 55% of the total kinetic energy

(rather than 50% that would be absorbed in a true side drop).

The dynamic data shows that the secondary impact was more

severe than the primary impact. The 55% energy figure was

determined from the previously described ADOC dynamic

analysis. This is confirmed by examining the amount of wood

crushed on each limiter.

During the secondary impact, the peak CG deceleration (average

of 5 accelerometers) measured was 67.6 G's. The peak impact
force can be determined as 67.6 x 8.545 or .578 x 106

pounds. This calculation is valid since the vertical forces on

the test model at any time equals the mass times the vertical

CG acceleration (F=MA). Simultaneous rotational acceleration

is also occurring (since T - la). but this information is not

needed for the tabulated comparison. The crush force from the

static test (Figure 2.10.3-16) for the required energy is .620
6

x 10 pounds. The corresponding CG acceleration would be

72.1 G's. The static and dynamic values agree within about 5%.
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e The permanent crush depth after the dynamic test (rear limiter)

was 3.9 inch not including the elastic springback. The total

would be about 4.15 inch assuming .25 inch 6pringback. The

corresponding measured deflection from the Figure 2.10.4-19

load versus displacement curve is 4.75 inches. The crush

deformations therefore agree within about 15%.

Conclusions from Static/Dynamic Test Comparison

It has been concluded from these studies that :

• The static and dynamic test results compare reasonably

well.

* The dynamic loads and forces are higher than the static

values, but the difference is less than about 20%.

* The dynamic crush deformations are less than the static

deflections. This is in part due to the fact that 100%

of the available energy does not go into crushing the

limiters.

It is not always possible to make precise comparisons between

different types of tests for a variety of reasons. For

example,

* The rigid body deceleration during the end drop test was

masked somewhat by the test body resonance. The 150 G
value used in the comparison is conservative.

* The permanent crush depth of an impact limiter after a

dynamic test does not directly include elastic springback.
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2.10.3.6 COMPARISON BETWEN TN-RAM IMPACT LIMITER PREDICTED
PERFORMANCE AND SCALED TEST RESULTS

The TN-RAM impact limiters are similar to the TN-BRP/REG impact

limiters. Therefore the results from the static and dynamic test
on the TN-BRPlREG test models can be scaled to predict TN-RAM

impact limiter performance.

This scaled performance is presented herein and is also compared

to the TN-RAM impact limiter performance predicted by the ADOC

computer analysis.

The load versus displacement curve measured during the end crush

test of the TN-BRP/REG Scale Model is shown in Figure 2.10.3-19.

The force vs. displacement curve can be scaled to the RAM

dimensions by scaling the product of the crush area multiplied by

the crush strength. The idealized crush strength of the test

model (neglecting the contribution of the steel shell) with 20%

effectiveness in the unbacked wood, is equal to the footprint

area multiplied by the wood crush strength:

F =(T (15.17)2 + .2ir (20.342-15.17 )] (825)

= 691.616 lbs.

For 80% unbacked wood effectiveness:

F = [IT (15.17)2 (825) . .arr (20.342-15.172)J (825)

S977,109 lbs.

For the TN-RAM Cask, with 20% unbacked wood effectiveness, the

crush force is:

2.10.3-39
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F [iT (26)2 (1785) + .2w (45.882-262)) (360)
-4,114,061 lbs.

For the TN-RAM cask with 80% unbacked wood effectiveness, the

idealized crush force is:

F - [ir (26)2 (1785) + .8'n (45.882-262)J (360)

F - 5,083.740 lbs.

The force scale factor for 20% effectiveness of the unbacked

wood is 4,114.061/691.616 or 5.95. The force scale factor for

80% effectiveness of the unbacked wood is 5.083,740/977.109 or

5.20. The average force scale factor is 5.58. The deformation

scales by the depth of the crush material which is

approximately equal to the square root of the force factor.
The deformation scale factor used for the end drop i •5P

2.36.

The data taken from the end crush tests of the TN-BRP/REG model

(Figure 2,10.3-19) scaled to the TN-RAM dimensions is shown in

Figure 2.10.3-20. The force-displacement curves generated by

the computer code ADOC are also shown in Figure 2.10.3-20. As

shown in the figure. ADOC predictions of the maximum force

during the drop (based on maximum wood properties) are 15-20%

higher than the scaled test data. This is conservative. The

maximum predicted displacement during the drop (using minimum

wood properties) is slightly larger than the scaled test data.

This is also conservative.

The load vs. displacement curve measured during the side crush

test of the TNq-BRP/REG test limiter is shown in Figure

2.10.3-16. The force vs. displacement curve can be scaled to

the TN-RAM dimensions by scaling the crush footprint area times

the crush strength.
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Figure 2.10.3-20

FORCE-DISPLACEMENT CURVES FOR TUE TN-RAM IMPACT LIMITERS

DURING A 90• END DROP
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The scaling method is described below:

For a given displacement. 6 (Reference Figure 2.10.3-21). the

crush angle 9 is:

-l
B - 2 cos (R-6)

Similarly~for a given crush angle, the displacement is

6 R (1 - cos e/2)

where R is the outer radius of the impact limiter. The

footprint width is

W = 2R sin (6/2)

The area of the foot print is

S= WL

where L is the effective length of the impact limiter. The

crush force is:

F - oWL =2RoL sin (9/2)

where o is the crush strength of the wood.
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Figur~e 2.10.3-21

SIDE CRUSH GEOMETRY

2.10.3-43



1498C 3 49 BC Iev.

Setting the crush angles of the test model and the TN-RAM equal.

6'N
6 R

-- t

and

FR RRR LR

Ft •T Rt t

where the subscript R refers to the TN-RAM and the subscript t

refers to the test model.

Figure 2.10.3-22 shows the scaled test data for the side crush

test. The force vs. displacement curves generated by the
computer code ADOC are also shown. As shown in the figure. the
predicted force-deflection curves completely bound the scaled

test force deflection curve. Trherefore. the maximum predicted
force during the drop (based on maximum wood properties) and

the maximum predicted displacement (based on minimum wood

properties) are conservatively high.
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It is concluded from the above that:

1) The predicted performance of the TN-RAM impact limiter

using the TN-BRP/REG test data agrees well with the

predicted performance using ADOC.

2) The maximum forces and displacements predicted by ADOC

are higher than those predicted using the TN-BRP/REG test

data.

3) The G levels and forces used to evaluate the TN-RAM

package for the 30 ft. hypothetical drop conditions are

conservative and higher than those which would actually

OCCUr.
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APPENDIX 2.10.4
T3UCKLING ANALYSIS OF INNER CONTAINMENT CYLINDER

The TN-RAM containment boundary is defined as the cask body

inner shell (both cylinder and head), the closure flange and

the lid outer plate. The subject of this analysis is the

cylindrical portion of the inner shell. The length of this

cylinder is 105.06 in., the inside diameter is 35.00 in. and
the thickness is .75 in. The cylinder is welded to and [

supported by the closure flange at the lid end and to the inner I

head at its closed end. The cylindrical region around the

inner containment cylinder within the outer shell is filled

with lead.

The inner containment cylinder is subjected to various loadings

during fabrication and operation. The stresses in the cylinder

have been conservatively evaluated and are shown to be

acceptable in Sections 2.6 and 2.7 of this SAW. The purpose of
this section is to show that the compressive stresses that may 1

occur in the cylinder meet the selected buckling criteria.

2.10.4.1 LoadinQs

The inner containment cylinder is subjected to various loads

during cask fabrication and operation. The first significant
lo'ading during the fabrication process is an external

pressurization of the cylinder produced by the hydrostatic head

2.10.4-1



C-1505 RvRev. 3

of molten lead created during the pouring process. The column
of molten lead is less than 120 in. long. This head causes a

3
hydrostatic loading of 120 in. x .410 lb/in or 49.2 psi on

the cylinder. The hoop stress in the cylinder is p x lo/t or

-49.2 x 18.25/.75 which equals -1197 psi. It will be shownI

below that this stress is well below any cylinder buckling

limit.

The next significant loading on the cylinder occurs during

cooldown to room temperature after freezing of the molten

lead. The assembly of concentric steel-lead-steel cylinders is

stress free and void free at the lead freezing temperature
(620°F). This state occurs since the frozen lead has little

strength at this temperature and molten lead is added

continuously to fill voids that occur as the lead freezes.

When the composite steel-lead--steel assembly begins to cool the

lead shrinks radially against the inner steel cylinder (but

away from the outer cylinder). This occurs since the thermal

contraction of the lead is higher than that of the steel

cylinders.

This differential contraction induced loading is minimized by

cooling very slowly to permit time for the lead to creep so

that residual fabrication stresses relax. The cooldown rate is

limited by procedure so that the total time for cooldown is

approximately one week. The analysis of this condition is

provided below.

2.10.4-2
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During Normal Conditions of Transport and Hypothetical Accident
Conditions, the inner cylinder is subjected to additional

loadings. When the temperature changes, thermal stresses occur

primarily due to these same differential expansion effects

between lead and steel rather than due to temperature

differences in the cask body. As described above and in
Appendix 2.10.1 the magnitudes of these stresses have been

conservatively determined and evaluated in Sections 2.6 and 2.7 1

and are shown to be acceptable. However, temperature changes

in the insulated cask body require appreciable time allowing

lead creep and relaxation effects to occur. The analysis below

includes these inelastic effects for the strain controlled

differential expansion induced loadings.

Additional loadings applied to the cylinder during Normal

Transport Conditions and Hypothetical Accident Conditions

include those due to pressure differences applied to the cask

wall and inertial loadings from the cargo or contents and the

lead shielding. The analysis below conservatively uses as

input the combined membrane stress components from Sections 2.6

and 2.7. These stresses include those caused by lead motionD

relative to the steel shells during end impact.

2.10.4.2 Analysis

a) Fabrication

The inner containment cylinder is subjected to a relatively

mild hoop compressive stress during the lead pouting operation

due to the hydrostatic head in the liquid lead of 49.2 psi.

The hoop stress in the cylinder at that time is -1197 psi. I
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During cooldown from the lead freezing temperature of 620°F to
room temperature the lead shrinks radially more than the inner

containment cylinder. The differential expansion is equal to:

ARLea_ el=R Aa AT

AR (18.25 in)(17.6B-9.53)10-'cFl(620-VO)°F ,

AR • .0838 in.

Therefore the lead cylinder, if it were free, would shrink

.0838 in. more radially than the inner containment cylinder. "
if all of this differential contraction is accomodated in the

lead, the lead strain equals:

C lea AR =.0838 in. =.00459 in/in. I

-R 18S in.

This is .459% strain in the lead, If the lead remained a

linear elastic material, the residual stress in the lead would

be equal to:

Olea = lead l £ead

6
= (2xKO psi) (.00459) 9180 psi

If the lead cylinder remained elastic at this stress level,

significant loads with corresponding high stresses and strains

would be applied to the inner containment cylinder. However.

2.10.4-4
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the lead is actually quite soft, and the stress level in the
lead remains low because of its inelastic behavior. Figure

2.10.4-1 shows typical short time low strain rate lead stress !

vs strain curves for various temperatures obtained by *Tietz. I

Note that the lead stress corresponding to .46% strain is on

the order of 450 psi for essentially pure lead, even for very

rapid straining (curve A strain rate produces .46% strain in

about 6 seconds).

Additional insight to the possible magnitude of lead stresses

for slow loading rates can be obtained from the stress

relaxation and creep data (also by *Tietz) in Figures 2.10.4-2

and 3. From Figure 2.10.4-2 it can be seen that .5% strain

rapidly applied at IO0 0 F produces a stress of about 500 psi

which relaxes to 300 psi in 100 hrS.o 290 psi in 168 hrs. (1

week), and continues to relax with time. Also note that Figure

2.10.4-3 indicates that a constant stress of 280 psi in the

lead would produce a strain of .5% in about 200 hrs. at IO0°F.

These data indicate that the lead stress will not exceed about 1

300 psi if the cooldown is accomplished slowly (about 1 week). !

The interface pressure between the lead cylinder and inner

containment cylinder required to exert an average hoop stress

in the lead of 300 psi can be readily determined:

Pinterface C X1a t le,

R~interf ace

3 00 psi x 5.88 in 96.7 psi 3i

18.25 in.

*T.E. Tietz, "Mechanical Properties of a High Purity Lead

and a 0.058 Percent Copper-Lead Alloy ... ". Presented at the

Sixty Second Annual Meeting of the Society, 3une 1959, ASTM

59. 1052.
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The hoop stress in the inner containment cylinder is then:

°0inner cyl - Pinterface x Rinterface

cyl

= z=96.7pi X18..25 inf -2352 psi 13

.75 in.

If the cooldown occurred quite rapidly, a conservative upper

bound stress in the lead would be 500 psi based on the lead

data described above. At this value of lead stress the inner
containment cylinder hoop stress could reach -2352 x 500/300 or •

-3920 psi. If this sudden cooldown occurred, the cylinder

stress would decrease as the lead stress relaxed, dropping
below -2350 psi in about a week and becoming negligable with

increasing time. Internal fixtures will be installed in the

cylinder during the lead pour and cooldown period to ensure

that buckling will not occur if the cooldown is more rapid than

planned.

b) N~ormal Conditions of Transport

As described above, the annulus between the inner containment

cylinder and outer shell is filled with lead that has frozen in

the annulus. completely filling it at a temperature of about

620°F. The lead contracts more than the volume of the annulus
decreases during cooldown after the lead pour. Finally, lead

creep occurs with time under stress so that the lead cylinder

exerts only negligable residual loading on the inner

containment cylinder in the "as fabricated" condition.

2. 10. 4-9
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When the cask body assembly temperature increases to the
160-170°F range expected during the hot environment condition.

the lead cylinder expands away from the inner containment

cylinder, but its volume increase will not fill the annulus

between the shells. Therefore differential expansion induced

loadings of the inner cylinder only occur for cases where the

temperature is below room temperature.

0

If the cask body assembly is subjected to the -40 F cold

environment, the lead cylinder will shrink radially more than

the inner containment cylinder. The differential expansion is

equal to:

RLead-Steel iR uT

AR = (1B.2S in) (15.55-8.55) x O - l FI(04)F[

-. 0141 in.

Therefore the lead cylinder, if it were free, would shrink

.0141 in. more radially than the inner containment cylinder.

if the differential contraction is accomodated in the lead, the

lead strain would equal:

€lead = AR .0141 in = .00077 in/in 13

R 18.25 in.

This is a strain of .077%. If the lead remained a linear

elastic material the residual stress in the lead would be on
the order of (2x1O6) (.00077) or 1540 psi, and the hoop

stress in the inner containment cylinder would be approximately

-6.000 psi. Figure 2.10.4-1 shows that the lead stress will 3

not exceed 300 psi at a strain level of .077%. even if the!

strain is rapidly applied.

2.10.4-10
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Figure 2.10.4-4 shows the lead temperature as a function of
time during the cooldown of the insulated cask body when

subjected to the -40FY Cold Environment. Note that it takes

more than 40 hrs. for the temperature to drop as low as -20 0 F.

Extrapolating slightly from the creep and relaxation data in

Figures 2.10.4-2 and 2.10.4-3. the lead cannot have a stress

above about 200 psi for 40 hrs. at a strain of .077%.
Therefore the actual hoop stress in the inner containment
cylinder due to differential contraction (thermal stress)I

during the first cooldown will not exceed -2352 x 200/300 or

-1568 psi, and even this stress will relax with time.

The load controlled hoop and meridional compressive membrane

stresses in the inner containment cylinder are obtained from

the combined load tables of Chapter 2, Section 2.6 for

locations 5. through 9. The maximum hoop compressive stress in

the inner containment cylinder under normal conditions is -2002

psi, This stress occurs at location 5. and is due to transport

shock loading under hot conditions (Table 2.6-5). The maximum

meridional membrane stress in the inner containment cylinder is

-3,032 psi. This stress occurs at location 7 during the 1 ft

side drop under cold conditions (Table 2.6-12).

2. 10.4-11
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* c) Hypothetical Accident Conditions

Again, as described under Normal Conditions of Transport, the

differential expansion induced stress (thermal stress) in the

inner containment cylinder is small and, since the lead creeps

during the slow cooldowno this stress decays away with time.
The hoop and meridional compressive stresses in the inner

containment cylinder during the hypothetical accident cases are

obtained from the combined load tables of Chapter 2. Section

2.7. The maximum hoop compressive stress in the inner

containment cylinder is -17,506 psi, which occurs at location 9

during the 30 foot bottom end drop under hot conditions (Table

2.7-1). The maximum compressive meridional stress is -23.561

psi which occurs at location 5 during the 30 foot corner drop

under cold conditions (Table 2.7-11).

Evaluation of Results

e The above compressive stresses in the inner containment

cylinder are acceptable based on the criteria presented in the

ASME B&PV Code Case N-284 titled "Metal Containment Shell

Buckling Design Methods." The evaluation is presented below:

a) Factors of Safety. Paraaraph 1400:

A Factor of Safety of 2.0 is used for Fabrication and

Normal Conditions of Transport. A Factor of Safety of

1.34 is used for Hypothetical Accident Conditions.

2.10.4-13



C-1505 RvRev. 3

b) Capacity Reduction Factors. aragraph 1511(a) and (b:
R/t 17.5 in/.75 in. -23.33

Using Figures 1511-1 and 1511-2. a0* 0.8

and ai - 0.32

It should be noted that these parameters are insensitive

to the geometry and they will not increase with changes in

R, t and L that are within a factor of 2.

c) Plasticity Reduction Factors. Paragraph -1600:

The highest individual values of hoop compression.

08 during Fabrication. Normal Conditions of
Transport and Hypothetical Accident Conditions listed above
are 2352 psi, 2002 psi, and 17506 psi. respectively. The Li
corresponding values of a• x FS/ay for these

stresses (with PS =2 and 1.34; a , 30000 psi) are
.157, o134 and .782. The plasticity reduction factors ink

the hoop direction. ¶iO" are therefore always equal to

1.0 (Figure 1610-1).

The highest individual values of axial compression.

o.during Normal Conditions of Transport and

Hypothetical Accident Conditions are 3032 psi and 23,561

psi. The corresponding values of oa x PS/ay are

.202 and 1.052. The applicable plasticity reduction

factors in the axial direction are then 1.0 for the normal

case and *0.177 for the accident case.

* The value of •i for the accident case cannot be obtained

from N-284 since we are slightly off of the scale of

Figure 1610-1. The formula on page 266 of Baker.

"Structural Analysis of Sheils", Krieger Publishing Co.,

1981 results in 0.177 using values of Et and Es based

on Figure 2.10.1-Ic of this BAR.

2.10.4-14
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d) Amplified Stress Coroponents (Elastic and Plastic):
Next, the amplified stress components are calculated. The

elastic amplified stresses are determined as:

ois - i xF/i

Then the plastic amplified stresses are determined:

°ipi

The results of these computations using the highest

individual stress components are provided in Table 2.10.4-i.

e) Theoretical Buckling Values. Paragraph 1712:

In order to complete the analysis, it is necessary to
determine a. and 0 Ol(both rland

0 hel). C¢ is 0.605 since Me is 28.98. C0 r

and Ch both equal .032 from Figure 1712.1.1-1. Then

Oae =C Et/R ando~e = C Et/R.

Substituting numbers in these formulas:

04eL O 0605 x 28.3xi0 /23.33 733,779 psi

0 0ee 0 re1 0 he1 mt0.032 x 28.3 X 10 /23.33 3

38,811 psi
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Table 2.10o4-1

INNER CONTAINMENT CYLINDER AMPLIFIED STRESS COMPONENTS

Stress Component

Hoop (0) Meridional (4)

(psi) (psi)

Fabrication

(aSL0.8 a•=0i.32. FS=2.0)
Calculated Stress (oe. o ) 2,352--

Amplified Stress (Elastic) 5.880--

Plasticity Reduction Factor 1.0 -

Amplified Stress (Plastic) 5,880--

Normal Conditions of Transport

(ias above. FS =2.0)

Calculated Stress (oe, 0 ) 2.002 3.032

Amplified Stress (Elastic) 5,005 18.950

Plasticity Reduction Factor 1.0 1.0 3
Amplified Stress (Plastic) 5.005 18,950

Hypothetical Accident Conditions

(ias above, PS = 1.34)

Calculated Stress (a8 * ) 17.506 23,561

Amplified Stress (Elastic) 29.323 98.662

Plasticity Reduction Factor 1.0 0.177

Amplified Stress (Plastic) 29,323 557.412

Limits on Above Amplified Stress 38.811 733,779

2.10.4-16
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These theoretical buckling stresses are well above both the j3
plastic and elastic amplified stress components in Table

2.10.4-1. Therefore. the individual stress components meet

the limits of Code Case N-284.

f) interaction Eciuations. Paragraph 1713:

Code Case N-284. paragraph 1713.2. states that it is

conservative to ignore interaction of the meridional and

hoop compression when buckling is inelastic. Therefore the

elastic interaction equation 1713.1.1(b) is used (04s

S0.Scis):

-~~ ~ 0.0e •e 1.0

*~eL- 0. heL \O8heL)

The amplified elastic stresses in Table 2.10.4-1 are maxima

and do not occur at the same location. It is conservative

to evaluate the interaction of these maxima since all other

combinations will have a lower interaction total.

Eabr icat ion:

0 " (388•l~• .0023 ' 1.0 I
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Normal Conditions of Transport:

18950 - 0.5 (38811) * •5O05•2 0.017 • 1.0
733.779 - 0.5 (38811) '38811)

Hypothetical Accident Conditions:

...98662 - 0.5(38811) + (233 0.682 • 1.0
733.779 - 0.5(38811) •38811)

Conclusions

Therefore the compressive stresses in the inner containment cylinder

during fabrication and operation are acceptable based on the

buckling requirements of Code Case N-284.

2.1I0.4-18
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APPENDIX 2.10,5
D~RA1N LINE EVALUATION

2.l0.5.1 INTRODUCTION

This appendix presents the structural analysis of the drain

line under Normal Conditions of Transport and Hypothetical

Accident Cornditions. The Grain line is part of the containment

system and is designed to meet the allowable stresses presented

in Table 2.1-2. The drain pipe as shown in Figure 2.l0.5-1 has

been evaluated for the following cases:

1. Hot Environment (100PFo 30 psig internal pressure. 1 g

downward)

2. Cold Environment (-4O0F and -20°F, 14.7 psig external

pressure. i g downward)

3. 1 Foot End Diop

4. 1 Foot Side Drop

S. Thermal Accident (t-.56 hrs)

6. Thermal Accident (t-.83 hrs)

7. 30 Foot End Drop on Lid

8. 30 Foot Bottom End Drop

9. 30 Foot Side Drop

10. 30 Foot Corner Drop

The following types of loads were analyzed:

1. Loads due to relative displacement of the pipe ends.

2. Load; due to weight and acceleration of the drain pipe.

These loads are distributed uniformly along the pipe

length.

3. Stresses due to thermal expansion of the pipe relative to

its restrained ends during normal conditions and the

thermal accident.

4. Stresses due to internal pressure within the pipe.

5. Shear stresses in the pipe.
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.75"•CH 80 P/PEg

1. 3.15 ".IOYC•R/. 6T/,/1- OP P/PE = 9.8. ,"

FIGURE 2.10.5-1 DRAIN PIPE

2.10. 5-2
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The individual loads are evaluated separately in Sections
2.10.5.2 through 2.10.5.6. They are combined and summarized in

Section 2.10.5.7. All stresses, even those due to differential

expansion, are conservatively treated as primary stresses. It

is shown in Section 2.10.5.7 that the combined stresses do not

exceed primary membrane and primary membrane plus bending

stress limits.

2.10.5.2 LOADS DUE TO RELATIVE DISPLACEMENT OF PIPE ENDS

During certain normal and accident cases, the outer end of the

drain pipe (connected to the outer shell) will move relative to

the inner end (connected to the bottom plate of the inner

containment). The displacements of the drain pipe ends are

taken from the structural analysis of the cask body. That

analysis is presented in Appendix 2.10.1. The displacements of. the. nodes on the inner containment and outer shell at the

connections to the drain pipe are summarized in Table 2.10.5-1.

A simplified conservative approach is used in determining the

stresses in the drain pipe. Relative radial motion of the pipe

is assumed to be accomodated entirely by bending of the shorter

leg of the pipe and relative longitudinal motion by bending of

the longer leg of pipe. The maximum bending stress due to the
radial deflection (Ax) occurs at the connection of the 13.75 I

inch pipe to the inner container. The bending stress is
calculated by assuming that the 13.75 inch long section of pipe [

is fixed at one end and deflected AX at the free end. The

pipe leg is treated as a cantilever. The end force required to

deflect the pipe is

F = 3EI~x
L3

E is the modulus of elasticity of the pipe. The value of E is

25.8x10 psi for the thermal accident and 28.3x10 psi for

all other cases. I is the moment of inertia. which is .04479
.4

in , and L is 13.75 inches. The maximum bending stress is

2.10.5-3
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TABLE 2.10.5-I*
DRAIN PIPE DISPLACEMENTS

IJOADING DISPLACEMENT DISPLACEMENT

OF OUTSIDE OF INSIDE

PIPE END (IN) PIPE END (IN)

&x •y Ax •

HOT ENVIRONMENT .0262 .1I00 .0075 .1145

-40° COLD ENVIRONMENT - .0220 - .1061 - .0112 -. 1003

-20°F COLD ENVIRONMENT - .01BO - .0868 -. 0092 - .0820

1 G dlown NIL NIL NIL NIL

1 FT END DROP .0025 .0411 .0012 .0102

1 FT SIDE DROP - .0034 -. 0002 .0001 .0018

30 PSIG -. 0000 .0021 -. 0000 .0033

14.7 psig Ext. -. 0000 - .0010 .0000 -. 0016

THERMAL ACC (t= .56 hrs) .0333 .5102 .0074 .2991

THERMAL ACC (tw.83 hirs) .0366 .4671 .0067 .3103

30 FT. LID END DROP .0021 -. 1731 .0005 -. 1817

30 FT. BOTTOM END DROP .0069 .1141 .0033 .0283

30 FT. SIDE DROP - .0123 -. 0006 -. 0032 .0060

30 FT. CORNER DROP .0015 -. 0647 .0003 -. 0707

* The above displacements are obtained directly from the

various computer runs. The displacements shown are relative

to the fixed boundary points of the cask body. Ax is

radial and Ay is longitudinal.

2.10.5-4
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equal to:

ob = FLR = 3ERtix
I L

The stress due to the relative displacement in the longitudinal

(Ay) direction is calculated similarly. However, the bending

stress is now assumed to occur in the 19.25 inch length of

pipe. The maximum stress occurs at the connection to the

fitting in the outer shell.

A summary of the bending stresses due to the relative pipe end

displacements is given in Table 2.10.5-2. The magnitude of

these stresses (which can be treated as secondary stresses) is

generally small.

2.10.5.3 LOADS DUE TO WEIGHT AND DECELERATION OF DRAIN PIPE

The stress calculation due to the inertial loading caused by

deceleration during the various drop cases is presented below.

The inertial loads cause additional bending stresses in the

drain pipe. These bending stresses are maximum at the fixed

ends of the pipe. The drain pipe is modeled as two separate
uniformly loaded cantilevers (one 13.75 inches long and one

19.25 inches long). During the side drop, the load causes

tension in one length of pipe and bending in the other. The

tensile member restrains the cantilevered end of the bending

member. The tensile stresses are quite low. Each straight

length of pipe is analyzed separately and is always assumed to

be cantilevered when determining the stress at the fixed end,

conservatively neglecting the free end support contribution by

the other member.

2.10.5-5
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TABLE 2.10.5-2

BENDING STRESSES DUE TO RELATIVE DISPLACEMENT OF PIPE ENDS

MAX B]

LOADING OUTE]
HOT ENVIRONMENT

COLD ENVIRONMENT

1 FOOT END DROP

1 FOOT SIDE DROP

THERMAL ACCIDENT (t=.56 hrs)*

THERMAL ACCIDENT (t=.83 hrs)*

30 FT LID END DROP

30 FT BOTTOM END DROP

30 FT SIDE DROP

30 FT CORNER DROP

ENDING
R END

493

STRESS
(Psi.)

MAX BENDING STRESS
INNER END (psi)

3355

1937

3588

2727

442

2142

655

731

6809

459

510

3642
4001

1722

3570

5

*For stresses due to relative displacement of the pipe ends
combined with thermal expansion of the pipe itself during the

thermal accident, see Section 2.10.5.4.

2. 10. 5-6
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The maximum stresses due to G loading for the various cases is
summarized in Table 2.10.5-3.

2.10.5.4 STRESSES DUE TO THERMAL EXPANSION OF THE PIPE

The drain pipe length increases due to thermal expansion during

the hypothetical thermal accident. The temperature of the

drain pipe increases by approximately 400°F. If not

restrained, the shorter length of pipe would increase by:

AL =LcxT =(13.75) (9.19x10- 6 ) (400) = .0505 in. 1

The longer length of pipe would increase by

AL =(19,25)(9.19xi0- 6 ) (400) =.0708 in.

These elongations are higher than the relative radial thermal
* displacement of the outer end of the pipe with respect to the inner

end. The bending stress at the fixed inner end of the short pipe

due to elongation of the longer length of pipe is calculated

assuming that the short pipe bends to accomodate the excess

expansion of the long pipe:

Ob=3ERAx

6=3(25.8xI0 )( .371)( .0708-.0259)(1.521

=6820 psi

The bending stress at the outer end of the long pipe due to

elongation of the shorter length of pipe is calculated similarly:

•b=3(25.8xi06)(.371)(.0505_-(.0259)(13.75/19.25E(1.5)l

S= 2480 psi C

2 . i0.5-7
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TABLE 2.10.5-3

STRESSES DUE TO G LOADING

MAX BENDING STRESS
OUTER END (psi)

MAX BENDING STRESS
INNER END (psi)LOADING

1 G

1 FT END DROP

1 FT SIDE DROP

30 FT LID END DROP

30 FT BOTTOM END DROP

30 FT SIDE DROP

30 FT CORNER DROP

103. 6

3108.0

3729.6

8702 .4

8702.4

13260.8

7148.4

325

9755

11705

273 13

27313

41620

22435

5
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The maximum temperature in the lead during normal conditions is

1630 F. If not restrained, the drain pipe would increase in length

by

AL = L cxT
--6where a = 8.55 x 10 in/in/oF

L = 29.81 in 15

AT = 163 - 70 = 93 0 F
AL =.0237 in V5

This is approximately equal to the relative radial displacement of

the outer end with respect to the inner end. Therefore this would

reduce the stresses due to relative radial displacement for the Hot

Environment condition as given in Table 2.10.5-1. However, this

effect on reducing stresses is conservatively ignored. similarly.

contraction of the pipe for Cold Environment conditions reduces the

relative radial displacements between the ends of the drain pipe.

2.10.5.5 STRESSES DUE TO INTERNAL PRESSURE WITHIN THE PIPE

The hoop stress due to internal pressure in the pipe is

Oh= p~r = (30 psi) (.371) = 72.3 psi
t .154

The longitudinal stress due to internal pressure is

dL =P r =36.1 psi
2t

During the thermal accident the pressure increases to 41.2 psi.

Therefore the radial stress due to internal pressure is

ci= 99.3 psi
h

The longitudinal stress due to internal pressure is

ci= 49.6 psi
L

2.10.5-9
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2.10.5.6 SHEAR LOADS ON PIPE

The maximum shear load on the pipe is

t= Lwwi
2A

Rev. 5

where L is the total length of pipe, 29.81 in.
w is the wt/inch of pipe, .1288 lbs/in

g is the number of g's acceleration

A is the cross sectional area of the pipe. .433 in2

For a 1 g load
-t= 4.4 psi

For the 1 ft end drop

S=133 psi

For the 1 ft side drop

S= 161 psi

For the 30 ft end drops

-r = 373 psi

For the 30 ft side drop

$

For the 30

t= 473 psi
ft corner drop

S=359 psi

2. 10. 5-10



1502C 1502CRev. 5

2.10.5.7 LOAD COMBINATIONS

The maximum combined stresses are conservatively calculated assuming

that all stresses are acting at the same point in the same

direction. The combined stresses are given in Table 2.10.5-4. The

maximum primary membrane stress for Normal or Hypothetical Accident
Conditions is 949 psi which is much less than the allowable of Sm1

of 20,000 psi. The maximum primary membrane plus bending stress for
Normal Conditions of Transport is 14,762 psi which is less than the 1

allowable stress of 1.5 Sm or 30,000 psi. The maximum primary

membrane plus bending stress for Hypothetical Accident Conditions is
44,291 psi which is less than the allowable stress of 3.6 S or 15
72.000 psi. Therefore the drain pipe stresses meet the requirements

of Regulatory Guide 7.6.

2.1I0. 5-11
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Table 2.10.5-4

COMBINED STRESSES IN DRAIN PIPE

MAX MEMBRANE MAX BENDING STRESS

STRESS OUTER END INNER END

LOAD CASE (psi) (psi)

HOT ENVIRONMENT 73 597 3680

COLD ENVIRONMENT 73 546 2262
1FT END DROP 276 5250 13343 1

1 FT SIDE DROP 330 4385 14432

THERMAL ACCIDENT (t=. 56 hrs) 100 2584 7145

THERMAL ACCIDENT Ct=.83 hrs) 100 2584 7145

30 FT LID END DROP 749 9433 30955

30 FT BOTTOM END DROP 749 15511 31314

30 FT SIDE DROP 949 13720 43342

30 FT CORNER DROP 722 7658 26005

2. i0.5-12
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APPENDIX 2.10.6
IMPACT LIMiTER WOOD SPECIFICATION

2.10.6.1 General Requirements

The TN-RAM Impact Limiters shall be fabricated using a combination~

of balsa wood and redwood boards or blocks glued together to fort

specified shapes. The wood and glue shall meet the requirements of

this specification.

2.10.6.2 Applicable Codes and Standards

The balsa wood and redwood shall be procured, fabricated and tested

in accordance with the requirements of the following codes and

standards, in addition to the design drawings.

2.10.6.2.1 ASTM

* D2395 Tests for Specific Gravity of Hood

* D2016 Moisture Content of Wood

2.10. 6.2.2 Federal Specifications

* MMM-A-181B

2. 10.6-1
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2.10.6.3

2.10.6.3.1

Technical Requirements

The density of the wood shall be determined by ASTM D

2395. Method A. Acceptable density is:

* Balsa
* Redwood

10.0 - 12.0 lb/ft3

18.7 - 27.5 lb/ft (average
installed in each impact limiter not to

exceed 23 lb/ft 2 )

2. 10. 6.3. 2 The moisture content of the wood shall be determined
by ASTM D2016-74, Method A or B.

Acceptable moisture content is:
• Balsa 10% - 12% max.

* Redwood 10% - 15% max.

2 .10. 6.3. 3

2 .10.6.3.4

2 .10. 6. 3.5

2.10.6.3.6

Wood sampling shall be done in accordance with
approved, written procedures to identify the number

and origin of samples for density and moisture

measurement and to maintain adequate records.

Wood boards and/or blocks shall be joined using an
approved glue in accordance with the grain orientation

shown on the appropriate design drawings.

The glue shall be a two-part, waterproof, phenol

resorcinol resin similar to National Casein, R-14.

The glue shall meet the requirements of Federal

specification M MM-A-181B.

Tests shall be performed on samples from each batch of

built-up blocks to verify that the glue joints are

stronger than the wood blocks in shear.

2.10.6-2
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2.10.6.3.7

2.10.6.3.8

Wood surfaces shall be smooth and free of raised
grain, torn grain, chips, burns, glazing or other

imperfections that may prevent good surface contact.

Warp and cup shall be limited to that which will be

straightened out by clamping pressure.

A procedure shall be prepared which shall include the

location and direction of all glue joints.

instructions on the preparation and use of the glue.

wood surface preparation requirements, clamping

methods. including pressure, temperature and time, and

glue joint verification tests.

2.10.6.4 Quality Assurance and Documentation

* All wood property tests and glue joint verifications

shall be properly documented.

* Copies of all quality related documents shall be

submitted to TN for review. approval and retention.

2.10.6-3
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Sb 50 M -
1.93-,

Maximum Combined Stress Intensity is calculated as

Sbi = [(Sta + Sbt,)2 + 4(Sbs + Sbi)2]°5

Stress Ratios

A summary of the stresses calculated above is listed in the following Table 2.10.8-8. The

assessment is based on Ref. [4] Table 6.1 and Table 6.3.

Bolt Beariiio Stress Calculation

The mlaximum axial force is 76.4 kips (see Table 2.10.8-6) for normal conditions. A bolt hole of

1.625" diameter is used.
dtan!fl= 1.625 iln

H = 2.375/2 = 1.1 875in. "

Bearing area = (Total Area Under Bolt Head) - (Bolt Hole Area) (•

Hb/2 *Hb/2*TAN(30o)*6- PI()i4*Dh2 = 2.811 in.

The total bearing area is 2.811 in2.

The bearing stress for normal conditions is 76.4/2.811 = 27.2 ksi.

The allowable normal condition bearing stress on the lid is taken to be the yield stress of the lid

material at 200 0F. The lid material yield strength at 200 0F is 47.1 ksi (A-240 Type XM19).

Minim umn En~agement Lengthi Calculation

For a 1½Y - 8UN - 2A bolt, the material is A-564 Type 630 Condition HI 100, with

Su =140 ksi at 200 0F

The cask flange material is A-240 Type 304 with

Su =71.0Oksi at 200 oF

The minimum engagement length, L•, for the bolt and flange is (Ref. 6, Page 1324),

2.10.8-6
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3. I6K,, L I 2A,

Where,

At =tensile stress area A, =0._25sx, x D,2 = 0.25 ×zr xl1.3782 2 = 1.49 18 in.2,

n --number of threads per inch = 8,

Kn,,x= maximum minor diameter of internal threads = 1.3900 in, [6], p. 1556

Esmin minimunm pitch diameter of external threads = 1.4093 in, [6], p. 1556

D,,,= minimum major diameter of external threads = 1.4828 in. [6], p. 1556

Substituting the values given above,

L,. -2(1.3782) = 1.160 in.
(3. 1416)1.390[!+ .57735(8)Q.4093 - 1.390)]

j *A.• ×xS,,, (Reference [6])

A,, x Sh.,,

Wh~ere, Sue is the tensile strength• of external thread material, and S,,i is the tensile strength of

internal thread material.

A•= shear area of external threads = 3.1416 n L.¢IK,1 ,111 . [l1(2n) + .57735 (E.•mj, n '(a•)

A,, = shear area of internal thareads = 3.1416 n L.¢ D,,11 ,1 [l1(2n) + .57735(D• ~mii -- E• nm)

Ennia.• = maximum pitch diameter ofinternal threads =1.4283 in., [6], p. 1556.

Therefore,

A• = 3.1416 (8) (1. 160) (1.390) [11/(2 x 8) + .57735 (1 .4093 - 1.390)1 = 2.984 in.2

A,, = 3.1416 (8) (1. 160) (1.4828) [1 / (2 x 8) + .57735 (1.4828 - 1.4283)] = 4.061 in.,2

So,

2.10.8-7
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. ' 2984(140.0)-1494.061(71.0)

Therefore, the minimum required engagement length,
Q = J L•=1449 x l. 160 =I.680 in.

The actual mninimum engagement length =2.00 in. > 1.680 in.

Thread length is acceptable.

2.10.8.3.2 Conclusions

* A lid bolt torque range of 900 to 1,000 ft. lb. is recommended to achieve the desired
p)rel oad.

* Lid bolt stresses meet the acceptance criteria of NUREG/CR-6007 "Stress Analysis of
Closure Bolts for Shipping Casks" [4].

* For the recommended preload, a positive (compressive) load is maintained during all load
combinations.

• The bolt and flange thread engagement length is acceptable.

2.10.8-8



Rev. 9
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Table 2.10.8-1
Summnary of Results for Original and Optional Lids

Stress Stress Stress Stress Factor of
_________________ Category, (ksi) Limit (ksi) Ratios Safety'

Original Lid (SA - 240 Type Pm 3.34 20.0 -0.167 5.99
304 with enclosed lead) P,,, + P1," 4.22 30.0 -0.141 7.1
Optional Lid (SA - 240 Type Pm 4.80 33.2 0.145 6.92
XMI 9 with separate lead) Pm + Pi 6.67 49.8 0.134 7.5

"Maxinmm Stress intensity is used for P1,. + Ph,

'4

2.10.8-10
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Table 2.10.8-2
Design Parameters for Lid Bolt Analysis

D____ bolt nominal diameter 1.5 tin]
D.,h Smallest diameter of bolt shank. 1.32 [in]
N numnber of threads per inch 8
p thread pitch 0.125

D, diamueter for tensile stress in thlread (Db-.9743p) 1.3782 [in]
Db. diameter for tensile stress calculation 1.20"a
Dt,• diameter for shear stress calculation 1.3200 [in]
Dhb diamneter for bending stress calculation 1.3200 jih]
Dtt diameter for torsional stress calculation 1.32001 [inl

Lh bolt shank length 4.88 Jin
H, bolt head sizeacross flats 2.375 [in])

N1., liumber of bolts 16
K nut factor 0.132_
Qm,. max required preload toi~que 1000 [ft-blb
Qmi min reqiuired preload torque 90(0 [ft-lb]

D lid diamueter at bolt circle 45 tin]
D lid diameter at inner edge 40.22 [in]
Do lid diamneter at outer edge 49.19 [ini
D inner seal diameter 40.870 [in]

D0.., outer seal diameter 42.62 0 [in]
D cask shell inner diamneter 40 lini

Dim lid inner diameter 3.9.81 [in]
tc cask thickness 5.625 [in]
tl lid thickness 2.5 tin]
tlf lid flange thfickness 2.38 [in]
D____ diameter of bolt hole in lid 1.62 5 un]
N,,m_ Poisson's ratio of lid material 0.3 ____

2.10.8-Il1
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Table 2.10.8-2
IDesign Parameters for Lid Bolt Analysis (Concluded)

Wl weight of lid assembly 4.700 IlbI
We weight of cask contents - payload 9,500 [lb]

W Wj+W1  14.200 111b]
Po external pressure 0.0 [psig]
P internal pressure 30.0 [psig]

P~h submerse pressure 21.7 [psigi
F•.ai seal seat force (Reference 5) 100 [lblhn]
DLF dyammic load factor 1.1-
xmn i load angle of impact load for NCT 90 [deg1
ahm worst case for himpact for NCT 30.0 ]
amn a ain - axial component 30.0 g
amn r ain - radial component 0.0 g
xi i load magle for impact for HAC 85 Ideg]
ai worst case for impact load for HAC 81.3 g
ai a ai - axial component 81.0 JL]
ai r ai - radial component 7.1 ]
Svb y'iel d strength of bolt material (@ii200 0F) 106.3 [ksi]
Sub ultimate tensile strength of bolt material (@a200 °F) 140 [ksi]
Eb modulus of elasticity of bolt material (@t,20(0 °F) 2.76E+07 [psi]
alfa b coefficient of thermal expansion of bolt nmaterial (@200 0F) 5 .90E,06 [in/in-°F]
Syl yield strength of lid material (@?200 0F) 47.1 [ksi]
Suil ultimate tensile strength of lid material (@t20() °F) 99.4 [ksi]
El modulus of elasticity of lid material ('/a200 0F) 2.76E+07 [psi]
alfa I coefficient of thermal expansion of lid material (,@'200 0'F) 8.480E-06 [in/in-0 F[
Syc yield strength of cask material (@?'200 0F) 25.0 [ksi]
Sue ultimate tensile strength of cask material (@•t,200 0F) 71.0 [ksi]
Ec modulus Of elasticity of cask material (ii/i200 °F) 2.76E+07 [psi]
alfa c coefficient of tlermal expansion of cask material (@200 0F) 8.79E-06 [in/in-°F]

2.10.8-12
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Table 2.10.8-3
Allowable Stresses in Closure Bolts for Normal Conditions of Transport

MATERIAL; A-564 Type 630 Condition HI 100 (l7Cr-4Ni-4Cu)

Coefficients of NCT Allowables
Temperature Yield Stress Thermal Expansion FibFb Si.

(0F) (ksi) (in/in-0F) (ksi) (ksi) (ksi)

100 115 5.89E-06 76.67 46.0 103.5

200 106.3 5,90E-06 70.87 42.5 95.7

300 101.8 5,90E.-06 67.87 40.7 91.6
400 98.3 5.91E-06 65.53 39.3 88.5

500 95.2 5.91E-06 63.47 38.1 85.7

Notes:
Yield stress values are from ASME Code
Allowable Tensile stress. Ftb = 2/3 S~r (Ref. [4], Table 6.1)
Allowable shear stress. F1.b = 0.4 S•, (Ref. 141. Table 6.1)

Tension and shearu stresses must be combined using the following interaction equationi;

-•+ vb<_1.0 (Ref. [4])
F2 F2

tb v

Stress intensity from combined tensile, shear and residual torsion loads.

S.1. <•0.9 S5, (Ref. 14]1. Table 6,.1)
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Table 2.10.8-4
Allowable Stresses in Closure Bolts for Hyp~othetical Accident Conditions

MATERIAL: SA-564 Type 630 Condition HI 100 (Il7Cr-4Ni-4Cu)

HAC Allowables
Temperature Yield Stress Ultimate Stress Ftb F,,b

(0F) (ksi) (ksi) (ksi) (ksi)
100 115 140 98.0 58.8

200 106.3 140 98.0 58.8
300 101.8 140 98.0 58:8
400 98.3 136.1 95.3 57.2
500 95.2 133.4 93.4 56.0

Notes:
Yield and tenisile stress values are from ASME Code.
Allowable Tensile stress. Ft,. = MINItvIUM(0.7 S,,. 51,) (Ref. [4]. Table 6.3)
Allowable shear stress. F,+ = MVINIMUM(0.42 35,. 0.6 3S,.) (Ref. [4]. Table 6.3)
Tension and shear Siresses must be combined using thc following interaction equation:

-r,+ v--< 1.0
(Ref. [4])
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Table 2.10.8-5
Sunmmary of Bolt Individual Loads

Load Type Force ID NCT HAC Force Parameter Description

Maximum Fa(L) 60,606 60,606 Non-prying Tensile Force, [Ib]
Preload Mtr(L) 6,000 6,000 Residual Torsional Momuent rib]

Minimum Fa(L) 54,545 54,545 Non-prying Tensile Force, [lb]
Preload Mtr(L) 5,400 5,400 Residual Torsional Moment [ib]

Gasket Fa(G) 1,639 1,639 Non-prying tensile force, [ib]

Pressure Fa(P) 2,675 2,675 Non-prying Tensile Force, [lb]
Fs(P) 0 0 Shear Force [ib]
Ff(P) 338 338 Fixed Edge Force [lb/in]
Mf(P) 1,898 1,898 Fixed Edge Moment [lib-in/in]

Temperature Fa(T) 14190 1419.0 Non-piying Tensile Force, [lb]
Fs(T) 0 0 Shear Force [ib]

Impact Fa(I) 39,246 105,952 Non-prying Tensile Force, [lb]
Fs(I) 0 0 Shear Force [lbi
Ff(I) 4,443 11,995 Fixed Edge Force [lb/in]
Mf(I) 24,984 67,449 Fixed Edge Moment [lb-in/in]

Outside Fa(S) 0 -1,935 Non-prying Tensile Force, [lb]
Pressure Fs(S) 0 0 Shear Force [lb]

(Submersion) Ft(S) 0 -244 Fixed Edge Force [lb/in]
_______ Mf(s) 0 -1,373 Fixed Edge Moment [lb-in/in]

Vibration Fa(V) 0 0 Non-prying Tensile Force, [Ib]
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Table 2.10.8-6
Normal and Hypothetical Accident Conditions Load Combinations

Load conmbination(ZJ Identification Per Table 4.9 of NUREG/CR 6007
Fa.pt 'Fuala FaUc Ff_c • If_c B Fap~c Fa Fs 1• Ibb ' l tr

IkipI lIdpl Ikip] [Ikipinl lin- llip/inlI[i][kipi [kIpi Iin- uin-
ldppinI kip] lip]

NI. NCT .Operating
(L)+(G)+(P)-4(T) -•(v) 76.4 2.7 76.4 0.3 1.9 8.65 0.0 76.4 0.0 0.5 6.0

N 2. NC'I Impact ____ ___

(I,)+(G)-4(P)4(T)+(V) 76.4 41.9 76.4 4.S 26.9 8.65 0.0 76.4 0.0 7.4 6.0
4(1)______

H-I. IIAC Pressure
(+G)()T) 76.4 2.7 76.4 0.3 1.9 8.65 0.0 76.4 0.0 NA0: NM"0

1-12. HAC hnpact
(L)+(G)+(p)+(T)+(I) 76.4 108.6 108.6 12.3 69.3 12.33 0.0 108. 0.0 NA"' NAM-

6 ____ ___

H13. 1I~AC Su~bmersion
(L)+(G)+(P) ,(T)+(S) 76.4 - 1.9 76.4 0.0 - 1.4 8.65 0.0 76.4 0.0 NA"' NAW'

Notes:
d'•Bending stress and torsional stress are not required to be analyzed for accidenit load per Reference 14].
•Z)L- Lid bolt preload, G- Gasket seating load. .P- Pr~essure load, T- Temuperature load. V-Vibration load, I- hnpact
load. S- Submersion load
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APPENDIX 2.10.8
OPTIONAL LII) AND LID BOLT EVALUJATIONS

2.10.8.1 Introduction

This appendix contains the evaluation of changes due to license update to a IB(U)-96 and an

optional lid design.

A specific use ofthe TN-RAM cask requires the use of a shield disk installed in the top of the

cask cavity after loading the cask from inside a hot cell. Therefore an optional lid design has

been created to accommodate this operational requirement. The original lid includes an integral

shielding cavity filled with lead. This section of the lid is suspended below the lid closure plate

and fits closely in the shell flange opening. The steel shell surrounding the lead forms the

majority of the lid containment boundary. The optional lid design uses only the outer plate of the

original lid and is considered the entire containment boundaiy. The shielding p~ortion of the

original lid is now contained in a separate shield disk that replicates the shielding; capabilities of

the original lid. The shield is provided With its own threaded lifting inserts so that it can be

installed or removed independently of the lid plate. The optional lid design is shown in Appendix

1.3, Drawing 990-710.

Another modification present in the optional lid is a redesign of the vent port. The current design
has a vent port consisting of a 1.25 inch tube that extends through both the lid plate and the

shielding lportion of the lid. The opening is sealed by a coverplate that is installed in a recess in

the lid plate and is secured by four bolts. The optional lid has the same closure design but the

port extends only through the lid plate. A series of milled channels in the shield disk shell ensure

an adequate flow path between the vent port opening and the cask cavity. An alignment mark on

the shield disk opposite the alignment mark on the cask recess ring is used to correctly orient the

shield disk during installation so that the milled channels are positioned to match the position of

the vent port when the lid is installed.

As a result of the optional lid design, additional calculations are performed to assure the

continued ability of the TN-RAM to meet all requirements of 10OCFR71. First, a calculation is

provided to demonstrate that the optional lid is stronger than the original lid due to use of

stronger lid plate material. This makes the structural calculations with the original lid design

bounding with respect to the optional lid design. Calculations are also performed to demonstrate
that the bolted closure of the optional lid meets the requirements of 10OCFR7 1 based on analyses

done following the methodology NTIREG/CR-6007 Ref. [41.
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2.10.8.2 Lid Strength Evaluation

This section documents the analyses performed to demonstrate that the optional lid is stronger
than the original lid design. The stress ratios of the TN-RAM original lid and the optional lid for
a 30 psig internal pressure load case are used for this evaluation. The internal pressure load case

is a representative load case for all other loadings, since all other loads are treated as pressure
loads for the lid structural analysis.

2.10.8.2.1 Methodology

The original and optional lids are analyzed for an internal pressure of 30 psig. A 2D

axisymmetric ANSYS [8] model was used. The material properties at 200 0F used for the
analysis are provided in Tables 2.3-1 and 2.3-2 of Chapter 2. The stresses ari• compared against

stress limits from Retf [3].

2.10.8.2.2 Model Description

The steel components are modeled as elastic material. The lead material is modeled using the

bilinear kinematic hardening method (TB, BKIN). The material behavior is described by a
bilinear total stress-total strain curve starting at the origin and with positive stress and strain

values. The initial slope of the curve is taken as the elastic maodulus of the material. At the

specified yield stress, the curve continues along the second slope defined by the tangent
modulus. It is assumed that tangent modulus amounts to 1% of elastic modulus.

For both types of lid an internal pressure of 30 psig is applied. The bolt preload and gasket seal
pressure is also applied.

2D axisymmetric ANSYS finite element models are used in this calculation. The original lid

design includes the lead box welded to the lid. ANSYS Plane42 elements with axisymmetric
options are used to model the lid assembly. A-240 Type 304 is used for all steel components.

For the optional lid design, the lead box is separate. Only the lid is analyzed for an internal

pressure of 30 psig with bolt preload and gasket seating pressure included. A-240 Type XM- 19
material is used for the lid. The mesh density and the boundary conditions are identical for both
the lid options.

For both, the original and the optional lid designs, the bolts are modeled using ANSYS Beam3

elements.

2.10.8-2



Rev. 9

ANSYS Contacl2 elements are used to model the inteiface between the lead and the steel
components and the interface between the lid and the flange. The preload was simulated using
ANSYS Contacl2 elements with interference between the bolt head and the lid.

Figures 2.10.8-1 and 2.10.8-3 show the finite element model with the applied load and the

boundary conditions for original and optional lid, respectively.

An interference is provided between thle contact elements at the bolt head and the lid, and no
other loads are applied. The resultant bolt force is calculated and the interference is adjusted to

apply a preload of 60,606 lbs/bolt.

The second run consists of an internal pressure of 30 psig, seal loads of 12,840 lbs and 13,390

lbs for inner and outer seals, respectively, and the above mentioned preload. The stresses are

linlearized across the thickness of the lid and compared against membrane and membrane plus

bending stress allowables.

2. 10.8.2.3 Results/Conclusion

For both lid options the stresses are linearized through the tlhickness of the lids. Table 2.10.8-1
summarizes thle linearized stress result and stress ratios for the original and optional lids. Figures

2,10.8-2 and 2.10.8-4 show the stress intensity plots for original and optional lid design

respectively.

The stress ratios for the optional lid are lower than the stress ratios for the original lid. Therefore,

it is concluded that the cask structural evaluation with the original lid bounds the results of the

cask with the optional lid design.
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2. 10.8.3 Lid Closure Bolt Evaluation

This section calculates stresses in thle closure bolts for Normal Conditions of Transport (NCT)
arid Hypothetical Accident Conditions (HAC). The stress analysis is performed in accordance

with NUREGiCR-6007 [4]. These stresses are used to demonstrate the ability of TN-RAM

closure to maintain a leak, tight seal for the normal and hypothetical accident loading conditions.

The TN-RAM optional lid closure arrangement is shown in Appendix 1.3. The optional lid

consists of a circular plate that is nominally 2.50 inches thick, except at the lid flange interface

with the cask wall where it is 2.38 inches thick. Close fitting alignment pins ensure that the lid is

centered in the cask. The lid is bolted directly to the end 0f the containment vessel flange by the
sixteen high strength alloy steel bolts. The bolt material is A-564 Type 630 Condition HI 100

which has a minimum yield strength of 11 5 ksi at room temperature.

In order to minimize bolt forces and bolt failures in the design of the TN-RAM, the following
recommendations are taken directly from Reference [4] and employed in the TN-RAM closure

system:

* Protect closure lid from direct impact to minimize bolt forces generated by free drops.

(use impact limiters).

• Apply sufficiently large bolt preload to minimize fatigue and loosening of the bolts by
vibration.

* Lubricate bolt threads to reduce required preload torque and to increase the predictability

of the achfieved preload.

* Use a closure lid design which minimizes thle prying actions of applied loads.

* Pay special attention to the interaction between thle preload and fihe thermal load and

betweeni the preload and the prying force.
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2.10.8.3.1 Lid Closure Bolt An~alysis

Lid Bolt Design Parameters

Symbols, terminology, geometries, and input data for this analysis are summarized in Table
2.10.8-2. The material properties and material allowables for NCT and HAC conditions are

presented in Tables 2.10.8-3 and 2.10.8-4. A maximum temperature of 200 0F is used in the lid

bolt region based Onl the results of'thermal analysis documented in Chapter 3.

Lid Bolt Individual Load Calculations

The results of thle individual load calculations using the formulas described in reference [41 are

listed in Table 2.10.8-5.

Lid Bolt NCT and HAC Load Combinations

A summary of normal and accident condition load combinations is presented in Table 2.10.8-6.

The method used for the load combination is taken from Table 4.9 of reference [4].

Lid Bolt Stress Calculations

Table 2. 10.8-7 provides summary information regarding lid bolt stresses. The stress values are

based on formulas shown below and are from Ref. [4] Table 5.1

An average tensile stress in bolts, Si.•, is determined by means of formula

S - 1.2732 2'

Bending stress in bolts, SbI,, is calculated by means of formula.

An average shear stress Stg caused by shear bolt force F• is Sb• = 0.

Maximum shear stress caused by the torsional moment M1 is
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Table 2.10.8-7
Closure Bolt Stress Analysis Results

Tensile Shear Bending Torsional Stress
Load Comnbinationi~2 ) Stress Stress Stress Stress Intensity

Sba Sbs Sbb Sbt Sbi

NI. NCT Operating5500 2.133 69

N2NTImat55.9 0.0 32.6 13.3 192.4

HJI. HAC Pressure 55.9 0.0_A__NA_ NAt )
(L)+(G)+(P)+(T)

112. HAC Impact794 00 N( Nt A°
(L)+(G)+(P)+(T)+(J) 7. . A~____

113. HAC Submersion 5. . _________ N"

Notes:
"! Bending stress anld torsional stress are lnOt required to bc analyzed for accident load per Reference [4.
•'- L- Lid bait preload. G- Gasket seating load. P-. Pressure load. T- Tcemperntnre load. V-Vibration load.

1- Impact load. S- Submersion load.
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Table 2. 10.8-8

Applied Allowable Sumi o tesTensile Applied Allowable Shear Combine'd Applied Allowable Stress
LodCombination Tensile Tensile Stress Shear Shear Stress Str-ess Stress Stress Intensity

LodStress Stress Ratio Stress Stress Ratio Ratio Intensity Intensity Ratio,

Sba p0 Rb [lwi Rt Sbs [ksQJ F'b [ksil Rs R Sbi [tei St [tesO f

(L(L G + ( ) ( ) (V . . ... . . ... ...... ...... . . . .. .. . . . . .. .. ...... ..... . ... ...... .. .. ... . . . . ..... ..... . .. .

N 2. NCT Impact 59 7. 88 . 25 00 88 24 9. 68

H I. H A C P ressu re .. . .... .... .... ....... ... ....... . . ........... ............ . ...... .. . ... .. i .. ............ ............ ...... . ....... .. .. . ..... .

H2. 1-AC Impact ..... %..0.5.8...%.....NA.A.N

H3. 1-AC Subrmersion 5..... 92......7%..00.....2....%..6...%..NA.....NA..N.

Note:
: In thle table Rt~=Sba/Ftb, Rs=Sbs/Fvb. and Ri=Sbi/Sl

(- L- Lid bolt preload, G- Gasket seating load, P- Pressure load. T- Tenmperature load, V-Vibration load. I- Impact
load, S- Submersion load

•3 Betiding stress and torsional stress are not required to be analyzed for accident load per Reference 14].
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ANSYS I0.OAI
PTXYr NO. 1

TYPE N~ll

F

30

•N-PR1• 2D3 Original Lid Internal Pressure

Figure 2.10.8-1
Finite Element Model Orig~inal Lid with Applied Loads and Boundary Condition
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~ANSYS 1C.0AIPLOT mK. 3
N(ILAL SOLUTICNI
STEam-1
SUB =1
TTME=l
SINT (AVA)
EHX =. 0C2399
SI4• =. 073446
SMX --4223

• 073446-469. 238~938.402
14C8
1877
2346

__2.815

B284
~3753

-4223

0i

¶JN-PAV 213 Original Lid intexrnal Pressure ...

Figure 2.10.8-2
Stress Intensity Plots for Original Lid
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ANSYS I0.0AI

TYPE hDoJM

F
PRFS1•
~30

I .... l i r i i 1... I' I

•-RAM~ 203 Optional Lid Internal Pressure

Figure 2.10.8-3Finite Element Model Optional Lid with Applied Loads and Botndary Condition
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i•NYS i0.0AI
PIcxT NO. 2
NT,,AL SO1LJT IC1'

TfIME=I
SIlNT (AV•)
£t'X =. 020107
St4{ =68.489
SMX =7191

68.489
859.868
1651
2443
3234
4025
4811

__5608

S6400
-7191

TN-PAM• 2D Optiona1 Lid In]ternal Pressure

Figure 2.10.8-4
Stress Intensity Plots for Optional Lid
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APPENDIX 2.10.9
LID BOLT FATIGUE EVALUATION

2.10.9.1 Fatigue Analysis

The purpose of the fatigue analysis is to show quantitatively that the fatigue damage to the bolts
during normal transport conditions is acceptable. This is done by determining the fatigue
damage factor for each normal transport event. For this analysis it is assumed that the bolts are
replaced after 250 round trip shipments. The total cumulative damage or fatigue usage for all
events was conservatively determined by adding the usage factors for the individual events. The
sum of the individual usage factors was checked to make certain that for the 250 round trip
shipments of the TN-RA\ cask, the total usage factor was less than one. The following
sequence of events was assumed for the fatigue evaluation.

1. Lid Bolt Preload
2. Gasket Seating Load
3. Temperature Load
4. Pressure Load
5. Vibration / Shock
6. 1 Foot Normal Condition Drop

Since the bolt preload combined stress (preload + gasket load ± temperature load) applied to the
TN-RAM cask lid bolts is higher than all of the other normal condition loads (pressure,
vibration/shock, and drop loads), the stress in the bolt will never exceed the bolt preload
combined stress. Consequently, the application and removal of preload is the only meaningful
cyclic loading that occurs in the lid bolts. The following analysis is therefore very conservative
since it assumes that the damage factor is the sum of all of the individual event damage factors,
and not simply the damage factor for bolt preload.

All bolt loads, design parameters, symbols and terminology used for stress determination are
taken from Appendix 2.10.8. These design parameters, symbols and terminology are reproduced
in Table 2.10.9-1 for ease of reference. The TN-RA cask flange and lid are connected by
sixteen 1.5" diameter bolts of SA-564 Type 630 condition 1100 Stainless Steel (l7Cr-4Ni-4Cu).
Stress intensities and fatigue damage are calculated below.

1. Lid Bolt Preload

Assuming that the bolts are replaced after 250 round trips, the number of preload cycles is two
times the number trips or 500 cycles.

Maximum Axial Tensile Force, Fa =60,606 lb/bolt [Appendix 2.10.8, Table 2.10.8-5]
Maximum Torsional Moment, Mt 6,000 in-lb/bolt [Appendix 2.10.8, Table 2.10.8-5]

Average tensile stress in bolts, SbQ = 1.2732 a• [1, Table 5.1]
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Rev. 10

Dba Dbt = Bolt Diameter for stress calculations = 1.32 in. [Table 2.10.9-1]

Sba - 1.2732 6066- 44,286psi
1.322

Maximum shear stress caused by the torsional moment Mr,

Sbt = 5.093 M, [1, Table 5.1_]

6,000S,= 5.093 --= 13,286psi
1.323

2. Gasket Seating Loads

Gasket Seating Load, Fa =1, 639 lb/bolt

1,639
Sba = 1.2732 -- 1,l98psi

1.322

3. Temperature Load

[Appendix 2.10. 8, Table 2.10. 8-5]

Temperature Load, Fa =14,190 lb/bolt [Appendix 2..

14,190
Sba = 1.2732 -=10,369psi

1.322

Combined bolt stresses due to preload, gasket and thermal loads:

Axial stress, Sha = 44,286 + 1,198 + 10,369 = 55,853 psi

The corresponding stress intensity, is then

S.J. = x55,8532 + 4(13,2862) = 61,852psi

10.8, Table 2.10.8-5]
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4. Pressure Load

Axial Load, Fa= 2, 675 lb/bolt

Sba, = 1.2732 (2,675)-195ps
1.322 -195s

[Appendix 2.10.8, Table 2.1 0.8-5]

Fixed edge closure lid moment, My = 1,898 in-lb/in [Appendix 2.10. 8, Table 2.10. 8-5]

Bending moment Mbb per bolt is given by [1, Table 2.2]."

"where."

Kb A-fbX j (--DbaJ J =,-(6.08X2  -45-07 J{- - , 81/a

and."

P t 3 '9 "7Nvlf•7 vO K3

3r( -N,,t )+(1-N ,)L D,0 ~b C -. 2+1-.) 45.0 '~45.0

= 2,419, 889 lb/rad

: 2T45.0] 77,482 ]
Therefore, Mbb =. 16 L77,482+2,419,889jMp=O' 2 74 lMI

Mbb = 0.2 741 x 1,898 = 520.24 in-lb

Sbb. -- 10.186 M~bb = 10.186x520.24/(1.32) 3 = 2,304psi [1, Table 5.1]
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Since internal pressure causes no bolt torsion, and all shear loads are taken by the lid shoulder,

Maximum Stress Intensity = 1,955 + 2,304 -- 4,259 psi

The pressure fluctuation is assumed to occur once per round trip, since there is no cargo, and
therefore no pressurization, during the return trip. So the total number of cycles of pressure
fluctuation is 250.

5. Vibration/IShock

Since the TN-RAM Cask may be shipped either by truck or by rail car, the shock loading for

both configurations will be considered.

Truck Shock:

Truck shock input was obtained from ANSI N 14.23 [2]. This standard specifies shock loads that
correspond to normal transport over rough roads or minor accidents such as backing into a
loading dock. Since the TN-RAM cask will be transported on interstate highways or major good
roads, the shock loads will not be applied continuously to the normal transport mode for the
package. The fatigue calculation assumes an average trip of 600 miles in 12 hours.

Assume the driver stops and leaves the interstate every 4 hours and assume that one shock could
be experienced during each of these stops (12/4= 3 shocks/trip). The return trip package behavior
is assumed to be the same as the "loaded" trip even though the cargo is no longer present.
Therefore shock loading occurs 3 (shocks per trip) x 2 (round trip) x 250 shipments = 1500
cycles.

Reference [2] specifies a peak shock loading of 2.3 gs in the longitudinal direction. The weight
of the lid, lid bolts, and cask internals is conservatively assumed to be 14,200 lb (Table 2.10.9-1).
The bolt force due to shock is:

(14,200 Ib)(2.3 gs) / (16 bolts) (2t/4x 1.322 in2) -- 1,492 psi.

Rail Car Shock:

Again, assume 250 round trip shipments, averaging 600 miles each way. Reference [3] reports
that there are roughly 9 shock cycles per 100 miles of rail car transport. Therefore the total
number of cycles is 600 (miles) x 2 (round trip) x 250 (shipments) x 0.09 (Shocks per mile) =

27, 000 shock cycles.

Reference [3] specifies a peak shock loading of 4.7 gs in the longitudinal direction for rail car
transport. Consequently, the bolt force due to rail car shock is

(14,200 lb)(4.7 gs) / (16 bolts) (2t/4x 1.322 in2) -- 3,049 psi.

Thus rail car shocks are more severe.
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Vibration:

Since vibration accelerations are higher on a truck [2] than on a rail car [3], the truck vibration
loads are considered bounding. According to ANSI N14.23 [2], the peak vibration load at the bed
of a truck in the longitudinal direction is 0.3 gs. This results in a stress of

•(14,200 Ib)(0.3 gs) / (16 bolts) (it/4x 1.322 in2) = 195 psi.

which is negligible for high strength lid bolts.

6. One Foot Normal Condition Drop

The loads due to one foot normal condition drop (impact) are [Appendix 2.10.8, Table 2.10.8-5]
Fa=39,246 lb/bolt, and Mf = 24,984 lb/bolt. Bolt stress intensity is then:

-1a =123---=2732_F2 (39,246) _ 28,678 psi.
Daa .23 1.322

Sbb=1.18 ba• = 10.186.0.2741(24,984) =30,39pi

Sb,, 1.323 39pi

S.I. -- 28,678 + 30,329 = 59,007 psi.

Conservatively assume that the cask is dropped once per round trip shipment, resulting in 250

normal condition drops before the lid bolts are changed.

2.10.9.2 Fatigue Usage Factor Calculations

The following damage factors are computed based on the stresses, cyclic histories described
above, and the fatigue curves shown in Figures I-9.2.1, I-9.2.2 and Table 1-9.1 of ASME Section
III Appendices [4].

A K4 value of 4. 0 [4] is used in fatigue damage calculations below.

Sa is defined in the following way:

If one cycle goes from 0 to ±S.I., then Sa =(1/2) X S.f. X KF X KE.

If one cycle goes from -S.L. to + S.L, then Sa =S.!. X KF X KE.

Where KE is the correction factor for modulus of elasticity,
KE = 28.3x10 6 / 27.6>1 06 (at 200°F) = 1.02 [4, Figures 1.9.2.1, 1.9.2.2].
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Stress CyclesWi DamageIntensity S.ILx KF Sa Factor
Event (psi) (ksi) (ksi) nN n / N

Operating Preload, 6,5 4. 2. 0 2() 06

Gasket and Thermal 6,5 4. 2. 0 2()06

Operating Pressure 4,259 17. 04 8.7 250 co 0

Truck Shock 1,492 5.97 3.0 1500 oo 0

Rail Car Shock 3,049 12.20 6.2 27,000 cc 0

1 Foot Drop 59,007 236.03 120.4 250 964(3) 0.26

Total Fatigue Damage Factor 0. 86

Notes:
1. Here, n is the number of cycles. N is taken from Figure 1-9.2.2 or Table 1-9.1 in [41.
2. By interpolation using Table 1-9.1, N/5 00 = [1000/500] (log 148/126.2) /(og 148/119)

N =1.658x 500 = 829.
3. By interpolation using Table 1-9.1, N/500 = [1000/500] (1og148/12o.4)/(logi14811l9)

N = 1.927 x 500 = 964.

2.10.9.3 Conclusion

Since the total fatigue damage factor is less than one (0.86), the TN-RAM cask lid bolts will not
fail due to fatigue under normal transport conditions for an assumed 250 round trips.
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Table 2.1 0.9-1
Design Parameters for Lid Bolt Analysis (concluded)

Syl yield strength of lid material (@2 00 0F) 47.1 [hsi]
Sul ultimate tensile strength of lid material (@200 °F) 99. 4 flksi]
El modulus of elasticity of lid material (@2 00 0F,) 2. 76E+07 [psi]
aal coefficient of thermal expansion of lid material (@2 00 ° F) 8. 480E-06 fin/in- °F]

Syc yield strength of cask material (@2 00 0F) 25. 0 /ksi]
Suc ultimate tensile strength of cask material (@2 00 0F) 71.0 [ksi]

Ec modulus of elasticity of cask material (@200 °F) 2. 76E+07 [psi]
aac coefficient of thermal expansion of cask material (@2 00 °°F) 8. 79E-06 fin/in- 0F]

2.10.9-9
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CHAPTER THREE

THERMAL EVALUATION

3.1 DISCUSSION

The TN-RAM is designed to passively reject payload decay heat under normal conditions of
transport and hypothetical accident conditions while maintaining appropriate packaging
temperatures and pressures within specified limits. An evaluation of the TN-RAM thermal
performance is presented in this chapter. Objectives of the thermal analyses performed for this
evaluation are:

* Determination of packaging temperatures with respect to containment system material limits;

* Determination of packaging component temperature gradients to support calculation of
thermal stresses; and

* Determnination of the cask cavity temperature to support containment pressurization
calculations.

The packaging components considered in the thermal evaluation are the cask body, the lid, the
trunnions, the thermal shield and impact limiters. The body consists of cylindrical stainless steel
shells which surround a lead shell. The lid also contains lead surrounded by stainless steel plate
material as described in Chapter 1.0. Temperatures calculated for the components in the
packaging support thermal stress calculations and permit selection of appropriate temperature
dependent
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mechanical properties used in the structural analyses. Temperatures are also calculated to
demonstrate that specified limits for seal materials are not exceeded.

The design of the steel encased wooden impact limiters is described in Chapter One. There are
no temperature limits specified for the impact limiters; however, these components are
considered in the thermal analysis because of their contribution as a thermal insulator. Since the
impact limiters cover the lid and bottom regions of the cask, it is assumed that all decay heat is
rejected radially out of the package. Similarly, the impact limiters protect the lid and bottom
regions from the external heat load applied during the hypothetical thermal accident event.

Several thermal design criteria have been established for the TN-RAM.

*Containment of radioactive material is a major design requirement for the TN-RAM.
Therefore, seal temperatures must be maintained within specified limits to satisfy' the
required containment criteria (Chapter Four) under normal and accident conditions.
According to the material report of Parker 0-Ring (Reference 3-6), a maximum equilibrium
seal temperature of 450 0F is set for the silicone 0-rings under normal and accident
conditions. This limit applies to all containment boundary seals used in the cask closure lid
and containment penetrations.

* In accordance with 10 CFR 71.43(g) (Reference 3-1) the maximum temperature of accessible
package surfaces in the shade is limited to 185 °F for exclusive use shipments.

• The lead has a melting point of approximately 621 °F. The maximum temperature of the lead
used in the cask body and lid is limited to this melting point of lead.

3-2
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* Maximum temperatures of containment structural components must not adversely affect the
containment function.

In general, all the thermal criteria are associated with maximum temperatures. The ability of the
containment system structural materials to function properly under lowest service temperature
conditions is discussed in Section 2.6.

The TN-RAM is analyzed based on a maximum heat load of 500 waifs. The analysis considers
the decay flux to be uniformly distributed on the cavity surfaces. The thermal evaluation
concludes that with this total heat load and distribution all design criteria a~re satisfied.

A description of the detailed analysis performed for normal conditions of transport is provided in
Section 3.4 and for hypothetical accident conditions in Section 3.5. A summary of results from
these analyses is shown in Table 3-1.
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For the thermal accident condition the results of the analysis are seen in Figure 3-8. The
accident condition analysis was carried out with ANSYS model which used lead and steel
thickness consistent with the design. The results show that the maximum lead temperatures occur
at the end of the fire, whereas the maximum seal temperatures occur during post-fire.

The TNT RAM has two options for the cask lid design. One design option has a lead shield disc
integral with the steel lid and the second design option has a lead shield disc separate from the
steel lid as shown in Drawing 990-710.

The thermal analysis results are not sensitive to the design differences between the two lid design
options because the amount of heat rejected in axial direction is negligible due to the presence of
impact limiters which act like insulators.

3-3A



E-10621 E-10621Rev. 14 ]

Table 3-1
Summarv of Results

Normal Conditions of Transport

Packaging Components Maximum Temperatures Temperature Limits (0F)

Outer Surface with insolation 143 Note (1)
(thermal shield) without insolation 109 185
Outer Shell (flange region) 144 Note (1)
Lead 148 621
Inner Shell/Cavity Wall 146 Note (1)
Lid 146 Note (1)
Lid Seals 145 450
Vent Port Seals 146 450
Drain Port Seals 144 450
Average Cavity Gas Temperature (2) 176 Note (1)
Accident Conditions

Packagng ComonentsMaximum TransientTeprteLits(F
Packaging omponentsTemperatures (0 F)TeprteLits(F

Outer Surface (thermal shield) 1173 Note (1)
Outer Shell (flange region) 801 Note (1)
Lead 612 621
Inner Shell/Cavity Wall 470 Note (1)
Cavity "Cold Wall" (Peak) (3) 220 Note (1)
Lid 499 Note (1)
Lid Seals 39 7 450
Vent Port Seals 441 450
Drain Port Seals 392 450
Average Cavity Gas Temperature (2) 500 Note (1)

Notes:
(1) The components without an explicit temperature limit perform their intended safety function

within the operating range
(2) Cavity wall temperature + 30 0F
(3) Peak value of the minimum (coldest) temperature on the cavity wall during accident
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3.2 THERMAL PROPERTIES OF MATERIALS

Table 3-2 lists the thermal properties of materials used in the thermal analyses. The values are
listed as given in the corresponding references. The analysis uses interpolated values when
appropriate for intermediate temperatures where the temperature dependency of a specific
parameter is deemed significant. The interpolation assumes a linear relationship between the
reported values.

Thermal radiation effects at the external surface of the packaging are considered. The external
surfaces of the TN-RAM are assumed to have an emissivity of 0.85, a typical value for
weathered stainless steel surfaces obtained from Table 5.2 of[3-2]. For solar absorptivity, a
conservative value of 1 is used.
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Table 3-2
Material Thermal Properties(32 )

Used in

Density
(ibm/fl3)

Specific heat
(Btu/lbm-0 F)

Thermal
Conductivity
(Btu/hr-ft-0 F)

Emissivity

Weathered

Oxidized

Stainless Steel
body, lid
thermal shield

488

0.11

Lead Air
body, lid thermal shield

705

0.03

8.0@ 32°F
9.4@212°F
10.9 @ 572°F
12.4 @ 932°F

20.1 @ 32°F
19.0 @212°F
18.0 @ 572°F

0.0154 @ 100°F
0.02 12 @ 400°F
0.0286 @ 800°F
0.0400 @ 1500°F

0.85

0.80

Wood Properties (3-8)

Thermal Conductivity of Wood
k

[Bt u/hr-in-°0F]
Min. t Max.

0.0019 0.0135

Wood conductivity parallel to the grain is 1.5 to 2.8 times greater than the conductivity acrossthe grain (38). Therefore, during afire accident the maximum wood thermal conductivity is taken
to be 2.8 times that of the bounding maximum conductivity across the grain to maximize heat
input from fire to the cask. The maximum thermal conductivity during fire transient is..

K= (2.8) *(0. 0135 Btu/hr-in-°F) = 0. 03 78 Btu/hr-in-°F

During the transient analyses the thermal mass of wood is conservatively neglected. These
material properties for wood are also the same as those used in NUHOMS•- MP197 transport
packaging (3-1o).
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3.3 TECHINICAL SPECIFICATION OF COMPONENTS

The only packaging component for which a thermal technical specification is necessary is the
seals. The seals used in the packaging must be made of silicone equivalent to Parker 0-ring
compound $604-70. The critical parameters to demonstrate equivalency to the Parker 0-ring
compound $604-70 are listed in the following table:

Parker 0-ringCritical parameters compound S604-70

Durometer hardness 65-75
Temperature range -65 0F to 450 0F
Elongation, % 160
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3.4 THERMAL EVALUATION FOR NORMAL CONDITIONS OF TRANSPORT

3.4.1 Thermal Analysis Model

The thermal evaluation of the TN-RAM packaging is performed using the ANSYS computer
program (Reference 3-3). ANSYS is a large scale, general purpose finite element computer
code, which can be used for steady state or transient thermal analyses.

3.4.1.1 Thermal Analytical Model

The geometry and dimensions used for the thermal analysis model of the TN-RAM are shown in
Figure 3-1. The model represents the top half of the packaging and includes the body, lid,
trunnions and the thermal shield. Because of symmetry, it is only necessary to model a 450

sector. The model is three dimensional and allows heat transfer in the radial, circumferential and
axial directions.

All cask components are modeled using SOLID 70 elements. Radiation along the gap is modeled
using the A UX12 processor with SHELL57 elements used to compute the form factors. Heat
transfer across a 0. 125 in. air gap in the thermal shield is modeled as a combination of radiation
and gaseous conduction. The conduction path provided by the thermal wire is modeled using
SHELLS57 elements. Figure 3-2 is the ANSYS finite element plot of the model.
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SImpact Limiter Cover

!Recess Ring

Shell Flange Ring

IOuter Shell

Trunnion

Thermal Shield

0.1" gap
- between the

shield plug
liner and
lead.

0.125' gap
between the
Outer Shell and

.003" gap between
the Lead and Outer
Shell

Detail B

Detail A

0.09" gapbetween the
Shield Mug Liner
and Shell Flange
ring In radial and]
axial directions.

0.03" gapbetween the
G askc Lid and
Recess ring
in radial
direction.

Detail D
Detail C

Figure 3-1
Thermal Model for TN-RAM Cask
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Figure 3-2
ANSYS Finite Element Model for the TN-RAM Cask
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Because the contents of the packaging are irradiated solid materials with a low decay heat load,
the temperature of the contents is not a major concern and is not evaluated. Therefore, the cavity
liner is not included in the model.

The heat flux is applied along the cavity wall surfaces (lid and cask body). The total heat load is
500 watts. Solar radiation is considered as a constant heat flux applied on the SURF152
elements overlaid on the outer surface of the transfer cask. The amount of the solar heat flux,
over a 12-hour solar day defined in [3-1] is averaged over a 24-ho ur period to calculate the
solar heat flux. The average solar heat flux is considered as the maximum amount of solar
radiation that is available for absorption on any surface. This value is multiplied by the
absorptivity of the packaging outer surfaces to calculate the amount of solar heat flux that each
surface absorbs. The solar heat flux values applied in the model for normal conditions of
transport are as listed in Table 3-3.

Heat dissipation from the surfaces exposed to the environment of the model is by radiation and
natural convection. The total heat transfer coefficient Ht is defined on Page 3-19A through Page
3-19D.
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3.4.1.2 Thermal Test Model

The low decay heat load and the resulting low temperatures preclude the necessity for a thermal
test of the TN-RAM packaging.

3.4.2 Maximum Temperatures

The evaluation of maximum temperatures includes the 500 watt payload decay heat, 100 0F
ambient temperature and insolation. A separate case is analyzed with no insolation to determine
the maximum accessible surface temperature in the shade as specified by 10OCFR71 .43(g). The
resulting calculated packaging temperatures are shown in Table 3-4. The temperature
distribution in the model is shown in Figure 3-3.
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Table 3-3
Solar Insolation for Normal and Accident Conditions of Transport

Surface Shape Insolance Total Solar Heat Flux Solar Solar Heat
(gcal/cm2) Average over 24 Absorptivity of Flux in the

[3-1] Hours Cask Outer Model
(Bt u/hr-in2) Surface (Btu/hr-in2)

Curved 400 0. 42 7 1.0 0. 42 7
Fiat, Vertical 200 0.213 1.0 0.213
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TABLE 3-4
THERMAL ANALYSIS RESULTS FOR NORMAL CONDITIONS OF TRANSPORT

Pacagng omonetsMaximum Temperatures Temperature Limits (°F)
Packaing ompoents(OF)

Outer with insolation 143 Note (1)
Surface without insolation 109 185
Outer Shell (flange region) 144 Note (1)
Lead 148 621
Inner Shell/Cavity Wall 146 Note (1)
Lid 146 Note (1)
Lid Seals 145 450
Vent Port Seals 146 450
Drain Port Seals 144 450
Average Cavity Gas Temperature (2) 176 Note (1)

Notes."

(1) The components without an explicit temperature limit perform their intended safety function
within the operating range

(2) Cavity wall temperature + 30 0F
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Figure 3-3
Temperature Distribution Based on Normal Conditions of Transport with Insolation and

Decay Heat Load of 500 Watts
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3.4.3 Minimum Temperatures

Under the minimum temperature condition of -40 °F ambient, the resulting packaging
component temperatures will approach -40 0F at equilibrium. Since the packaging materials,
including containment structures, impact limiters and seals, continue to function at this
temperature, the minimum temperature condition has no adverse effect on the performance of the
TN-RAM.

3.4.4 Maximum Internal Pressures

There are no gases generated due to the chemical or galvanic reactions as noted in Section 2.4.4.
Further, since organic materials are not allowed, there are no gases generated due to radiolysis as
noted in Section 4.2.2.

The IN-RAM cask model described in Section 3.4.1 is modified to remove the solar insolation.
The result from the thermal evaluation of the TN-RAM cask under NCT without solar insolation
shows that the maximum temperature among all the cask components is 115 0F and is only 15 °F
higher than the ambient temperature of 100 °F. This shows that the heat load of 500 watts is
very low and that the maximum temperature rise in the cask components because of the internal
heat load is limited to 15 °F. However, to evaluate the internal pressure, it is conservatively
assumed that the average cavity gas temperature is 30 °F higher than the inner shell for all
conditions. Therefore, the average cavity gas temperature for NCT is 176 °F (146 °F + 30 0F).

The maximum internal pressure is calculated assuming:

* Cavity gas is saturated with water vapor. The partial water vapor pressure is based on the

minimum cavity wall ("cold wall") temperature.

* Average cavity gas temperature

= maximum cavity wall temperature +30 °F

=146 + 30 °F

= 176 °F

* Cask is closed and sealed at 70 °F and 1 atm (14.7 psi)

Partial water vapor pressure at cavity "cold wall" temperature (146 °F)

Pw= 3.44 psia (Ref. 3-5)
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Partial air pressure at 176 0F
Pa = 14.7 x (176 + 460)/(70 + 460)

= 17.64 psia

Total cavity pressure

- pw+Pa

- 3.44 + 17.64

= 21.08 psia (6.38 psig)

NOTE: The maximum normal operating pressure is conservatively assumed to be 30 psig.

3.4.5 Maximum Thermal Stresses

The maximum thermal stresses during normal conditions of transport are calculated in Section
2.6 of Chapter 2.

3.4.6 Evaluation of Package Performance

The thermal analysis for normal conditions concludes that the TN-RAM design meets all
applicable requirements. The maximum temperatures calculated using conservative assumptions
are relatively low. The maximum temperature of any containment structural component is
146 0F, which has an insignificant effect on the mechanical properties of the containment
materials used. The maximum lead temperature (148 0F) is well below allowable values. The
seal temperature during normal transport conditions is well below the 450 0F long-term limit
specified for continued seal function. The maximum accessible surface temperature of 109 0F is
below the specified 185 °F limit.
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3.5 THERMAL EVALUATION FOR HYPOTHETICAL ACCIDENT CONDITIONS

3.5.1 Thermal Analysis Model

The analysis assumptions and model consider the packaging condition following the hypothetical
accident sequence of 10 CFR 71.73. The hypothetical accident model is developed using
ANSYS computer code [3-3] to obtain the maximum component temperatures under accident
conditions. It is similar to the model described in Section 3.4.1.1 with impact limiters. The finite
element model of the cask is shown in Figure 3-4.

To permit radiation heat transfer across the air gap in the thermal shield, the ANSYS radiation
superelement, Matrix50 is used. Radiation along this gap is modeled using the AUX12 processor
with SHELL57 elements used to compute the form factors. Heat transfer across this 0.125" air
gap in the thermal shield is modeled as a combination of radiation and gaseous conduction. This
gap is retained during fire due to the presence of thermal wire. Surface emissivities of 0.8
(typical for oxidized steel surfaces [3-2]) are used for the stainless steel surfaces within the air
gap. The wire maintaining the air gap dimension is also modeled assuming perfect contact
between the wire and adjacent shells. This assumption makes the analysis conservative for the
accident evaluation.

The three dimensional model represents the top half of the packaging which has four trunnions
exposed to the thermal environment. The conduction path provided by these trunnions will make
the top half of the packaging hotter than the lower half which has two trunnions. It would be
conservative to use the temperature distribution in the upper half for the lower half of the
packaging.

Impact Limiters are included in the ANSYS model. Analysis in Chapter Two and

[INTENTIONALLY LEFT BLANK]
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testing on similar designs confirm that free drop and puncture damage do not measurably alter
the thermal performance of the packaging. The steel encased wood impact limiters are locally
deformed from the 30 foot drop, but they remain firmly attached to the cask. The impact limiters
in their partially crushed condition still serve as effective thermal insulation. In order to
maximize the effect of the fire on cask components during and after the fire accident, the impact
limiter finite element model is modified to reflect the deformation due to a 30 foot drop. The
deformation of impact limiters is considered uniform around the circumference and in the axial
direction. Crushed impact limiter configurations based on side, corner and end drops are
considered."

1. Damage of the impact limiter due to the side drop results in a maximum impact
limiter crush depth of 12.48 ". This results in a decrease of impact limiter outside
diameter to 66. 79" = 91.75 "- (2x12.48 ") for fire and post-fire transient
conditions.

2. Damage of the impact limiter due to end drops results in a maximum axial
deformation of 9. 05 ". However, to account for an uncertainty in the maximum
height of the impact limiter due to the corner drop, a crush depth of twice the
value reported for end drop is considered to determine the maximum impact
limiter thickness in the axial direction. The central part of impact limiters are
modeled with a uniform axial height of 6.27" = 24.37"- (2*9.05'").

Under exposure to the thermal accident environment the wood at the periphery of the impact
limiter shell would char but not burn. Hence, the steel encased wood impact limiters still protect
the lid of the cask from the external heat load applied during the HAC fire.

Although unlikely, the worst-case damage due to a hypothetical puncture based on
1 OCFR 71. 73(c)(3) [3-1] may result in the tearing off the outer steel skin and a portion of the
wood from the front impact limiter, and exposure of the partially contained wood to the
hypothetical fire conditions.

A study offire performance of wood at elevated temperatures and heat fluxes [3-11] shows that
the surface temperature for the rapid spontaneous ignition of wood is between 330 °C and
600 °C (626 °F and 1,112 °F). Based on a standard fire test (ASTMEll9, 1988) reported in [3-
11], if a thick piece of wood is exposed to fire temperatures between 815 0C and 1, 038 °C
(1,500 0F and 1,900 0F), the outermost layer of wood is charred. At a depth of 13 mm (-0.5 ")
from the active char zone, the wood is only 105 0C (220 0F). This behavior is due to the low
conductivity of wood and fire retardant characteristics of char. It is also shown that the char
forming rate under high temperature fire conditions is between 37 mm/hr for soft woods and 55
mm/hr for hard woods. Redwood has a char rate of 46 mm/hr [3-1 1].

The thickness of redwood at the center of the TN-RAM cask impact limiter is 14.25 inches (362
mm). Considering the char rate for redwood, it takes about 7.6 hours until the char reaches 13
mm above the inner surface of the center cover plate. At that moment the maximum char
temperature would be imposed at the impact limiter inner surface.
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(Redwood thickness -13)!/ char rate - (362 -13) - 7.6 hr.
46

It takes another 17 minutes until the last 13 mm of redwood is charred.

13
(thickness of last portion of hot redwood) / char rate - - 0.28 hr = 17.0 mai.

During the last 17 minutes, the inner surface of the impact limiter is exposed to the high
temperature of charring wood. The impact of charring wood on the cask is maximized if
charring begins immediately after the fire and continues for 17 minutes.

To bound the problem and remain conservative, it is assumed in the finite element model that the
inner surface of the impact limiter inner cover is exposed to a 1,1 12 0F maximum char wood
temperature for 30 minutes immediately after the end of fire. No heat dissipation is considered
from the open surface of the torn wood segment after charring, assuming conservatively that this
surface is entirely covered with a thin layer of low conductivity wood char.

Considering the size of wood segments and location of seals, the worst case scenario occurs
when a middle segment of wood (ID 32.31" to OD 52.5") is torn away.

Heat dissipation from the outer surface is by radiation and natural convection to an ambient at
1 00°F before and after thermal accident. Solar Insolation is added to the model before and after
the 30 minute fire. Total heat transfer coefficient Ht is defined as:

H, =hr + hc

where,

hr = radiation heat transfer coefficient,
ho=free convection heat transfer coefficient.
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Air properties used only in computing the total heat transfer coefficients are calculated based on
the correlations listed in the following Table.

Thermal Properties of Air (3-9)

Specific Heat Dynamic Viscosity Conductivity
(kJ/kg-K) (N-s/mn) (W/m-K)
c? = Z[A(N)TNJ /, = [B(N)TN] k = XC(N)TN J

A(0)= 0.103409E+ 1 For 250•< T < 600 K C(0)= -2.276501E-3
A(1)= -0.2848870E-3 B(0)= -9.8601EB-1 C(1)~= 1.2598485E-4
A(2)= 0.7816818E-6 B(1)= 9.080125E-2 C(2)= -1.4815235E-7
A(3)= -0.4970786E-9 B(2)= -1.1 7635575E-4 C(3)= 1 .73550646E- 10
A(4)= 0.1 077024E- 12 B(3)= 1 .2349703E-7 C(4)= -1 .066657E- 13

B(4)= -5.7971299E-1 1 C(5)= 2.47663035E-17

For 600<•T< 1050 K
B(0)= 4.8856745
B(1)= 5.43232E-2
B(2)= -2.4261775E-5
B(3)=~ 7.9306E-9
B(4)= -1.10398E-12

Prandtl Number for Air used in Natural Convection Coefficient Calculations

Temperature (°T) Prandtl Number
-100 0.737
80 0. 715

260 0. 705
440 0. 701
620 0.699
980 0. 701
1340 0. 710

The radiation heat transfer coefficient, hr, is given by the equation:
h~~r(T42~-I T4jBtu/hr- fi2_oF
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=surface emissivity,
=view factor from surface to ambient,

= 0.1714 x 10-8 Btu/hr-ft2 -°R4,
= surface temperature, °R,

T2 = ambient temperature, °R.

The following equations from reference [3-9] are used to calculate the free convection
coefficients.

For horizontal cylinders:

-Nu k
D with

D = diameter of the horizontal cylinder,
k =air conductivity.
NuT 0.772 C1 Ra"/4 C1 = 0.515

for gases [3-9].

Nu = 2
ln(l + 2f /NuT )

0.13

Nu, - C, Ra"/3

Nu = [Nu,)m "+(Nut)m ]I/m

Nusselt number for fully laminar heat transfer with

Nusselt number for fully turbulent heat transfer

for horizontal cylinders [3-9].

with m =10 for 10-1°< Ra <10 7

Ra=~GrPr ; Grzgl('T=D

For vertical flat plates:

-Nu k
L with

L = height of the vertical plate,
k = air conductivity.
NUT = C 1 Ral/4

Nu1  =2 .0
N =ln(1 +2.0 /Nu T )

Nu, = C7 Ra113

.1- =0.515
for gases [3-9].

[Tusselt number for fully laminar heat transfer.

[usselt number for fully turbulent heat transfer with
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0. 13Pr 0.22
(1 +0.61 Pr0 81)°'42

Nu=[(Xu,)m +(NU,)m]i/? with m =6 for 0.1< Ra <1012,

Ra=GrPr ; G~ f(•-*L

Tables 3-5, 3-5a, and 3-5b give the values of Hit as a function of surface temperature, Ts, for an
ambient temperature of 100 0F.

Initial conditions before the thermal accident are established by performing a steady state
analysis with a packaging heat load of 500 watts and an ambient temperature of 100 0F with
solar insolation.

During the thermal accident, heat absorption at the outer surface by radiation and convection is
considered. A bounding convection coefficient of 4.5 Btu/hr-ft2 -°F is considered during burning
period based on data from (3-7). The convection and radiation from fire to the packaging outer
surface are combined together in the form of total heat transfer coefficient. The correlations to
calculate the total heat transfer coefficients during fire are defined as:

H,_-fre = hrfire +h fie_•

where,

hr-ire = radiation heat transfer coefficient during fire, and

hc-fire = bounding convection heat transfer coefficient during fire.

The radiation heat transfer coefficient, hr-fire, during fire is given by the equation:

FF(( fir(e T4-T4) 1 Btu/hr_- ft 2 _F

hrf~ o[ T1 - T'2

where,

£fire = emissivity of fire,

Fo = outer packaging surface absorptivity,

c• = 0.1714 xl08 Btu/hr-ft2 -°R4,

T1 = fire temperature, °R, and

T2 = surface temperature, °R.
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Table 3-5
Total Convection and Radiation Heat Transfer Coefficient Before and After

the Thermal Accident for Horizontal Cylindrical Surfaces

T's [fF] lt [B tu/hr-ft2 -F]
115 1.64
135 1.89
155 2.08
175 2.24
195 2.38
215 2.52
235 2.66
255 2.79
275 2.92
295 3.05
315 3.18
335 3.31
355 3.44
375 3.57
395 3.71
415 3.85
435 3.98
455 4.13
475 4.27
495 4.42
515 4.57
535 4. 72
555 4.88
575 5.04
595 5.20
615 5.37
635 5.54
655 5. 71
675 5.89
695 6. 08
715 6.26
735 6.45
755 6.65
775 6.85
795 7. 06
815 7.27
835 7.48
855 7. 70
875 7.92
895 8.15
915 8.39
935 8. 63
955 8.87
975 9.12
995 9.38
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Table 3-5a
Total Convection and Radiation Heat Transfer Coefficient Before
the Thermal Accident for Impact Limiter Vertical Outer Surface

Ts [°F] Ht [Btu/hr-ft 2-F]
115 1.46
135 1.66
155 1.81
175 1.94
195 2.06
215 2.17
235 2.28
255 2.39
275 2.50
295 2.60
315 2.71
335 2.82
355 2.93
375 3.05
395 3.16
415 3.28
435 3.40
455 3.52
475 3.65
495 3.78
515 3.91
535 4.05
555 4.19
575 4.33
595 4.48
615 4.63
635 4.78
655 4.94
675 5.11
695 5.27
715 5.45
735 5.62
755 5.80
775 5.99
795 6.18
815 6.37
835 6.57
855 6.78
875 6.99
895 7.21
915 7.43
935 7.65
955 7.88
975 8.12
995 8.36
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Table 3-Sb
Total Convection And Radiation Heat Transfer Coefficient Before And After The Thermal

Accident For Impact Limiter Vertical Inner Surface

Ts °F7 H1t fBtu/hr-ft2 -F1

115 1.54
135 1.70
155 1.83
175 1.94
195 2.04
215 2.14
235 2.24
255 2.34
275 2.44
295 2.54
315 2.65
335 2.75
355 2.86
375 2.96
395 3.08
415 3.19
435 3.31
455 3.43
475 3.55
495 3.68
515 3.81
535 3.94
555 4.08
575 4.22
595 4.36
615 4.51
635 4.67
655 4.82
675 4.99
695 5.15
715 5.32
735 5.50
755 5.68
775 5.86
795 6. 05
815 6.25
835 6.45
855 6. 65
875 6.86
895 7.07
915 7.29
935 7. 52
955 7. 75
975 7. 99
995 8.23
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Table 3-Sc
Total Convection and Radiation Heat Transfer Coefficient After the Thermal Accident for

Vertical Impact Limiter Outer Surface Below the Torn Area
Ts [fF7 H, [Btu/hr-ft2 -F]

115 1.48
135 1.63
155 1.75
175 1.87
195 1.97
215 2.08
235 2.18
255 2.28
275 2.38
295 2.49
315 2.59
335 2.70
355 2.80
375 2.91
395 3.02
415 3.14
435 3.26
455 3.38
475 3.50
495 3.63
515 3.76
535 3.89
555 4. 02
575 4.16
595 4.31
615 4.46
635 4.61
655 4. 76
675 4.92
695 5. 09
715 5.26
735 5.43
755 5.61
775 5.79
795 5.98
815 6.17
835 6.37
855 6.57
875 6.78
895 6.99
915 7.21
935 7.43
955 7. 66
975 7.90
995 8.14
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Table 3-Sd
Total Convection and Radiation Heat Transfer Coefficient After the Thermal Accident for

Vertical Impact Limiter Outer Surface Above the Torn Area
Tsf[Fl Ht [Btu/hr-ft2 -Fl

115 1.69
135 1.88
155 2. 03
175 2.15
195 2.27
215 2.38
235 2.49
255 2.59
275 2.70
295 2.81
315 2.91
335 3.02
355 3.13
375 3.24
395 3.36
415 3.48
435 3.60
455 3.72
475 3.85
495 3.98
515 4.11
535 4.24
555 4.38
575 4.53
595 4. 67
615 4.83
635 4.98
655 5.14
675 5.30
695 5.47
715 5.64
735 5.82
755 6.O00
775 6.19
795 6.38
815 6.58
835 6. 78
855 6.98
875 7.19
895 7.41
915 7.63
935 7.86
955 8. 09
975 8.32
995 8.57
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Table 3-6 gives the value of lit as a function of T•. Ht is used as a boundary input during the 30
minute duration of the thermal radiation environment.

It is assumed that the surface of the packaging is covered with soot during the post-fire
conditions. To bound the problem, the thermal analysis uses a solar absorptivity of 1.0 for the
packaging surfaces during the initial and post-fire cool-down period.

Solar radiation is considered as a constant heat flux applied on the SURF 152 elements overlaid
on the outer surface of the transfer cask. The amount of the solar heat flux over a 12-hour solar
day defined in (3-1) is averaged over a 24 hour period to calculate the solar heat flux. The
average solar heat flux is considered as the maximum amount of solar radiation that is available
for absorption on any surface. This value is multiplied by the absorptivity of the packaging outer
surfaces to calculate the amount of solar heat flux that each surface absorbs. Figure 3-5 illustrates
the boundary conditions applied for the post-fire case. The solar heat flux values applied in the
model for initial and post-fire conditions are as follows:

Insolance Total solar heat flux Initial and Solar heat flux
(gcal/cm 2) average over 24 hours Post-Fire in the model

Surface shape (3-1) (Btu/hr-in2) absorptivity -- (Btu/hr-inz)
Curved 400 0.427 1.0 0.427
Flat, Vertical 200 0.213 1.0 0.213
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Table 3-6
Total Convection and Radiation Heat Transfer Coefficient During the Thermal Accident

[°F] f F] [Btu/hr-ft - [Btu/hr-in2- °F] [Btu/hr-in2-

226__1475_4.5 0. 095 0. 126

25 454.5 0.096 0.127
27 454.5 0. 098 0. 129

30 454.5 0.10O0 0. 131

32 454.5 0.10O1 0. 133
35 454.5 0.103 0.134

37 454.5 0.105 0.136

401__1475_4.5 0.107 0.138
42 454.5 0.109 0.140

451 1475 4.5____ 0.111 0.142

476 1475 4.5 0. 113 0. 144

501 1475 4.5 0.115 0.146

526 14754.0.1018
551 1475 4.5 0.119 0.151

576 1475 4.5 0.121 0.153

601 1475 4. 5 0. 124 0. 155
626 1475 4.5 0. 126 0. 157

651 1475 4. 5 0. 128 0. 159

676 1475 4.5 0. 131 0. 162

701 1475 4.5 0.133 0.164

726 1475 4.5 0.15 0.16

751 1475 4. 5 0. 138 0. 169

776 1475 4.5 0. 140 0. 171

801 1475 4.5 0. 143 0. 174

826 1475 4 .15O 7

851 1475 4. 5 0. 147 0. 179

876 1475 4.5 0.150 0.181

901 1475 4.5 0.152 0.184

1001 1475 4.5 0.162 0.193

1101 1475 4.5 0.170 0.201

1201 1475 4.5 0.174 0.205
1301 1475 4.5 0. 164 0. 195

1401 1475 4.5 0.080 0.111

0
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The total heat transfer coefficients, Ht, used for the range of package temperatures representative
of post-thermal event conditions are shown on Tables 3-5, 3-5a, and 3-5b.

3.5.2 Packaging~ Conditions and Environment

The condition of the TN-RAM following the fee drop and puncture drop accidents is discussed
in Section 2.7.1.5 and 2.7.2, respectively.

The packaging is assumed to be initially at steady state in an ambient temperature of 100 0F with
500 watts of payload decay heat. The effects of solar radiation are neglected during the accident.
They are considered during the normal tran~sport and post-fire conditions. During the accident
the packaging is exposed to a radiation environment of 1475 0F for 30 minutes. The radiation
environment is characterized by an emissivity of 0.9 and the outer surface of the packaging is
assumed to have an absorptivity of 0.8. A bounding convection coefficient of 4.5 Btu/hr-ft2 -°F is
considered during the 30 minute fire accident based on data from Reference (3-7). Cooldown of
the packaging after 30 minutes of exposure to the accident environment is based on 100 °F
ambient air temperature, insolation and a surface emissivity of 0.85.

To bound the heat conductance uncertainty between adjacent components, the following gaps at
thermal equilibrium are assumed:

0.03" gap between the lead in the cask and the outer shell.

0.1" gap between the lead in the shield disc and the shield disc liner.

0.03" gap between the cask flange and the impact limiter shim.

0.03" gap between the cask lid and the impact limiter liner.

These gaps are conservatively replaced with adjacent solid materials during the 30 minute fire
transient to maximize the heat input from the fire into the cask. For the post-fire conditions the
gaps are assumed to be the same as those during Pre-Fire initial conditions.

3.5.3 Package Temperatures

The maximum transient temperatures of the packaging components based on analyses performed
using the thermal model are presented in Table 3-7. The peak temperatures occur in small
regions directly beneath the trunnions for Lead and Outer Shell regions. The temperature
distribution at the end of the 30 minute fire accident is shown in Figure 3-6. Each color band
shows the range of temperatures for the particular region. Each color in the legend is
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Table 3-7
Thermal Analysis Results for Accident Conditions

Maximum Time
Packaging Components" Transient (hr) (4~) Temperature Limits"

Temperatures" (OF) (0F)
Outer Surface (thermal shield) 1173 0. 5 Note (1)
Outer Shell 801 0.5 Note (1)
Lead 612 0.5 62]
Inner Shell/Cavity Wall 470 1.1 Note (1)
Cavity 'Cold Wall" (Peak) (3) 220 -- Note (1)
Lid 499 1.0 Note (1)
Lid Seals 397 1.1 450
Vent Port Seals 441 1.0 450
Drain Port Seals 392 1.6 450
Average Cavity Gas Temperature (2) 500 --- Note (1)

Notes:

(1) The components without an explicit temperature limit perlorm their intended safety function
within the operating range

(2) Cavity wall temperature + 30 0F

(3,) Peak value of the minimum (coldest,) temperature on the cavity wall during accident

(4) Time .from start of thermal accident event
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Figure 3-6
Temperature Distribution at the End of 0.5-hour Hypothetical Fire Accident, All Components
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identified by the maximum temperature for the range represented by that color.

The results of the analyses show that the lead temperature reaches a maximum of 612 0F
(322 °C) 0.5 hours after the start of the thermal accident. This temperature occurs at a single
point behind the trunnion at its centerline and is significantly below the melting point of 621 °F
(327 °C) for lead. The temperature is significantly lower at locations other than this point. The
maximum temperature distribution in the lead region at this time is shown in Figure 3-7. The
maximum seal temperature is 397 °F (203 °C) which occurs at 1 .1 hours from the start of the
thermal accident. Figure 3-8 shows the history of maximum component temperatures during
Fire and Post-Fire periods in the thermal model.

3.5.4 Maximum Internal Pressure

The maximum cask cavity internal pressure during the hypothetical thermal accident is
calculated as shown in Section 3.4.4 with an average gas temperature of 500 °F and a "cold wall"
temperature of 220 °F.

Partial water vapor pressure at cavity "cold wall" temperature (220 °F),

Pw= 17.19 psia [3-5]

Partial air pressure at 500 °F,

Pa = 14.7 x(500 +460) /(70 +460)

= 26.63 psia

Total cavity pressure

PtotaI = Pw + Pa

= 43.82 psia (29.12 psig)

This pressure is lower than the MNOP of 30 psig.
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Temperature Distribution at the End of 0. 5-hour Hypothetical Fire Accident, Lead Regions of

Packaging
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Figure 3-8
History of the Maximum Component Temperatures during Fire and Post Fire Periods
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3.5.5 Maximum Thermal Stresses

The maximum thermal stresses during the hypothetical thermal accident are calculated in Section
2.7 of Chapter Two. The thermal-stress analysis is performed using the cask model described in
Section 3.4.1.1.

The maximum thermal stresses in Appendix 2.10.1 are calculated using the average temperature
distribution at the time the individual temperatures peak and at the time after they equalize.

The average inner shell, outer shell and lead temperatures used in the thermal stress analysis are
411 °F, 560 0F and 473 0F respectively as shown in Appendix 2.10.1, page 2.10.1-18 at the time
the individual temperatures peak. The corresponding average temperatures in the analysis in
Section 3.5.3 for inner shell, outer shell and lead shell are 371 0F, 556 0F and 435 0F
respectively. This shows that the values used in Appendix 2.10.1 are bounding.

The average inner shell, outer shell and lead shell temperatures are 460 0F, 470 0F and 460 0F
respectively as shown in Appendix 2.10.1, page 2.10.1-18 at the time they equalize. The
corresponding average temperatures in the Section 3.5.3 analysis for inner shell, outer shell and
lead shell are 452 0F, 445 °F and 453 0F respectively. This shows that the values used in
Appendix 2.10.1 are bounding.

Therefore, thermal stress calculation in Appendix 2.10.1 remains bounding and no revision is
required.

3.5.6 Evaluation of Package Performance

The lead temperature remains below the melting point and the analyses presented in Chapters 2,
3, and 4, show that the package will withstand the hypothetical thermal accident without
compromising the structural integrity of the package.
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CHAPTER FOUR
CONTAINMENT

4.1 CONTAINMENT BOUNDARY

The containment boundary of the TN-RAM is formed by the containment vessel walls, bottom,

flange and lid up to the innermost of the two concentric lid 0-rings, the 0-ring itself, the cover

and 0-ring on the vent port, and the pipe, housing, 0-ring and cover of the drain port, as shown

in Figures 4-1 and 4-2.

4.1.1 Containment Vessel

The containment vessel consists of the inner shell, the bottom head, the closure flange, the lid

plate, and the closure bolts. The inner shell is a 35 inch I.D. right circular cylinder with an 111

inch cavity height formed from 0.75 inch plate. To this are welded the bottom, a 0.5 inch thick

flanged only head, and the closure flange.

The lid is a 2.5 inch thick plate, and is bolted to the closure flange by sixteen 1.5 inch diameter

bolts. For the purposes of containment, the lead, steel shell, and bottom plate which are attached

to the inside of the lid are not considered part of the containment boundary. Similarly for the

optional lid, the shield disk is not part of the containment boundary.

The shell, bottom, closure flange and original lid are fabricated from type 304 stainless steel. The

lid portion of the optional lid is fabricated fromn XM-19 stainless steel.
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4.1.2 Containment Penetration

There are two penetrations through the TN-RAM containment vessel, the drain port through the
bottom and the vent port through the lid.

The vent port is a 1.56 inch diameter hole straight through the lid with no fitting. Containment is

provided by a 0.71 inch thick, 4.92 inch diameter blind flange with three 0.50 inch bolts and one

0-ring.

The drain port consists of a 0.75 inch I.D., 0.113 inch wall pipe and a housing which are welded

together. This assembly is welded to a 0.75 inch diameter hole in the shell at the bottom head.

Containment is provided by these components and by a 1.25 inch thick 5.25 inch diameter blind

flange with an 0-ring, which is mounted to the housing with three 0.50 inch bolts. The housing

encloses a quick-connect coupling which is not considered part of the containment boundary.

Both port covers (blind flanges) and the drain port pipe and housing are fabricated from type 304

stainless steel.

4.1.3 Seals and Welds

The following welds are part of the containment:

* the longitudinal weld of the shell

* the circumferential welds between the bottom head and the shell

* the circumferential weld between the flarige and the shell

* the weld between the bottom head and the drain port pipe

* the weld between the pipe and the drain coupling housing
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All welds are full penetration welds performed in accordance with the requirements of the
ASMiE Boiler and Pressure Vessel Code Section III, Subsection N7B-4241 for a Type I butt joint.

Non-destructive examination includes radiographic and liquid dye penetrant methods using the

acceptance standards of ASME Section III, Subsection NB-53 00.

The following seals form of the part of the containment boundary:

* the inner silicone 0-ring on the lid

* the silicone 0-ring on the vent port cover

* the silicone 0-ring on the drain port cover

All seals are face-mounted in dovetail grooves on the lid and covers. The volume of the grooves

is designed to allow sufficient room so the mating metal surfaces can be brought into contact by

the bolts, thereby ensuring uniform seal deformation. All surfaces in contact with the seals are

machined to a 63 microinch (maximum) Ra surface finish.

All seals are protected from damage during the hypothetical thermal accident by the insulating
properties of the impact limiters which keep the seal temperatures below their 437 0F operating

limit (Ref. 4-1, Table A3-13) as demonstrated in Chapter 3. The low temperature operating limit

for this material is -65 cF (Ref. 4-1, Table A3-13). Therefore, the cask will maintain an adequate

seal throughout the full range of temperature specified in 10 CFR 71.71 and 71.73 for normal

and hypothetical accident conditions.
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The lid is provided with two concentric 0-rings with access to the annular space between them
provided for leak testing. The outer 0-ring is not considered part of the containment boundary.

Leak testing of the penetration cover seals is accomplished by means of a vacuum bell.
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4.1.4 Closures

The closure devices consists of the lid, the port covers, and their associated bolts. Bolt
installation torque values are selected to achieve compression of the 0-rings resulting in

metal-to-metal contact between the lid or cover and the corresponding mating surface. As

demonstrated in Chapter 2, hypothetical accidents will not result in yielding of any closure bolts,

ensuring that the same degree of sealing is provided under both normal and accident conditions.

The lid is closed by sixteen 1.50-8UN x 7.00 bolts equally spaced on a 45.00 inch diameter bolt

circle, and torqued to 950 ft-lb.

The vent and drain port covers are each closed by three 0.50 inch diameter bolts torqued to

25 ft-lb.
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4.2 REQUIREMENTS FOR NORMAL CONDITIONS OF TRANSPORT

The TN-RAM is designed to meet the requirement of 10 CFR 71.51 for a Type B package that

"no loss or dispersal of radioactive contents, as demonstrated to a sensitivity of 10-6 A2 per hour"

will occur under the tests specified in 10 CFR 71.71 for normal conditions of transport.

4.2.1 Containment of Radioactive Material

The TN-RAM is designed to carry dry irradiated solid materials, and therefore, there are no

radioactive liquids or gases to be contained. However, reactor hardware can include surface

contamination ("crud"). The crud can spall and possibly form an aerosol in the cavity

atmosphere which could present a potential dispersion situation. However, studies and

observations (4-2) show the crud to be very stable and adherent. The typical chemical

composition of materials in this aerosol would be primarily oxides of the constituents of reactor

hardware metals themselves, and as such includes radionuclides such as Co-60, Mn-54, Fe-55,

and Ni-63. If there was any failed fuel in the reactor or storage pool along with the hardware,

there might also be minute traces of fission products.

Although the possibility o fforming and releasing a crud-aerosol is minimal, a leakage rate can

be calculated for this phenomenon. It is most probable that the crud particles will plug the small

holes through which gas leakage usually occurs, (Ref 4-4). However it will be assumed that the

particulate leakage rate is the same as the gas leakage rate. The major radionuclide of concern

in crud is Co6 °. Reference 4-2 reports maximum measured spot crud levels on
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spent fuel rods for various GE BWR plants as 110-180 jtCi/cm2 at discharge. Assuming that
crud levels on irradiated hardware are the same as on fuel rods, an overall average value 25%

higher than the smallest maximum spot activity of 110 jiCi/cm 2 can be used for irradiated

hardware. The irradiated hardware is typically utilized in the reactor for several years and then

may be stored in the fuel pool for several more years. Assuming an "effective" decay time of
approximately 5.3 years (Co60 half-life), the Co60 crud activity becomes:

110 x 1.25 x 0.5 = 68.8 gtCi/cm2

In Chapter 1, typical contents for the RAM packaging are described. Of those described, the

control rod blades (CRB3) have the greatest surface area.

The CRIB is essentially a cruciform shape with a width span of approximately 10 in. It is

approximately 157 in. long with 0.35 in. thick plates and weighs about 130 kg. The calculated

surface area for a CR13 is:

A = (8 (10-0.35)/2 +4X0.35)x 157 =6280 inz =40,516cm2

Assuming a shipment of only CRIBs, using typical values from Chapter 1, the number of CRIBs in

a shipment is:

3785 (Ci/shipment) - 16

1 .8E - 3 (Ci/g) x 1.3E6(gICRB)

The activity of Co° (crud) on the CRIBs in the containment is:

40,516 cm2/CRB x16 CRB x 68.8 ,uCi/cm2 = 44.6 Ci

Spallation of the crud from the irradiated hardware must occur if an aerosol is to form for

possible release. Test data have been reported (Ref. 4-5) estimating spallation fractions of
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0.05 for BWR fuel rods under "normal" conditions. Of the fraction that spalls from the rods,
only a certain fraction of that becomes an aerosol due to agglomeration, plating-out, etc.

Because the irradiated hardware is "handled" quite extensively in the fuel pool, a good majority

of the easily removable crud will be removed in the fuel pool. For conservatism, it is reasonable

to assume that 15% of the crud will spall from the irradiated hardware and all of the spalled crud

will become an aerosol capable of leaking from the containment. Therefore, the activity of the

aerosol is:

44.6 Ci x 0.15 = 6.69 Ci

The free volume in the containment is the TN-RAM cavity volume less the waste volume and the

liner volume. The RAM cavity volume is:

rr/4x352 x 111 x 2.543 = 1.75E6 cc

Assuming the packaging has its maximum payload, 9500 lbs including a liner, the payload

volume is:

9500 lbs
__________________= 5.45E5 cc

2.205E-3 lbs/g x 7.9g/cc

The minimum free containment volume is:

1.75E6 - 5.45E5 = 1.21E6 cc

Following the ANSI methodology (Ref. 4.3), the activity in the containment that could escape is:
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CN 6.6 Ci = 5.53x10- 6 Cl/cc
1.21x10 6cc

The maximum permissible release rate is A2xlO06Ci/hr

FrC60, 12l1 Ci. Therefore:

ll.0xl0-6 C/r-
RN = Ci/ 3 .0 6x1 0  Ci/sec

3600 sec/hr

The maximum permissible leakage rate during transport is:

L RN 3.61-9 5.53x10-3 cc/sec
N CN 5.53x10-6

Next, the reference air leak rate in cc/sec is calculated using the calculated radionuclide release
rate and the calculated activity density. ANSI N14.5, Annex B, Ref. 4-3 provides example
methods for calculating leakage through a cylindrical capillary for continuum and/or molecular
flow conditions. Example 19 provides the method for the following calculation. The following
formula is used for calculating the reference air leakage rate,

L1=(Fc+FmXPu-Pd)'j-j,,,,incm3/sec

where,
Lu is the upstream volumetric leakage rate (cc/sec),
Fo is the coefficient of continuum flow conductance per unit pressure (cc/atm-sec),

F(=2.49x10 6 .D4 )
Fc = (act)

Fm is the coefficient of free molecular flow conductance per unit pressure (cc/atm-sec),

whrDis the leakage hole diameter (cm), a is the leakage hole length (cm), •. is the fluid
viscosity (cP), T is the fluid absolute temperature and M is the molecular weight (g/mol).
Pu is the upstream fluid pressure (atm),
Pd is the downstream fluid pressure (atm) and
Pa is the average stream pressure (atm). The average stream pressure is calculated as a linear
average,
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1 Pa)

a is the assumed length of the leakage path, 0.5 cm.
All the variables are given except the leakage hole diameter as well as the maximum allowable
leakage rate, Lu. The diameter can then be found by iteratively solving the equation given an
Lu.
Using the values given for normal conditions, the resulting leakage hole diameter, D is found. In
this case,

D = ].46x 10-3 cm

So that the expression for Lu holds

L2.49xlo

6.(1.461) +o-C29)j(162

(0.5*0.0218) (0.5*1.31) J(.2
= 5.53x10-4 cc/sec

Using this value of D, the resulting standard leakage rate can then be found using the same
equation but with input parameters corresponding to standard conditions. The resulting NCT
reference air leakage rate L1~p1 is

LNR = 6.87x10-4 ref cc/sec
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4.2.2 Pressurization of Containment Vessel

The TN-RAM contents will not include any organic materials. Therefore neither hydrogen nor

other gases will be generated by radiolysis and there will be no flammable gas hazard.

Assuming the cask cavity is closed 70 0F and 1 atm and that saturated water vapor is present, an

equilibrium cavity pressure at 21.08 psia was calculated in Section 3.4.4. This is by definition

the maximum normal operating pressure (MNOP), however, a conservative value of 30 psig is

used for design and analysis purposes. The TN-RAM is tested to 1.5 times the 30 psig MNOP in

accordance with 10 CFR 7l.85(b).

4.2.3 Containment Criterion

The following leak tests are specified in accordance with ANSI N 14.5, Section 7 (Ref. 4-3):

*Manufacturing and periodic verification tests shall determine that the leak rate for the

entire containment is no greater than 6.87x10-4 ref cc/sec with a test sensitivity better than

3.4 x 1 0 -4 ref cm 3/s.

* Assembly verification tests for the lid seal and port covers with a sensitivity of at least

lx10-3 ref-cc/sec shall find no detectible leak.
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4.3 CONTAINMENT REQUIREMENTS FOR HYPOTHETICAL ACCIDENT
CONDITIONS

The release of radioactive material is limited to 10 A2 of krypton-85 and A2 for other radioactive

material per week under the conditions of the hypothetical accident tests of 10 CFR 71.73, in

accordance with 10 CFR 71.51 (a)(2).

4.3.1 Fission Gas Products

There are no fission gas products in the TN-RAM contents.

4.3.2 Containment of Radioactive Material

Assuming that all of the o60 (crud) on the irradiated hardware (calculated in Section 4.2.1),

becomes an aerosol, the available activity is:

44.6 Ci -691- ic
CA - 1.21x10 6 cc =691 ic

and the maximum permissible release rate

= 11 Ci/week -18.18x10" 6 Ci/sec
RA =6.05x10 5 sec/week

RA _18.18x10-
6

And LA CA 36 1 - 0.49 cc/sec

It can easily be seen that the leak rate for the normal conditions of transport is more restrictive.
Thus the NCT leak rate bounds and will be the basis for all TN-RAM leak testing.
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4.3.3 Containment Criterion

The leakage tests are specified in Section 4.2.3.
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Table 4-1 10 CFR Allowable Release Rates for the TN-RAMV Transport Cask

Effective Allowable Allowable Concentration Leakage

A2  Release Release Rate Ci Rate
Case (Ci) Rate (Ci/sec) (Ci/ce) (ec/sec)

A2 x 10O per
NTC I11 hour 3.06E-09 5.53E-06 5. 53E-04

HAC 11 A 2 per week 18.18E-06 36.9E-06 0.49

Table 4-2 Allowable Leak Rates for the TN-RAM Transport Cask

Maximum Permissible Leak - Normal Conditions

Lu (cc/see) FG+Fm (cc/atm-sec) D (cm) Pu (atm) Pd (atm) [Pa (atm) T (-iIK)

5.S53E-04 J 1.11E-03 1.46E-03 j 1.62 1 [ 1.31 J3 74

Air Leak Test at STP

F• (cc/atm-sec) Fm (cc/atm-sec) L• (ref cc/sec) Pu (atm) Pd (atm) P• (atm) T (K)
1.22E-03 j 1.51E-04 6.87E-04 1 1.00 1 0.01 0.51 j298
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Figure 4-1
TN-RAM Containment Boundary Components (original lid)
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FIGURE 4-1 (Continued)

1.

2.

3.

Drawing not to scale. Features exaggerated for clarity.

Dashed line (. - ) indicates containment boundary.

Containment boundary components are listed below:

1. Cask body inner shell

2. Lid assembly outer plate, closure bolts, and inner 0-ring

3. Bolting flange

4. Vent port cover plate, bolts, and seals

5. Drain port cover plate, bolts, and seals

6. Drain tube

7. Drain coupling housing
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TN-RAM CONTAINMENT BOUN~DARY COMPONENTS

Figure 4-2
TN-RAM Containment Boundary Components (optional lid/shield disk)
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FIGURE 4-2 (Continued)

1. Drawing not to scale. Features exaggerated for clarity.

2. Dashed line (_____indicates containment boundary.

3. Containment boundary components are listed below:"

1. Cask body inner shell

2. Lid assembly outer plate, closure bolts, and inner 0-ring

3. Bolting flange

4. Vent port cover plate, bolts, and seals

5. Drain port cover plate, bolts, and seals

6. Drain tube

7. Drain coupling housing

4-12



E-10621 Rev. 16 I

CHAPTER FIVE
SHIELDING EVALUATION

TABLE OF CONTENTS

PAGE

CHAPTER FIVE SHIELDING EVALUATION ................................................................ 5-1

5.1 DESCRIPTION OF SHIELDING DESIGN ......................................................... 5-2

5.1.1 Design Features ............................................................................... 5-2

5.1.2 Summary Table of Maximum Radiation Levels ............................................. 5-2

5.2 RADIATION SOURCE ................................................................................. 5-4

5.2.1 Gamma Source................................................................................. 5-4

5.2.2 Neutron Source ................................................................................ 5-4

5.2.3 Beta Source .................................................................................... 5-4

5.3 SHIELDING MODEL .................................................................................. 5-5

5.3.1 Configuration of Source and Shielding. ..................................................... 5-5

5.3.2 Material Properties............................................................................ 5-6

5.4 SHIELDING EVALUATION........................................................................... 5-8

5.4.1 Methods......................................................................................... 5-8

5.4.2 Input and Output Data ........................................................................ 5-8

5.4.3 Flux-to-Dose-Rate Conversion............................................................... 5-8

5.4.4 External Radiation Levels..................................................................... 5-8

5.4.4.1 NCT dose rates....................................................................... 5-9

5.4.4.2 HAC dose rates ..................................................................... 5-10

5.4.4.3 Original lid versus optional lid .................................................... 5-10

5.4.4.4 Cavity Drain ........................................................................ 5-10

5.4.4.5 Materials other than steel.......................................................... 5-10

5.4.4. 6 Normally occupied spaces........................................................ 5-10Qa

5.4.4. 7 Self-shielding versus source distribution ........................................ 5-10Qa

5.4.4.8 Neutron and secondary gammas ................................................. 5-10Qa

5.4.4.9 Streaming .......................................................................... 5-l0b

5.4.4.l0Beta Emission ..................................................................... 5-l0b

5.5 APPENDIX ............................................................................................ 5-11

5.5.1 References .................................................................................... 5-11

5.5.2 Sample Input File....... ...................................................................... 5-12

5.5.3 Cobalt-60 Equivalence..................................................................... 5-20a

5-i



E-10621 Rev. 16 I

CHAPTER FIVE
SHIELDING EVALUATION

LIST OF TABLES

PAGE

Table 5-1 Summary of NCT Maximum Dose Rates...................................................... 5-21

Table 5-2 Summary of HA C Maximum Dose Rates...................................................... 5-21

Table 5-3 List of Important to Shielding Dimensions.................................................... 5-22

Table 5-4 Deleted.......................................................................................... 5-23

Table 5-5 Homogenized Source Geometric Description ................................................ 5-23

Table 5-6 Disk Source Geometric Description........................................................... 5-23

Table 5-7 Annulus Source Geometric Description ...................................................... 5-24

Table 5-8 Stainless Steel Material Composition......................................................... 5-24

Table 5-9 Dry Air Material Composition ................................................................ 5-24

Table 5-10 Balsa Material Composition................................................................... 5-24

Table 5-11 Gamma Flux-to-Dose-Rate Conversion Factors............................................. 5-25

Table 5-12 Summary of All NCT Configurations ......................................................... 5-26

Table 5-13 Deleted.......................................................................................... 5-27

Table 5-14 Response Functions and Activity Limits by Energy ........................................ 5-27a

Table 5-15 Summary of All HAC Configurations........................................................ 5-27b

Table 5-16 Neutron and Secondary Gamma NCT Dose Rates.......................................... 5-2 7c

Table 5-17 ANSI/ANS 6.1.1-1977 Neutron Flux-to-Dose-Rate Conversion Factors ................. 5-2 7d

5 -ii



E-10621 Rev. 16

CHAPTER FIVE
SHIELDING EVALUATION

LIST OF FIGURES

PAGE

Figure 5-1 TN-RAM NCT Model........................................................................... 5-28

Figure 5-2 Source Configurations--Axial View .......................................................... 5-29

Figure 5-3 Source Configurations--Radial View......................................................... 5-30

Figure 5-4 TN-RAMHAC Model .......................................................................... 5-31

Figure 5-5 Deleted.......................................................................................... 5-32

Figure 5-6 Lid Comparison................................................................................. 5-33

Figure 5- 7 Tally Locations ................................................................................. 5-34

Figure 5-8 Dose Rate Profile at 2 m from Vehicle Side, Homogenized Source ........................ 5-35

Figure 5-9 Deleted.......................................................................................... 5-36

5-iii



B-i10621 Rev. 16

CHAPTER FIVE
SHIELDING EVALUATION

The shielding evaluation for the TN-RAM package is performed to demonstrate compliance with
10 CFR 71.47 and 10 CFR 71.51 as applicable.

The TN-RAM package is designed to transport a payload of 9500 lbs. (4309 kg) of dry,
irradiated and/or contaminated non-fuel bearing solid materials (with only trace quantities of
fissile material as limited by 10 CFR 71.15) in secondary containers containing a maximum of
30,000 Ci of cobalt-60 equivalent as described in this chapter. Material in the secondary
container is secured using shoring during transport to prevent movement. No powdered material
is authorized for transport. The package is shipped exclusive-use in an open transport vehicle.
The cask is designed to be shipped horizontally during transportation with the lid end facing in
the direction of travel. The lid end is considered the top in this evaluation. No credit is taken for
the presence of the secondary container in this chapter.

The dose rates are computed using MCNP5 vi1.40 [5-3].
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5.1 DESCRIPTION OF SHIELDING DESIGN

The TN-RAM package is a Type B shipping cask with steel inner and outer shells. Bulk lead
poured between the shells during fabrication is used for shielding radially and axially at the
bottom. The lid contains lead for shielding at the top. Impact limiters at the top and bottom are
used to provide protection for drops. Four trunnions at the top and two trunnions at the bottom
are used for handling and support the cask when it is transported. A cavity drain facilitates the
removal of water after loading. A vent through the lid is used for operations as required.

No credit is taken for the secondary container in the TN-RAM package to meet the shielding
requirements.

5.1.1 Design Features

The TN-RAM cask contains steel and lead in the radial and axial directions to provide gamma
shielding. The inner shell has 0.75 inches of steel radially and 0.5 inches of steel at the bottom.
The outer shell has 1.5 inches of steel radially and 2.5 inches of steel at the bottom. Between the
shells, lead is poured with a minimum of 5.75 inches radially and 5.69 inches at the bottom.
Shielding at the top is provided by either lid option. There are a total of 3 inches of steel and
5.88 inches minimum of lead in the original lid. The optional lid has a total of 3.375 inches of
steel and 5.68 inches minimum of lead. A thermal shield between the impact limiters is 0.25
inches thick and provides additional radial shielding.

More detail is provided in Section 5.3.

5.1.2 Summary Table of Maximum Radiation Levels

Normal conditions of transport (NCT) dose rates are computed for an exclusive-use transport in
an open vehicle. Therefore, the following limits apply:

* 10 CFR 71.47(b)(1): the external surface of the package must be below 200 mrem/h,

* 10 CFR 71 .47(b)(2): the outer surface of the vehicle must be below 200 mrem/h,

* 10 CFR 71.47(b)(3): any point 2 m from the outer lateral surfaces of the vehicle must be
below 10 mrem/h, and

* 10 CFR 71 .47(b)(4): any normally occupied space must be below 2 mrem/h unless personnel

follows the requirements of 10 CFR 20.1502.

Normally occupied space is assumed to be 152 inches from the top of the package.

The NCT surface dose rates use the top and bottom of the impact limiter as the basis for the
surface of the package axially. The radial surface of the cask is the basis for the side surface
dose rate. The 2 m dose rate basis is from the extents of the impact limiters in all directions.
The maximum NCT dose rates are shown in Table 5-1.
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Maximum dose rates for a normally occupied space which is assumed to be 152 inches from the
top of the TN-RAM package are shown in Table 5-1.

Hypothetical accident conditions (HAC) external dose rates are computed using the surfaces of
the cask as the basis for the 1 m distance as prescribed by 10 CFR 71.5 1(a)(2). Compliance with
release doses per 10 CFR 71.51(a)(1) and 71.51(a)(2) is shown in Chapter 4. The maximum
external HAC dose rates are shown in Table 5-2.
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5.2 RADIATION SOURCE

5.2.1 Gamma Source

The TN-RAM is evaluated to transport 30,000 Ci of cobalt-60 or equivalent consistent with the

maximum for Category II packages.

The source is in the form of dry, solid, non-fuel bearing hardware with a cobalt-60 equivalent
specifc activity < 10 Ci/kg. The specific activity for each item is defined as the total cobalt-60
activity equivalent of the item divided by the mass of source material. Source materials shall be
either steel or a material that provides equivalent or superior gamma shielding than steel.
Localized regions of low-density material (e.g., B4 C in a control rod blade) are acceptable if the
low-density regions contain negligible source. The mass of any low-density regions shall not be
credited in the specific activity calculation.

More than 99% of the disintegrations result in two gammas with energy of 1.17 and 1.33 MeV.
Lower energy emission is considered to have the energy of the aforementioned gammas which is
conservative. The source intensity is as follows:

(30 000 Ci) (3.7x1010 dsne-tiS'cis ) (~2 disintegration) = 2"22X10 1 5 '/S.

In most cases, isotopes other than cobalt-60 will also be present in the waste stream. These
isotopes are converted to equivalent quantities of cobalt-60 following the methodology in Section
5.5.3. The equivalence methodology is based upon dose rate considerations.

The source is the same for the NCT and HAC evaluation. The evaluation methodology uses
continuous energy cross sections so the energies for the gammas can be input and simulated
directly. The energy distribution of the gammas is one half of the total intensity for each energy.
The spatial distribution within the various source regions is isotropic in the axial direction and a
power law distribution in the radial direction.

5.2.2 Neutron Source

The TN-RAM package is not licensed to transport fissile material greater than the limits
prescribed in 10 CFR 71.15. No neutron generating source material beyond an inconsequential
amount as a result of surface contamination is to be transported. However, a source of lxi 06
neutrons per second is evaluated. The distribution of the neutron source is the same as the
gamma source. The neutron source is based on a Watt fission spectrum for Cm-244.

5.2.3 Beta Source

The TN-RAM package is evaluated to transport 3,000 A2 of beta emitting radionuclides. Beta
emitters can create bremsstrahlung radiation as the electrons are attenuated through high Z
materials. Therefore, a source of 3,000 A2 of phosphorus-32 is evaluated to determine the
impact of bremsstrahlung. The distribution of the source is radially outward from the inner
surface of the inner shell to amplify the effect. The betas are modeled at the maximum emission
energy of phosphorus-32: 1.71066 MeV.
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5.3 SHIELDING MODEL

5.3.1 Configuration of Source and Shielding

A full, three dimensional model of the TN-RAM was created in MCNP5. Major features were
modeled explicitly. The same cask model was used for the NCT and HAG analysis with minor
variations as required. An axial cross section view of the TN-RAMV package for NCT is shown
in Figure 5-1.

Key dimensions for the cask and impact limiters are shown in Table 5-3. Dimensions are taken
from the drawings provided in Section 1.3. The "Dimensions used" column in Table 5-3
corresponds to the sample input file in Section 5.5.2.

Nominal dimensions are used everywhere except for the lead, which is modeled at its minimum
respective thickness based on location. The modeling of the lead results in an air gap between
the shells, which would not exist in the as-built package. This false gap does not contribute to
any lead slumping; rather, it is included to preserve the dimensions of all modeled components.

The four upper and two lower trunnions are modeled because the steel displaces lead used for
shielding.

The impact limiter model was simplified. Rather than include all the steel components in the
impact limiter, only the steel shell was modeled, and the impact limiter was completely filled
with balsa, which has no significant impact on dose rates. However, it preserves external
dimensions of the impact limiter in the model. The dimensions form the basis for some of the
NCT surface dose rates and all of the 2 m dose rates.

The cavity drain is modeled because it displaces lead in the bottom. The drain sleeve outer
diameter is the most critical dimension to ensure the proper amount of lead is removed.

In the HAG evaluation, the model is the same as NCT with the following differences. The
combination of the tests prescribed in 10 CFR 71.73 as applicable result in no loss of steel or
lead from the cask body which makes up most of the shielding provided by the package. The
impact limiters are removed and replaced with air even as they are shown to remain attached
under all postulated tests as described in Section 2.7.6. The cavity in the HAG model has no
material inside. The cavity is filled completely with air. This allows for the most conservative
results because no self-shielding is present.

Lead slump for HAG was not analyzed; per the discussion in Section 2.7.1.1, lead slump is not
expected.
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A payload mass of 3,000 kg stainless steel is considered to be the mass of the source bearing
contents for the shielding evaluation. The source material is limited to a cobalt-60 equivalent
specifc activity < 10 Ci/kg. Source materials shall be either steel or a material that provides
equivalent or superior gamma shielding than steel.

Four NCT source bearing configurations are modeled. The first configuration is a homogenized
cylinder sized to fit the interior of the cavity. The payload mass of 3, 000 kg stainless steel is
homogenized within the available cavity volume, with a resulting density of 1.71 g/cm3. The
dimensions of the homogenized source are shown in Table 5-5.

A disk source is postulated if the source bearing contents are shifted to the top or bottom. The
disk is stainless steel at full density and radius to fit inside the cavity. The height is calculated to
meet the mass target of 3,000 kg. The second configuration is a disk source placed at the bottom
of the cavity; the third configuration is the same disk source placed at the top of the cavity. The
disk source dimensions are shown in Table 5-6.

The fourth source configuration is an annulus. This source configuration moves the source
bearing contents to the edges of the cavity. The height and outer radius of the annular source are
sized to fit the cavity. The inner radius was calculated to meet the mass target of 3,000 kg. The
center of the annulus was filled with air. The annulus is stainless steel at full density. The
dimensions of the annular source are shown in Table 5-7.

The four postulated source configurations are shown in axial views in Figure 5-2 and in radial
view in Figure 5-3. The radial views are slices through the approximate center of the respective
source region.

For the HAG evaluation, the source was placed inside the package using the homogenized source
dimensions and location. An axial cross section view of the TN-RAM package for HAG is
shown in Figure 5-4. Compression of the source was considered for the HAG analysis.

5.3.2 Material Properties

All the steel in the model is assumed to be stainless steel type 304. The elemental composition
and density are shown in Table 5-8 [5-2]. The source bearing material was also assumed to be
stainless steel type 304.

The elemental composition and density of dry air used in the model are shown in Table 5-9 [5-2].
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All the wood in the impact limiter was assumed to be balsa. Balsa has a lower density than
redwood. The balsa elemental composition and density used are shown in Table 5-10.

Lead used for shielding was assumed to be pure lead at 11.34 g/cm3.
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5.4 SHIELDING EVALUATION

5.4.1 Methods

The software package, Monte Carlo N-Particle (MCNP5), is used to evaluate the TN-RAM
transportation package. MCNP5 is a robust, well-supported Monte Carlo transport code from
Los Alamos National Laboratory utilized to compute dose rates for shielding licenses [5-3].

A three-dimensional model is developed that captures all of the relevant design parameters of the
package and contents. Dose rates are calculated by tallying the gamma fluxes using mesh tallies
in the areas of interest and converting these fluxes to dose rates using flux-to-dose rate
conversion factors.

Simple Russian roulette is used as a variance reduction technique for all tallies. The importance
of the particles increases as the particles traverse the shielding materials. The mean free path of
an average cobalt-60 gamma ray in lead or steel was used as the distance where the importance
doubled. The geometry of the package and contents is modeled in a lower universe. This lower
universe is filled in the top-level universe where the geometrically based importance splitting
OCCURS.

No source biasing was used in any model.

The acceptance criterion was the same as specified in the MCNP5 manual: variance below 10%
is considered reliable for non-point detector tallies. However, the uncertainty of most dose rate
tallies is below 2 %, and the solutions are well converged.

5.4.2 Input and Output Data

A sample input file is provided in Section 5.5.2.

5.4.3 Flux-to-Dose-Rate Conversion

The ANSI/ANS 6.1.1-1977 flux-to-dose-rate conversion factors for gamma rays and neutrons are
used in this evaluation [5-1]. The factors are shown for gammas in Table 5-11 and for neutrons
in Table 5-17.

5.4.4 External Radiation Levels

Dose rates are calculated using the mesh tally feature of MCNP5. For the homogenized,
annulus, disk top, and disk bottom, the radial tallies are segmented axially between 20 and 22
cm. Axial tallies are segmented radially approximately 22 cm. There is no angular segmentation
for any tally. The beta case used tallies similar to the annulus, disk top, and disk bottom. For the
neutron and secondary gamma evaluations, the tallies were segmented axially and angularly to
be 4 cm x 4 cm to investigate if streaming exists. Axial tallies were Cartesian with 4 cm x 4 cm
voxels, except for the tally for the normally occupied space, which was 8 cm x 8 cm. HAC
radial tallies were segmented axially 4 cm with no angular segmentation. HAC axial tallies were
segmented radially 4 cm with no angular segmentation. The cask is angularly symmetric except
for the trunnions and the cavity drain. Dose rates for NCT use the impact limiter surfaces as the
basis for the top and bottom. The cask body is the basis for the NCT side dose rates. The width
of the vehicle is not defined; therefore, the surface
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of the vehicle is assumed to be coincident with the radial surface of the impact limiters. The
ends of the vehicle are assumed to be coincident with the top and bottom of the package. Tallies
are shown in Figure 5-7. Red lines denote surface tallies used to show compliance with 10 CFR
71.47(b)(1) and 71.47(b)(2). Blue lines denote 1 m HAC tallies used to show compliance with
10 CFR 71.5 1(a)(2). Green lines denote 2 m NCT tallies used to shown compliance with 10
CFR 71.47(b)(3). The tally numbers correspond to the sample input file in Section 5.5.2.

Tallies used to develop the response functions for the energy dependent activities were surface
tallies. The special tally treatment available in MCNP5 was used to track contributions to the
tally based on the source energy weight. Only one case was required to develop response
functions for all energies. The tally was a band at 2 m in the approximate center of the cask.
The tally was 17 cm tall.
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Other than the trunnions and the cavity drain, the radial and bottom lead shielding is not
displaced. The lead in the original lid contains a penetration for a vent. However, the vent plug
contains more lead axially than the lid so the penetration is of no consequence during
transportation. The optional lid has no penetration through the lead shielding. The optional lid
contains three steel lifting plugs. These displace some lead in the optional lid. These features
were modeled in the comparison described in Section 5.4.4.3.

For HAG, dose rates are taken with the surface of the cask as the basis. While the impact
limiters are shown to remain attached to the cask during all postulated accidents as prescribed by
10 CFR 71.73 as applicable (Sections 2.10.2 and 2.10.3), for the purpose of the shielding
evaluation, the impact limiters are removed from the I4AC model and replaced with air.

5.4.4.1 NCT dose rates

A summary of all the NCT dose rates for all source configurations evaluated is shown in
Table 5-12.

For the radial 2 m dose rate, the homogenized case has the maximum dose rate of 8. 91 mrem/h.
This dose rate is below the limit of 10 mrem/h. The relative uncertainty is 0.1 %, which is
approximately 0.009 mrem/h. The dose rate is below the 10 CFR 71.47(b)(3) limit.

The 2 m top dose rate from the top of the impact limiter maximum was 1.80 mrem/h with the
disk top source configuration. This is below the limit of 10 mremlh.

The 2 mn bottom dose rates from the bottom of the impact limiter maximum was 1.97 mrem/h
with the disk bottom source configuration, which is below the limit of 10 mrem/h.

The maximum radial surface dose rate occurred with the disk top source configuration and was
106 mrem/hr, which is below the 10 CFR 71 .47(b)(1) limit of 200 mrem/h. The dose rate here
was on the surface of the cask body near the lid due to streaming over the side lead.

The maximum top surface dose rate occurred with the disk top source and is 11.5 mrenm/h, which
is below the limit of 200 mrern/h.

The maximum bottom surface dose rate occurred with the disk bottom source and is 19.3
mrem/h, which is below the limit of 200 mrern/h.

The external surfaces of the package were assumed to be coincident with the external surfaces of
the vehicle. These dose rates satisfy both the requirements of 10 CFR 71.47(b)(1) and 10 CFR
71 .47(b)(2).
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The occupied space for personnel was assumed to be 152 inches from the front end of the
package. The maximum dose rate was 0.722 mrem/h with the disk top configuration. Therefore,
personnel do not have to conform to the radiation dosime try requirements of 10 CFR 20.1502.

5.4.4.2 HAC dose rates

A summary of all the HAG dose rates is shown in Table 5-15. All dose rates in this table are
taken 1 m from the external surface of the cask. Compression of the source was investigated for
HAG. The original source was the same as the NCT homogenized source. The source was then
compressed by a factor of 3 and shifted toward the top or bottom in the axial direction to
determine the resulting dose rates at 1 m from the surface of the cask. This reduction in height
was from 282.66 cm to 94.22 cm. The maximum radial dose rate is 752 mrem/h, which is below
the 10 CFR 71 .51(a)(2) limit of 1,000 mrem/h. This dose rate occurs above the lead shielding
directly below the lid. The secondary container, which was not modeled, would prevent source
bearing contents from being in this area. The maximum top HAG dose rate is 245 mrem/h,
which is below the limit of 1,000 mrem/h. This occurs when the source is compressed towards
the top of the cask. The maximum bottom HAG dose rate is 307 mrem/h, which is below the
limit of 1,000 mrem/h. This occurs when the source is compressed towards the bottom of the
cask.

5.4.4.3 Original lid versus optional lid

A comparison was made between the original and optional lids. The optional lid has 0.2 in. less
lead than the original lid, but adds 0.375 in. of steel. Using the homogenized source
configuration, both lids were modeled, and the top surface dose rates for NGT were compared.
A dose rate distribution for both cases is shown in Figure 5-6. As shown in the figure, the
original lid bounds the optional lid. Therefore, the original lid was used in the development of
the NGT and HAG dose rates presented in this chapter.

5.4.4.4 Cavity Drain

The cavity drain was modeled explicitly. The cavity drain tube displaces lead directly under the
cavity. Bottom dose rates are marginally higher than the top as a result. However, due to the
increased distance from the cask and material of the impact limiters during NCT, the dose rates
radially are bounding for all configurations. The cavity drain has no appreciable impact on the
dose rates.

5.4.4.5 Materials other than steel

In all cases, the source material is modeled as stainless steel. Because less dense source
materials (e.g., zirconium, aluminum) would have a lower density than steel, the source-bearing
solid materials shall have a density equivalent to or exceeding the density of steel. Localized
regions of low-density (e.g., B4C in a con trol rod blade) are acceptable if the low-density regions
contain negligible source.
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5.4.4.6 Normally occupied spaces

The TN-RAM package is transported on a specially designed, three-axle semi-trailer. For the
purpose of evaluating the requirements of 10 CFR 71.47(b)(4), the normally occupied space was
considered to be at the front end of the trailer, 152 inches from the top end of the package. The
package is only transported horizontally, lid end first. No credit is taken for shielding from the
prime mover.

5.4.4.7 Self-shielding versus source distribution

Four different source geometries are examined. The self-shielding of the various source
geometries are different, as well as the geometrical distribution of the source. The homogenized
and annular geometries result in approximately the same radial 2 m dose rate, which is
reasonable because each axial unit length of source contains the same mass and source activity.
However, the homogenized source bounds the disk source 2 m dose rate by a large margin. For
the homogenized source, the gamma mean free path is approximately 7. 7cm, while for the disk
sources, the mean free path is approximately 1.6 cma. The difference in mean free path is due to
the lower gram-density of the homogenized source compared to the disk source. For instance, a
gamma born at the center of the homogenized source travelling in the radial direction will exit
the cask at a higher energy than an equivalent gamma born in the disk source that must traverse
a much denser source medium. Although the source per unit volume is larger for the disk
sources, the mean free path is much smaller, and the net effect is a reduction in dose rate.

In the axial direction, the disk sources bound the homogenized source because the mean distance
to a dose point along the axial centerline is always minimized for the disk source. However, the
dose rates for the homogenized source at the same locations are quite similar.

For the source geometries considered, the various trade-offs between self-shielding and source
geometry are difficult to determine a priori, although the detailed Monte Carlo results presented
in this chapter are tightly converged.

5.4.4.8 Neutron and secondary gammas

With a source of lxi 06 neutrons/s, the maximum dose rate on the surface of the package is 1.51
mrem/h. However, this dose rate is inside the trunnion due to the nature of the tally. Other dose
rates for this system are all less than 0.1 mrem/h. The maximum dose rate as a result of
secondary gammas is 4.30E-03 mrem/h. The NCT results are shown in Table 5-16. No HAC
evaluation was performed because the effectiveness of the package to shield neutrons is not
reduced after the HAG.

Therefore, the neutron limit is acceptable for incidental radionuclide contamination that
generates neutrons. No self-shielding was credited in the neutron and secondary gamma
analysis.
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5.4.4.9 Streaming

There is a streaming path at the top of the side lead where only steel shielding is present, see
Figure 5-]. The dose rates are elevated near this sfreaming path and the effect will be most
pronounced close to the package. The side surface dose rate is a maximum for the disk top
configuration because the source is the most concentrated near the streaming path in this
configuration. This streaming is also observed in the homogenized and annular source models.
This streaming effect may be quantified by comparing the top and bottom disk models, because
the bottom disk is far from the streaming path. The maximum side dose rate in the top disk
model (106 mrem/hr) is significantly larger than the bottom disk model (68.2 mrem/hr). This
result indicates that the mesh tallies are of sufficient resolution to resolve the steaming effect.
The maximum dose rate is also far from the limit of 200 moremo/hr.

At a distance of 2 m from the side of the vehicle, the radiation due to streaming does not
correspond to the maximum dose rate location and the homogenized source is the bounding
configuration. This effect may be observed in Figure 5-8, which is a plot of the 2 m side dose
rate as a function of axial location for the homogenized source. The maximum 2 m dose rate
occurs at z = 167 cm (8.91 mrem/hr), although a distinct discontinuity in the dose rate is
observed at z = 286 cm (7.39 mrem/hr). This discontinuity is due to streaming over the lead,
alt hough the resolution of the mesh tallies is sufficient to resolve the streaming effect. Therefore,
the effect of streaming is properly accounted for in the dose rate results.

In the actual transportation configuration, the presence of the secondary container will help
mitigate the streaming effect by providing additional shielding and providing a barrier so that
the source will be farther from the streaming path. However, the secondary container is not
credited in this analysis.

5.4.4.10 Beta Emission

Beta emission was considered using the source described in Section 5.2.3. The electrons were
simulated with MCNP5 applied to the inner surface of the cavity with the maximum emission
energy of phosphorus-32. The distribution of the source was isotropic on the surface, but
directed radially outward. No self-shielding was included in the model. The source was only
modeled radially. High Z materials create bremsstrahlung radiation. The radial dimension of the
cask presents the highest opportunity for interaction because the most material is in the radial
direction. The maximum dose rate on the radial surface of the cask was 3.08 ± 8% mrem/h. The
maximum dose rate 2 m from the radial surface of the package was 0.122 ±- 16% mrem/h.
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5.5.3 Cobalt-60 Equivalence

In order to allow gamma emitting nuclides that are not cobalt-60 in the cask for transportation,
energy dependent maximum activities were calculated. The purpose ofthese activities is to
ensure that, regardless of the payload, the dose rates will not exceed the regulatory limits.

The maximum activities are determined by first generating the dose rate response (response
function) for various line energies. The dose rate is tallied at 2 m from the side of the package in
a band at the same axial location as the maximum 2 m side dose rate reported in Table 5-1. The
source configuration is the same as the homogenized case because this configuration results in
the limiting 2 m dose rate. The dose rate as a function of line energy is reported in Table 5-14.
Based on these results, the 2 m dose rate due to 30, 000 Ci cobalt-60, which has line energies of
1.1 732 Me V and 1.3325 Me V, is 1.1l1x101s (1.98xl10is + 6. 03x1 0-is) = 8.90 mrem/hr, which
agrees well with the dose rate reported in Table 5-1.

Based on a dose rate limit of 8.90 mrem/hr, the activity limit for each line energy is computed as
8. 90/D, where D is the dose rate for a single source particle. These activity limits are reported
in Table 5-14. For all isotopes in the package, a sum of fractions is applied over all source
isotopes and all source intensities to ensure the dose rates do not exceed the dose rates from
30, 000 Ci cobalt-60:

F ~ = Activity Limrit1 (E) <-

Where,

S1(E) is the line intensity at energy E for isotope i

Activity Limit,(E) is the activity limit at energy E from Table 5-14

This equation results in a summation of]l. O for 30, 000 Ci cobalt-60. Because the line energies
for isotopes other than cobalt-60 will not fall exactly on the line energies provided in Table 5-14,
the applicable activity limit may conservatively be taken as the next higher energy line in the
table. For instance, the activity limit for a 2.] MeV gamma would be the 2.5 MeV limit from
Table 5-14.

In addition to the package limit of 30, 000 Ci cobalt-60 equivalent, each item in the package must
have a cobalt-60 equivalent specific activity < 10 Ci/kg. The above equation for F may be
applied separately for each item to be shipped, where F = F1 + F2 + ... + Fn, and n is the
number of discrete items in the package. The total cobalt-60 equivalent (Ci) for each item is
30, O000*Fn. The cobalt-60 equivalent specific activity for an item of mass M (kg) is then
30, O00*F,/M. The cobalt-60 equivalent specific activity should be verifed for each item in the
package.

5-20a



E-10621 E-10621Rev. 16

Table 5-1
Summary of NCT Maximum Dose Rates

Dose rate Relative 1 a Limit
(mrem/h) uncertainty (mrem/h) Configuration

Surface
Side 106 0. 001 200 Disk, Top
To 11.5 0.01 200 Disk, Top
Bottom 19.3 0.0O1 200 Disk, Bottom

___ ___ __ ___ __ 2m _ _ _ _ _ _ _ _ _ _

Side 8. 91 0. 001 10 Homogenized
To 1.80 0.0O1 10 Disk, Top
Bottom 1.97 j 0.01 10 Disk, Bottom

_______152 in..from the top of •the package
Top 0. 722 0. 02 2 Disk, Top

Table 5-2
Summary of HAC Maximum Dose Rates

Dose rate 1Relative1 16 Limit
(mrem/h) juncertainty J(toremo/h)

lm
Side 752 0.01 1000
Top 245 0.07 1000
Bottom 307 0.09 1000
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Table 5-7
Annulus Source Geometric Description

Table 5-8
Stainless Steel Material Composition

Element Stainless Steel (weight fraction)
Carbon 0.04
Silicon 0.5

Phosphorous 0.023
Sulfur 0.015

Chromium 19
Manganese 1

Iron 70.172
Nickel 9.25

Density 7.92 g/cm3

Table 5-9
Dry Air Material Composition

Element Air (weight fraction)
Carbon 0.0124

Nitrogen 75.5268
Oxygen 23.1781
Argon 1.2827

Density 0.0012 g/cm3

Table 5-10
Balsa Material Composition

Balsa
Element (atoms/b' cm)

Hydrogen 5.94-103
Carbon 3.57" 10-3
Oxyg~en 2.97" 103

Density 0.16 g/cm3
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Table 5-11
Gamma Flux-to-Dose-Rate Conversion Factors

Energy (Me J' mrem/h/2'/(s cm2)
0. 01 3. 96E-03
0. 03 5.82E9-04
0. 05 2.90E9-04
0. 07 2.58E9-04
0. 1 2.83E9-04
0. 15 3.79E9-04
0. 2 5.01E9-04

0.25 6.3 1E-04
0.3 7.59E-04

0. 35 8. 78E-04
0.4 9.85E-04

0. 45 1.08E9-03
0.5 1.1 7E-03

0.55 1.2 7E-03
0.6 1.3 6E-03

0. 65 1.44E-03
0. 7 1.52E9-03
0. 8 1.68E9-03
1 1.98E9-03

1.4 2.51E-03
1.8 2.9919-03
2.2 3.42E9-03
2.6 3.82E9-03
2.8 4.01E9-03

3.25 4.41E-03
3.75 4.83E-03
4.25 5.23E9-03
4. 75 5. 60E- 03

5 5.80E9-03
5.25 6.01E9-03
5.75 6.3719-03
6. 25 6. 74E9-03
6.75 7.111E-03
7. 5 7. 66E9-03
9 8. 77E9-03
11 1.039- 02
13 1.18E9-02
15 1.33E9-02
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Table 5-12
Summary of All NCT Configurations

Dose rate [Relative 1u Dose rate Relative l1tr Dose rate Relative l q Dose rate Relative 1oa

(mrem/h) [uncertainty (torero/h) uncertainty (toreno/h) uncertainty (mrem/h) uncertainty

Annulus Disk, Top Disk, Bottom Homogenized Cylinder

___________Surface

Radial max: 102 0. 001 106 0. 001 68. 2 0. 001 98. 7 0. 01

Top max: 10.3 0.01 11.5 0.01 1.83 0.01 10.8 0.01

Bottom max: 17.2 0.0O1 3.36 0.0O1 19. 3 0.0O1 18. 3 0.0O1

2 m

Radial max: 8.84 0. 001 5.17 0. 001 2.31 0. 02 8.91 0. 001

Top max: 1.60 0. 01 1.80 0.0O1 0. 302 0. 02 1.72 0. 01

Bottom max: 1.76 0. 01 0. 481 0. 02 1.97 0. 01 1.91 0. 01

152 in. from the top impact limiter

Top max: 0.633 0.03 0. 722 0.02 0.138 0.07 0. 712 0.06
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Table 5-13
Deleted
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Table 5-14
Response Functions and Activity Limits by Energy

Line Dose Rate per Atvt ii
Energy Source Particle Atvt ii
(M eV) (mr em/h r)ys

0.6 1.1 7E-17 7.62E+±17
0.8 7.14E-17 1.25E+17
1.0 4.38E3-16 2.03E+16

1.1 732 1.98E-15 4.4913+15
1.3325 6.03E3-15 1.4 7E+15

1.5 1.45E3-14 6.15E3+14

1.75 3.71E-14 2.40E+±14
2.0 7.1 0E-14 1.25E+14
2.5 1.611E-13 5.52E+13
3.0 2.60E-13 3.42E+13
3.5 3.4813-13 2.5513+13
4.0 4.1 7E-13 2.1 4E+13
4.5 4.69E3-13 1.9013+13
5.0 4.99E3-13 1.78E+ 13
6.0 5.3 61-13 1.66E+13
8. 0 5. 64E3-13 1.58E+13

10.0 5.9613-13 1.49E+13
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Table 5-15
Summaiy o fAll HA C Configurations

Dose rate Relative 1•r Dose rate [Relative lr Dose rate Relative 1o
(mrem/h) uncertainty j mrem/h) uncertainty J(mrem/h)j uncertainty

Full Compressed Top Compressed Bottom
1 m radial 258 0.0O1 752 0.0O1 223 0.0O1
lm top 144 { 0.09 245 0.07 47.4 0.16

1 m bottom 1 200 O .15 81.1 0. 08 - 307 0. 09
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Table 5-16
Neutron and Secondary Gamma NCT Dose Rates

Dose rate {Relative l r Dose rate Relative la•
(mrem/h) uncertainty (moremo/h) Juncertainty

Neutron Secondary Gamma

2 meters
radial max: 0.0814 0.02 1.97E-04 0.05
top max: 0.0110 0.06 2.29E-04 0.05

bottom max: 0.0109 0.06 2.61E-04 0.05
__________Sur •ace

radial max: 1.51 0.0O1 2.93E-03 0. 02
top max:~ 0.0109 0.03 3.21E-03 0.02
bottom max: 0.0635 0.02 4.30OE-03 0.02

___________152 "from the top impact limiter
top max: 5.2 7E-03 0.04 7.64E-05 0.04
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Table 5-17
ANSI/ANS 6.1.1-19 77 Neutron Flux-to-Dose-Rate Conversion Factors

Energy
(Me V) mrenm/h/n/('s cm2,)

2.50E-08 3.67E-03
1. OOE-07 3.67E-03
1. OOE-06 4. 46E-03
1.00E-05 4. 54E-03
1.00E-04 4.18E-03
1.O0E-03 3.76E-03
1.00E-02 3.56E-03
1.00E-O1 2.1 7E-02

5.O00E-01 9.2 6E-02
1 1.32E-01

2.5 1.25E-01
5 1.56E-01
7 1.4 7E-01

10 1.4 7E-01
14 2.08E-O1
20 2.2 7E-01
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Figure 5-1
TN-RAM NCT Model
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Left: Disk Bottom, Right: Homogenized

Figure 5-2
Source Configurations--Axial View
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Disk ToD

Left: Disk Bottom, Right Homogenized

Figure 5-3
Source Configurations--Radial View
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Figure 5-4
TN-RAM HA C Model
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Figure 5-5
Deleted
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20O ~---- - -- -- --

-Original Lid

,-• --Optional Lid

2

9.71 29.131 48.551 67.971 87.392 106.812
Distance from cask centerlIne (cm)

Figure 5-6
Lid Comparison
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Figure 5-9
Deleted
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CHAPTER SIX
CRITICALITY EVALUATION

Not applicable for the TN-RAM packaging.
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CHAPTER SEVEN
OPERATING PROCEDURES

This chapter contains TN-RAM loading and handling procedure guidelines which show the
general approach to cask operational activities. The information in this chapter will be used to
prepare site specific procedures. Operational steps which must be performed in order to

maintain the validity of cask transport regulations and safety analysis conclusions are identified

by underlined procedural steps.

The procedures in this section are for those activities associated with the loading and transport of

irradiated materials from user facilities to burial sites. Cask loading is normally performed wet

with the cask oriented vertically in a spent fuel pool, and cask unloading operations are normally

performed dry with the cask oriented horizontally at a burial site.

An optional two-piece lid consisting of a shield disk and outer lid plate can also be used in a dry

top-loading facility and a dry top-unloading facility.

The final steps of cask acceptance testing are performed at the loading site prior to the cask being

transported for the shipment.
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7.1 PROCEDURES FOR LOADING PACKAGE

7.1.1 Receipt of Empty Package

7.1.1.1 Upon cask arrival on the transport vehicle, perform receipt inspection to check for

damage or irregularities and perform a radiation survey.

7.1.1.2 After removing the security wires, remove impact limiter attachment bolts and

remove the front and rear impact limiters using a suitable crane and two legged sling.

7.1.1.3 Remove the front and rear trunnion tie-downs.

7.1.1.4 Attach the lift beam to a suitable crane hook and engage the lift beam to the two front

trunnions.

7.1.1.5 Rotate the cask from the horizontal to the vertical position.

7.1.1.6 Lift the cask from the transport vehicle. Place the cask in the preparation area.

7.1.1.7 Disengage the lift beam from the cask.

7.1.1.8 If necessary, clean the cask external surfaces of road dirt.
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7.1.2 Wet Loading

7.1.2.1 Remove the lid gasket port plug and detorque the lid bolts in an approved sequence.

Note: The cask may be filled with water in the preparation area (lid on or oft) or as the cask is

lowered into the pool with the lid off.

7.1.2.2 Remove the cover from the Vent port.

7.1.2.3 Install the lid lifting attachments.

7.1.2.4 Remove the cask lid.

7.1.2.5 Engage the lift beam(s) to the cask.

7.1.2.6 Lift the cask from the preparation area and position over the cask loading area in the

pool.

7.1.2.7 Lower the cask into the pool while spraying the cask with clean water.

7.1.2.8 Continue to lower the cask until it is on the pool bottom.

7.1.2.9 Disengage the lift beam(s) from the cask.

7.1.2.10 Deleted

7.1.2.11 Deleted
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7.1.2.12 Install the cask seal surface protective cover.

7.1.2.13 Using the appropriate handling tool and suitable hoist, load the cask cavity. Verify

that the cask is full or install appropriate component spacers to restrain the contents

during transport. Record the contents and location on the cask loading report to the

extent practical.

7.1.2.14 Remove the cask seal surface protective cover.

7.1.2.15 Inspect the 0-rings in the lid for damage and replace if defects are noted, with new

o-rings which have been determined to be free of defects and have a current shelf life.
in accordance with the following. Record inspection results on the cask loading

re rport.

7.1.2.15.1 Remove the defective 0-ring.

7.1.2.15.2 Clean the 0-ring groove.

7.1.2.15.3 Inspect the new 0-ring to determine that it is free of defects.

7.1.2.15.4 Position the 0-ring uniformly around the lid over the 0-ring groove.

7.1.2.15.5 Press lightly at four diametrically opposite positions.

7.1.2.15.6 Continue to press the 0-ring at diametrically opposite positions until it

is fully seated in the gasket groove.

7.1.2.15.7 Inspect the new 0-ring to verify that it is free of defects. Record

inspection results on the cask loading report.
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7.1.2.16 Transfer the lid to a position directly over the cask cavity. Establish correct lid

orientation and lower the lid until fully seated. Visually verify proper lid installation.

7.1.2.17 Continue lowering the lift beam(s) and engage the lift beam(s) to the cask.

7.1.2.18 Raise the cask to the pool surface, survey the cask for safe radiation levels and check

that the lid is properly seated. Wash down exposed cask surfaces and lift beam

surfaces with clean water.

7.1.2.19 Install two or more lid bolts hand tight.

7.1.2.20 Slowly remove the cask from the pooi while thoroughly washing all exposed surfaces

with a clean water spray.

7.1.2.21 Move the cask to the preparation area.

7.1.2.22 Disengage the lid lifting attachments and lift beam(s).

7.1.2.23 Survey and decontaminate the cask surfaces as required to permit safe working

conditions.

7.1.2.24 Inspect the lid bolts. Replace defective bolts and note any defect indications on the

cask loading report. Apply a light coating of an approved lubricant to the bolt threads

and install all 16 lid bolts. Tighten to hand tight. Torque all lid bolts to 950 +50 ft-

lbs. in several stages using an approved torauin• seauence.
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7.1.2.25 Install the Vacuum Drying System (VDS) to the lid gasket port and vacuum dry the
lid 0-ring interspace until the pressure is reduced to 10, +2, -0 mbar.

7.1.2.26 Perform a pressure rise leakage test for assembly verification of the cask lid. The

leakage rate is calculated as:

V*AP*298
LR -t*1013*T

where V = test volume (cc)

AP = measured pressure difference (mbar)

t = elapsed time for the test (sec)
and T = temperature of test (0K)

It is assumed that over the relatively short duration of the test (1-2 min.), the change

in temperature is insignificant. The acceptance criteria is that LR be no greater than

1 x i0-3 std-cm3/sec.

If an 0-ring has been replaced, the maximum allowable leak rate is 6.87 x i0-4 ref

cm3 /sec with a test sensitivity better than 3.4 x 1 0-4 ref cm3/sec. A helium mass

spectrometer method or equivalent performed in accordance with written, approved

procedures shall be used.

7.1.2.27 Install the lid gasket port plug. Remove the Drain port cover, and drain the cask.

7.1.2.28 Connect the VDS to the Vent port and the drain bottle to the Drain port.

7.1.2.29 Using the VDS, lower the pressure in the cask to approximately 40 mbar. Isolate the

vacuum pump and vent the cask to allow residual moisture to condense and collect in

the drain bottle. Repeat several times until no more water collects in the drain bottle.

7.1.2.30 Disconnect the drain bottle from the Drain port.
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7.1.2.31 Perform the cask dryness verification test as follows:

a. Evacuate the cask cavity until a stable vacuum of 10, +2, -0 mbar is indicated.

b. Isolate the VDS from the cask cavity.

c. Verify that the pressure rise over a period of 10 minutes does not exceed

6 mbar. If this pressure rise is exceeded repeat steps a and b until the

acceptance criteria is satisfied.

NOTE: If the pressure rise for successive tests is constant or increases, a leak in the system is

indicated and must be corrected before proceeding.

7.1.2.32 Remove the VDS connector from the vent port.

7.1.2.33 Install the Vent and Drain port covers and bolts. Torqiue the bolts to 25 ±5 ft-lbs.

7.1.2.34 Place the test bell over the vent cover and use the VDS to reduce the pressure in

between the vent port 0-ring and the 0-ring on the test bell to 7-10 mbar. Isolate the

V~DS and perform a pressure rise leakage rate test of the vent port cover. The

calculated leakage rate, using the equation in 7.1.2.26, shall be no greater than

1 x 104 std-cm3/sec.

If an 0-ring has been replaced, the maximum allowable leak rate is 6.87 x i0-4 ref

cm3 /sec with a test sensitivity better than 3.4 x 10.4' ref cm3/sec. A helium mass

spectrometer method or equivalent performed in accordance with written, approved

procedures shall be used.

7.1.2.35 Repeat the test of Steps 7.1.2.34 for the Drain port cover.

7.1.2.36 If any test indicates a leakage greater than the allowable rate, the leakage area shall be

identified, repaired as needed and the test repeated until the acceptance criteria is

satisfied.
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7.1.2.37 Re-engage the lift beam to the cask.

7.1.2.3 8 Lift the cask off preparation area, place the rear trunnions on transport vehicle rear

trunnion supports and rotate cask from the vertical to horizontal position. Disengage

the lift beam from the cask.

7.1.2.39 Install and torque front and rear trunnion tie-downs.

7.1.2.40 Perform a temperature survey to verify compliance with 10 CFR 71.43(g) and

10 CFR 71.87(k).

7.1.2.41 Install the front and rear impact limiters and torque attachment bolts diametrically to

40-50 ft-lbs. Repeat torquing sequence to 300 ±20 ft.-lb. for unlubricated bolts or to 180 ±_20

ft-lbs. for lubricated bolts.

7.1.2.42 Install security seals on impact limiter bolts.

7.1.2.43 Perform final radiation and contamination surveys to assure compliance with

10 CFR 71.47 and 71.87.

7.1.2.44 Apply appropriate labels to the package and vehicle in accordance with 49 CFR 172.

7.1.2.45 Prepare final shipping documentation.

7.1.2.46 Release the loaded cask for shipment.
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7.1.3 Dry_ Loading

Note: This section assumes the optional two-piece lid is used for all dry loading.

7.1.3.1 Remove the lid gasket port plug and detorque the lid bolts in an approved sequence.

7.1.3.2 Remove the cover from the Vent port.

7.1.3.3 Install the lid lifting attachments.

7.1.3.4 Remove the cask lid.

7.1.3.5 Engage the lift beam(s) to the cask.

7.1.3.6 Lift the cask from the preparation area and move to loading area.

7.1.3.7 Disengage the lift beam(s) from the cask.

7.1.3.8 Attach a suitable crane to lid lifting sling.

7.1.3.9 Install the cask seal surface protective cover.

7.1.3.10 Remove the shield disk.

7.1.3.11 Using the appropriate handling tool and hoist, load the cask cavity. Verify that the

cask is full or install appropriate component spacers to restrain the contents during

transport. Record the contents and location on the cask loading report to the extent

practical.

7.1.3.12 Replace the shield disk.

7.1.3.13 Remove the cask seal surface protective cover.

7.1.3.14 Move the cask to the preparation area for lid installation.
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7.1.3.15 Inspect the O-rings in the lid for damage and replace if defects are noted, with new
o-rings which have been determined to be free of defects and have a current shelf

life, in accordance with the following. Record inspection results on the cask loading

reort.

7.1.3.15.1 Remove the defective 0-ring.

7.1.3.15.2 Clean the 0-ring groove.

7.1.3.15.3 Inspect the new 0-ring to determine that it is free of defects.

7.1.3.15.4 Position the 0-ring uniformly around the lid over the 0-ring groove.

7.1.3.15.5 Press lightly at four diametrically opposite positions.

7.1.3.15.6 Continue to press the 0-ring at diametrically opposite positions until it

is fully seated in the gasket groove.

7.1.3.15.7 Inspect the new 0-ring to verify that it is free of defects. Record

inspection results on the cask loading report.

7.1.3.16 Attach the lid lifting attachment to cask lid.

7.1.3.17 Transfer the lid to a position directly over the cask cavity. Establish correct lid

orientation. Install the lid. Visually verify that the lid is correctly oriented and fully

seated.

7.1.3.18 Move the cask to the preparation area.

7.1.3.19 Disengage the lid lifting attachments and lift beam(s).

7.1.3.20 Survey and decontaminate the cask surfaces as required to permit safe working

conditions.

7.1.3.21 Inspect the lid bolts. Replace defective bolts and note any defect indications on the
cask loading report. Apply a light coating of an approved lubricant to the bolt

threads and install all 16 lid bolts. Tighten to hand tight. Torque all lid bolts to 950

±50 ft-lbs. in several stages usin2 an atnroved torauin2 seauence.
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7.1.3.22 Install the Vacuum Drying System (VDS) to the lid gasket port and evacuate the lid
0-ring interspace until the pressure is reduced to 10, +2, -0 mbar.

7.1.3.23 Perform a pressure rise leakage test for assembly verification of the cask lid. The

leakage rate is calculated as:

V*AP*298
LR - t*1013*T

Where V = test volume (cc)

AP = measured pressure difference (mbar)

t = elapsed time for the test (sec)

and T = temperature of test (0K)

It is assumed that over the relatively short duration of the test (1-2 mai.), the change

in temperature is insignificant. The acceptance criteria is that LR be no greater than 1

x 10-3 ref cm3/sec.

If an 0-ring has been replaced, the maximum allowable leak rate is 6.87 x 10-4 ref

cm 3/sec with a test sensitivity better than 3.4 x 10-4 ref cm3/sec. A helium mass

spectrometer method or equivalent performed in accordance with written, approved

procedures shall be used.

Install the lid gasket port plug.

7.1.3.24 Perform the cask dryness verification test as follows:

a. Evacuate the cask cavity until a stable vacuum of 10, +2, -0 mbar is indicated.

b. Isolate the VDS from the cask cavity.

c. Verify that the pressure rise over a period of 10 minutes does not exceed 6
mbar. If this pressure rise is exceeded repeat steps a and b until the acceptance
criteria is satisfied.

NOTE: If the pressure rise for successive tests is constant or increases, a leak in the system is

indicated and must be corrected before proceeding.

7.1.3.25 Remove the VDS connector from the vent port.
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7.1.3.26 Install the Vent port cover and bolts. Torque the bolts to 25 ±5 ft-lbs.

7.1.3.27 Place the test bell over the vent cover and use the VDS to reduce the pressure in
between the vent port 0-ring and the 0-ring on the test bell to 7-10 mbar. Isolate the
VDS and perform a pressure rise leakage rate test of the vent port cover. The
calculated leakage rate, using the equation in 7.1.3.23, shall be no greater than
1 x 1 0- ref cm 3/sec.

If an 0-ring has been replaced, the maximum allowable leak rate is 6.87 x i0-4 ref
cm 3/sec with a test sensitivity better than 3.4 x 10-4 ref cm3/sec. A helium mass

spectrometer method or equivalent performed in accordance with written, approved
procedures shall be used.

7.1.3.28 Repeat the test of Step 7.1.2.27 for the Drain port cover.

7.1.3.29 If any test indicates a leakage greater than the allowable rate, the leakage area shall be
identified, repaired as needed and the test repeated until the acceptance criteria is
satisfied.

7.1.3.30 Re-engage the lift beam to the cask.

7.1.3.31 Lift the cask off preparation area, place the rear trunnions on transport vehicle rear
trunnion supports and rotate cask from the vertical to horizontal position.

7.1.3.32 Install and torque front and rear trunnion tie-downs.

7.1.3.33 Perform a temperature survey to verify compliance with 10 CFR 71.43(g) and
10 CFR 71.87(k).

7.1.3.34 Install the front and rear impact limiters and torque attachment bolts diametrically to

40-50 ft-lbs. Repeat torquing sequence to 300 ±_20 ft.-lb. for unlubricated bolts or to

180 ±20 ft-lbs. for lubricated bolts.

7.1.3.35 Install security seals on impact limiter bolts.

7.1.3.36 Perform final radiation and contamination surveys to assure compliance with
10 CFR 71.47 and 71.87.

7.1.3.3 7 Apply appropriate labels to the package and vehicle in accordance with 49 CFR 172.

7.1.3.38 Prepare final shipping documentation.

7.1.3.39 Release the loaded cask for shipment.,
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7.2 PROCEDURES FOR UNLOADING PACKAGE

7.2.1 Unloading a Loaded Package Horizontally

7.2.1.1 Upon arrival of the loaded cask at the burial site, perform receipt inspection. Inspect

for damage, verify security seals are intact and perform radiation survey.

7.2.1.2 Remove the front impact limiter using a suitable crane and two legged sling. Rear

impact limiter may also be removed.

7.2.1.3 Remove the front and rear trunnion tie-downs.

7.2.1.4 Affach the horizontal lift device to a suitable crane and then engage the front and rear

trunnions.

7.2.1.5 Lift the cask slowly in the horizontal position and transfer it onto an unloading cradle.

7.2.1.6 Disengage the lift device from the cask.

7.2.1.7 Install a horizontal lid lifting fixture to lid.

7.2.1.8 Remove the lid gasket port plug. Detorque the lid bolts in an approved sequence.

NOTE: Perform the following steps remotely using manipulator crane, appropriate remote

tooling, viewing equipment and personnel radiation protection as appropriate for the

facility.

7.2.1.9 Slowly remove the lid from the cask.

7.2.1.10 If the optional two-piece lid is used, install the shield disk horizontal lifting fixture to

the shield disk. Slowly remove shield disk from the cask and place in a lay down

area.

7.2.1.11 Place the cask seal protector on front face of the cask and attach liner or waste

removal tools.
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7.2.1.12 Unload the cask contents into disposal area in accordance with site-approved
procedures.

NOTE: -The following steps may be performed hands-on.

7.2.1.13 Remove the cask seal protector plate and install the shield disk and cask lid.

7.2.1.14 Install and tighten all lid bolts to hand tight. Torque all bolts so 950 ±50 ft-lbs. in

several stages using an approved torquing sequence. Install the lid gasket port plug.

7.2.2 Unloading a Loaded Package Vertically

7.2.2.1 Upon arrival ofthe loaded cask at the burial site, perform receipt inspection. Inspect

for damage, verify security seals are intact and perform radiation survey.

7.2.2.2 After removing the security wires, remove the impact limiter attachment bolts and
remove the front and rear impact limiters using a suitable crane and two legged sling.

7.2.2.3 Remove the front and rear trunnion tie-downs.

7.2.2.4 Attach a lift beam to a suitable crane hook and engage the lift beam to the two front

trunnions.

7.2.2.5 Rotate the cask from the horizontal to the vertical position.

7.2.2.6 Lift the cask from the transport vehicle. Place the cask in the preparation area.

7.2.2.7 Disengage the lift beam from the cask.

7.2.2.8 If necessary, clean the cask external surfaces of road dirt.

7.2.2.9 Remove the lid gasket port plug and detorque the lid bolts in an approved sequence.

7.2.2.10 Remove the cover from the Vent port.

7.2.2.11 Install the lid lifting attachments.
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7.2.2.12 Engage the lift beam(s) to the cask.

7.2.2.13 Lift the cask from the preparation area and move to the unloading area.

7.2.2.14 Disengage the lift beam(s) from the cask.

7.2.2.15 Attach a suitable crane to lid lifting sling and remove the lid.

7.2.2.16 Install the cask seal surface protective cover.

7.2.2.17 Remove the shield disk.

NOTE: Perform the following steps remotely using manipulator crane, appropriate remote
tooling, viewing equipment and personnel radiation protection as appropriate for the

facility.

7.2.2.18 Using the appropriate handling tool and hoist, unload the cask contents into the

disposal area in accordance with site-approved procedures.

NOTE: The following steps may be performed hands-on.

7.2.2.19 Replace the shield disk.

7.2.2.20 Remove the cask seal surface protective cover.

7.2.2.2 1 Move cask to the preparation area for lid installation.

7.2.2.22 Attach the lid lifting attachment to the cask lid.

7.2.2.23 Transfer the lid to a position directly over the cask cavity. Establish correct lid
orientation and lower the lid until fully seated. Visually verify proper lid installation.

7.2.2.24 Disengage the lid lifting attachments and lift beam(s).

7.2.2.25 Survey and decontaminate the cask surfaces as required to permit safe working

conditions.
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7.2.2.26 Install all 16 lid bolts. Tighten to hand tight. Torque all lid bolts to 950 ±_50 ft-lbs.
in several stages using an approved torquing sequence. Install the lid gasket port

plug.

7.3 PREPARATION OF EM7PTY PACKAGE FOR TRANSPORT

7.3.1 Perform internal radiation surveys to ensure the internal contamination is within the

limits of 49CFR 1 73.428(c).

7.3.2 Install the lid with the 16 lid bolts and torque all lid bolts to 950 4- 5Oft lb using an

approved torquing sequence.

7.3.3 Engage the l~ifing device to the cask trunn ions. Lift the cask off preparation area,

place the rear trunn ions on transport vehicle rear trunnion supports and rotate cask

from the vertical to horizontal position. Disengage the lift beam from the cask.

7.3.4 Perform radiation and contamination surveys to show that the radiation and

contamination levels are within the limits of 49CFR 173.428.

7.3.5 Install the front impact limiter and torque attachment bolts diametrically to

40-5 0 ft-lbs. Repeat torqluing sequence to 300 +20ft-lb for unlubricated

bolts or to 180 ±20 ft-lb for lubricated bolts.

7.3.6 Apply appropriate transport labels to the package and vehicle.

7.3.7 Release empty cask for shipment.
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CHAPTER EIGHT
ACCEPTANCE AND MAINTENANCE PROGRAMS

8.0 INTRODUCTION

This chapter describes the activities to be performed to assure that the TN-RAM cask conforms

to the requirements of this Safety Analysis Report and remains in conformance following

loading.
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8.1 ACCEPTANCE TESTS

The following reviews, inspections and tests shall be performed on the TN-RAM cask prior to

the first transport. Most of these inspections and tests will be performed at the Fabricator's

facility prior to delivery to the loading site. These tests will be performed in accordance with

written procedures prepared by the Fabricator and approved by Transnuclear.

The shielding effectiveness test (paragraph 8.1.7) shall be performed at the site following initial

loading and prior to transport. This test shall be performed in accordance with approved written

procedures.

8.1.1 Visual Inspection

After fabrication and prior to first use, visual inspection shall be performed of all accessible cask

surfaces. The visual inspection includes verifying that all specified coatings are applied and the

packaging is clean and free of cracks, pinholes, uncontrolled voids or other defects that could

signi~ficantly reduce its effectiveness. The sealing surfaces on the flange, lid and covers are also

inspected to ensure that there are no gouges, cracks or scratches that could result in an

unacceptable leakage.

8.1.2 Structural and Pressure Tests

All of these tests shall be performed by the Fabricator. Prior to use, some tests, as indicated, will

be repeated.
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8.1.2.1 Lid and Shield Disk Lifting Attachment Load Tests

The lid lifting attachment bolt holes and shield disk lfifing attachment bolt holes shall be load

tested in the following manner:~ A ¾-10 UNC-2A eyebolt shall be inserted into each of the three

tapped holes in the lid surface. Weights shall be added to the lid such that the total load of the lid

and added weight is twice the lid weight. The eyebolts shall be attached to a sling system with a

lifting angle of approximately 60 degrees from horizontal. The lid shall be lifted using the sling

system and held for a period of at least ten (10) minutes. A ¾ - 10 UNC-2A eyebolt shall also

be inserted into each of the three tapped holes in the shield disk upper surface. Weights shall be

added to the shield disk such that the total load of the shield disk and added weight is twice the

shield disk weight. The eye bolts shall be attached to a sling system with a lifting angle of

approximately 60 degrees from horizontal. The shield disk shall be lifted using the sling system

and held for a period of at least ten (10O) minutes. At the conclusion of each test, the bolt holes

shall be:

a) Visually examined for defects and permanent deformations.

b) Checked with a go/no-go gauge to verify that no damage to the threads have

occurred.

8.1.2.2 Trunnion Load Test

a) A force equal to 1.5 times the design lift load will be applied for a period of 10

minutes on the top and bottom trunnion pairs at the center of the outer shoulders.

b) Following completion of the trunnion load tests the trunnion external surfaces will

be examined by the liquid penetrant method for defects. Acceptance standards will

be in accordance with Articles NC-5350 of Section III of the ASME Boiler and

Pressure Vessel Code.
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8.1.2.3 Hydrostatic Test

After the shielding integrity test, the TN-RAMv cask body will be hydrostatically tested using

demineralized water in accordance with the requirements of the ASME B&PV Code, Section III,

Article NB-6200.

The test pressure of 45 psig (equals 1.5 MNOP of 30) psig will be maintained for a minimum

time often (10) minutes. The cask body and closures will then be examined for any

deformations or leakage.

8.1.2.4 Cask Weight Measurements

The assembled cask, as well as major individual components, shall be weighed with a precision

of± 0.5 percent.

8.1.3 Leakage Rate Tests

8.1.3.1 Containment System Fabrication Verification

A Containment System Fabrication Verification leakage rate test of the TN-RAM will be

performed at the Fabricator's facility in accordance with the requirements of ANSI N 14.5 and

Section V of the ASME B&PV Code.

The following tests will be performed in accordance with approved, written procedures on the

containment boundary. The gas pressure rise method or the helium mass spectrometer method

will be used to perform these tests.
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The test cavities will be evacuated to a pressure of less than 10-2 mbar. The total leakage rate for
the containment boundary shall be no greater than 6. 87 x 10-4 refcrn3/sec with a test procedure
sensitivity of no greater than 3.4 x 10-4 ref cm3/sec.

a) A preliminary test will be performed on the interspace between the inner and outer

0-rings of the lid through a test port using an 0-ring sealed test connector. This

will show that the lid is seated properly.

b) The next test will be performed on the containment boundary formed by the cask
cavity and the lower Drain port cover (Hansen coupling removed) and the inner

0-ring of the cover. Evacuation will be through the Vent port using an 0-ring

sealed test connector.

c) The next test will be performed after the Vent port cover is installed. The 0-ring

seal of the cover will be leak tested using a test bell. The test bell fits over the vent

cover and has a 0-ring which seals against a machined surface on the cask.

An acceptable alternative test method is to perform the test in paragraph b) through the drain

port, and then testing the drain port cover and seal by the method described in paragraph c). The

Hansen coupling must be removed for the test described in paragraph b).

8.1.3.2 Impact Limiter Leakage Rate Test

Following final closure welding, each impact limiter will be tested for leakage in accordance

with the methods of ANSI N 14.5 and the requirements of Section V of the B&PV Code, using

either the helium snifffer or bubble leak test methods. The differential pressure will be limited to

less than 3 psi.
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8.1.3.3 Humidity Test

After performing the impact limiter leakage rate test, a humidity test will be performed to

detenrmine that there is no in-leakage of water into the impact limiter container during fabrication.

The dew point of a gas sample from the impact limiter container will be determined. The dew

point measured shall be less than the equilibrium temperature of the impact limiter. The

difference between the measured dew point and the impact limiter wall temperature shall be

greater than twice the accuracy of the humidity test system.

8.1.4 Functional Tests

Installation and removal tests will be performed for the lid, shield disk, impact limiters, drain and

vent port covers, shield plug and other fittings and inserts.

Each component will be observed for difficulties in installation and removal. After removal,

each component will be visually examined for indications of deformation, galling, ease of use

and proper functioning. Any such defects will be corrected prior to acceptance of the cask.

8.1.5 Test for Shielding Integrity

A gamma scan or equivalent test shall be performed on the cask after lead installation to detect

any shielding deficiencies
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from lead voids equal to or greater than 4- 5% of shielding thickness. The test shall be performed
on a maximum grid spacing of four (4) inches.

8.1.6 Review of Fabrication Records

A review of the Fabricator's records will be performed by Transnuclear in the areas of deviation

requests and approvals, inspection, tests, nonconformances and record retention to assure that the

cask was fabricated, inspected and tested in accordance with the approved design as described in

this Safety Analysis Report, and is correctly shown on as-built drawings.

8.1.7 Shielding Effectiveness Test

Follow initial loading of the TN-RAM cask, a shield effectiveness test shall be performed prior

to delivery to a carrier for transport. Measurements shall be made of the neutron and gamma

dose rates of the loaded package to verify that the loaded cask meets the transport dose rate

limitations of 1OCFR71 and the applicable USDOT regulations.

8.1.8 Thermal Effectiveness Test

There are no thermal tests required for the TN-RAM.
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8.2 MAINTENANCE PROGRAM

8.2.1 Structural and Pressure Tests

There are no periodic structural tests required on the TN-RAM.

8.2.2 Leak Tests

After the TN-RAM is loaded and before it is released for transport, a series of pressure rise tests

shall be performed on the cask openings to verify proper assembly. See Chapter 7.0 for details

of these tests.

No leak tests will be done on the empty cask before it is shipped.

After the third use and every twelve months thereafter, the Containment System Fabrication

Verification Test, Section 8.1.3.1, shall be repeated, unless the cask is not is service. Prior to

use, the cask shall have been tested within the preceding 12-month period.

8.2.3 Subsystems Maintenance

The lid bolts, vent, drain and overpressure transport cover bolts shall be inspected after each use,
and annually, for deformed or stripped threads. Damaged parts shall be evaluated for continued
use and replace as required. At a minimum, the lid bolts shall be replaced at least once per 250
round trips.

8.2.4 Valves, Rupture Discs and Gaskets on Containment Vessel

All gaskets and the Drain port Hansen quick connect plug will be replaced prior to the third use

test and annually thereafter unless the cask is not service. Prior to use, the maintenance shall

have been completed within the preceding 12-month period.
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No other maintenance is required prior to transport.

8.2.5 Shielding

A shielding integrity test using gamma scan or equivalent shall be performed after fabrication,

and a shield effectiveness test shall be performed following initial loading. See paragraphs 8.1.5

and 8.1.7. Dose rate measurements are required to be taken prior to each shipment. There are no

periodic shield effectiveness tests required.

8.2.6 Thermal

There are no thermal tests required for the TN-RAM.

8.2.7 Miscellaneous

This section does not apply.
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