
1498C Rev. 1

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)(1).

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 foot drop tests were performed to determine dynamic

effects. These tests were performed for the:

1) 900 end drop

2) 10° slapdown (shallow angle side drop)

The 900 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) 300 corner crush

3) 600 corner crush

4) 00 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-RAM 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
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rIGURE 2.10.3-1

WIOOD ORIENTATION IN TEST MOD~EL AND TN-RAM IMPACT LIMITERS

(A) TEST MODEL-RADIAL SLICE

BNLSAI

(B) TN-RA1W IMPACT LIMITER/RADIAL SLICE

~e
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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. 900. 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.O in.

The test was photographed using high speed cameras (400 frames

per second and 2000 frames per second) and video cameras.
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FIGURE 2.10.3-2

TN-BRP/REG SCALE MODEL END DROP TEST SETUP
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FIGURE 2.10.3-3

TN-BRP/REG SCALE MODEL END DROP ACCELEROMETER LOCATIONS
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Data and Results

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 dashe& lines are predicted (calculated) assuming 20% and

80% 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'curve.

conservatively assumed to be caused by the steel structures.
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peaks at 15OG which is approximately 5% greater than the

maximum predicted G value of 140G.

The test results show 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.

of the limiter occurs making a precise crush measurement

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

and duration of the impact deceleration pulse agrees well with

the measured data.
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FIGURE 2.10.3-4

ACCELERATION VS. TIME TRACE

ACCELEROMETER A37ZR

Ilk F10lg0

Simi -%.ODD miuc

Warr. MS. SIW

OSI1l1110s I bDC... 1640
Ith0 131" IS'lsi-s~treDo

Sffllti IWO, LIUl 9.00D
LOUPMS

6ils CSk 110D.000
Lob. Cb& 0.09

1
*SS*

e

!

I
ik

S.o.

7 -I17o G,

-.4

* IJ

-spe1.99.

-too,**
I

Vv

_009. maj

!
-a on. ... ** .' 5.3 5.3 Sm

TaIME Its oqIc

CHANNEL ID: A372K
1c~~ci~ oD / C& rs MIP/m[c cpsit 1gsl DAIL$ 1 0 i'lle

2.10.3-10



1498C Rev. I

FIGURE 2.10.3-5

PREDICTED VS. TEST ACCELERATION DATA ACCELEROMETER A37ZR
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* This 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.

H : 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 in the limiter was expanded even more in 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-BRP/REG 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.

Model and Test Description

The model previously used for the 30 foot end drop described

above was used for this test. The front impact limiter

(primary oontact 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 100 - 10 angle with horizontal.

2.10.3-12
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FIGURE 2.10.3-6

CRUSHED DIIMrENSIONS OF FRONT IMPACT LIMITER AFTER TN-BRP/REG

SCALE MODEL END DROP
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Accelerometers were mounted on the test body at the locations shown

in Figure 2.10.3-B.

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.

A1IX 102

AIlXR 115

A13X 108

A13XR 112

A17X 112

A17XR 118

The acceleration vs. time trace for accelerometer A17XR is

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

approximately 18.5 msec. The predicted acceleration vs. time

2.10.3-15
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FIGURE 2.10.3-8
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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 I.D. Primary Impact G's 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 GIs.

The acceleration vs. time trace for accelerometer A37XR 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 GIs

during the secondary impact. The test results and ADOC

predictions are shown in Figure 2.10.3-11.
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Five accelerometers were mounted approximately 21 inches

axially from the center of gravity toward the secondary impact

end. The maximum 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

ASIR 20 172

A53X 16 156

A53XR 14 148

A57X 10 125

A57XR 14 146

The average peak deceleration during the primary impact was 15

G's. The average peak deceleration during the secondary impact

was 149 GIs.

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 cast 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 00 (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 90'. (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.
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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,

300 corner. 600 corner and 900 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 0 as

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

Therefore. the 00 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 correlation between measured data and predictions is

excellent for the 00 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
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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 600. 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 10-20% 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 AND 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 00 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
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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 900 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

900 END TEST

DYNAMIC STATIC

00 SIDE TEST

DYNAMIC STATIC

ABSORBED

ENERGY

(in lb)

3.102 x 106 Same

(100% - Unidirectional Motion)

1.72 x 106 Same

(55% - Calculated by ADOC)

PEAK CG 150 G

DECELERATION Measured (1)

118.2 G

Calculated (4)

67.6 G

Measured (6)

71.2 G

Calculated (4)

PEAK IMPACT

FORCE (Ib)

1.28 x 106 1.01 x 106

Calculated (1) Measured (3)

.578 x 10 .620 x 106

Calculated (1) Measured (3)

CRUSH

DISTANCE

1 3.0 in

Measured (2)

3.85 in

Measured (5)

1 3.9 in

Measured (2)

4.75 in

Measured (5)
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Notes from Table 2.10.3-2

Measurements:

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 5 accelerometers at CG.

Calculated Values:

1. Model weight multiplied by CG acceleration (in GIs)

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.

S. 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 thit 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

CC acceleration (F-MA). Simultaneous rotational acceleration

is also occurring (since T - Ia), 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

x 106 pounds. The corresponding CG acceleration would be

72.1 C's. The static and dynamic values agree within about 5%.
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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 springback. 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 100t

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 BETWEEN 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-BRP/REG 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:

[• (5.7 2 42- 2

F [w(r (15.17) 2 +-.2w (20.34 -15.17 2)] (825)

= 691,616 lbs.

For 80% unbacked wood effectiveness:

2 2 2
F - [w (15.17) (825) + .8n (20.34 -15.17 )) (825)

a 977,109 lbs.

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

crush force is:
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F - [T (26)2 (1785) + .2w (45.88 2-262 ) (360)

- 4,114,061 lbs.

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

idealized crush force is:

F - 1w (26)2 (1785) + .6v (45.682-26 2)] (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

80e% 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 is .58"

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 TN-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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The scaling method is described below:

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

crush angle 0 is:

-1
e - 2 cos (R-6)

R

Similarlyfor a given crush angle, the displacement is

6 a R (1 - cos 0f2)

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

footprint width is

W - 2R sin (0/2)

The area of the foot print is

A - WL

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

crush force is:

F - oWL - 2RoL sin (0/2)

where a is the crush strength of the wood.
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Figure 2.10.3-21
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Setting the crush angles of the test model and the TN-RANM equal.

6 t R

and

FR ROR R LR

P ao R L
t T t 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. Therefore, 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 A1DOC.

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-RAN

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

BUCKLING 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 13
supported by the closure flange at the lid end and to the inner

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 SAR. The purpose of

this section is to show that the compressive stresses that may

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

loading during the fabrication process is an external

pressurization of the cylinder produced by the hydrostatic head
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of molten lead created during the pouring process. The column

of molten lead is less than 120 in. long. This head causes a

hydrostatic loading of 120 in. x .410 lb/in3 or 49.2 psi on

the cylinder. The hoop stress in the cylinder is p x R0 /t or

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

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

(6206F). 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.
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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 t.

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 motion

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 pouring 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.
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During cooldown from the lead freezing temperature of 6200F to

room temperature the lead shrinks radially more than the inner

containment cylinder. The differential expansion is equal to:

ARLead-Steel - R Aa AT

AR - (18.25 in)(17.8B-9.53)10- 6 F- 1 (620-70)OF

AR a .0838 in.

Therefore the lead cylinder, if it were free, would shrink I-
.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 lead aR .0838 in. , .00459 in/in.

R 18.25 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:

0 lead E lead X C lead

- (2xlo6 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,
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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 13
vs strain curves for various temperatures obtained by *Tietz.

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 1000F produces a stress of about 500 psi

which relaxes to 300 psi in 100 hrs.. 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 1000 F.

These data indicate that the lead stress will not exceed about 13
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 a aead x tlead
Rinterface

3 300 psi x 5.08 in - 96.7 psi 3
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. June 1959, ASTM

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

00 inner cyl - Pinterface x Rinterface

cyl

- -96.7 psi x 18.25 in - -2352 psi

.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) Eormal 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

6200F. 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.
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When the cask body assembly temperature increases to the

160-170OF 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:

ARLead-Steel m R ha AT

AR = (18.25 in) (15.55-8.55) x 10-6 OF-1 (70+40)*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:

C R - .0141 in - .00077 in/in

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

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

strain is rapidly applied.
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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 -400F Cold Environment. Note that it takes

more than 40 hrs. for the temperature to drop as low as -20"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)

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).
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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 cooldown. 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

The above compressive stresses in the inner containment

cylinder are acceptable based on the criteria presented in the

AS?4E B&PV Code Case N-284 titled "Metal Containment Shell

Buckling Design Methods." The evaluation is presented below:

a) Factors of Safety. Paragraph 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.

01X
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b) Capacity Reduction Factors. Paragraph 1511(a) and (b):

R/t . 17.5 in/.75 in. w 23.33

M L /I 'i? 10 5/'1-7 .Sx .7 5 -286.9 8

Using Figures 1511-1 and 1511-2. aeL a 0.8

and a L - 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.

0o. during Fabrication. Normal Conditions of

Transport and Hypothetical Accident Conditions listed above

are 2352 psi. 2002 psi, and 17506 psi. respectively. The

corresponding values of o x FS/oy for these

stresses (with FS - 2 and 1.34; o - 30000 psi) are

.157, .134 and .782. The plasticity reduction factors in

the hoop direction. •e" are therefore always equal to

1.0 (Figure 1610-1).

The highest individual values of axial compression,

a , during Normal Conditions of Transport and

Hypothetical Accident Conditions are 3032 psi and 23.561

psi. The corresponding values of *a x FS/oy 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 Ti 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 Shells". Krieger Publishing Co.,

1981 results in 0.177 using values of Et and Es based

on Figure 2.10.1-1c of this SAR.
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d) Implified Stress Components (Elastic and Plastic):

Next, the amplified stress components are calculated. The

elastic amplified stresses are determined as:

0 i o x FS/at

Then the plastic amplified stresses are determined:

Oip - *is /i

The results of these computations using the highest

individual stress components are provided in Table 2.10.4-1.

e) Theoretical Buckling Values, Paragraph 1712:

In order to complete the analysis, it is necessary to

determine oel and oOe1 (both orel and
0 hel ). C• 4s 0.605 since ML* is 28.98. CeOr

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

a eL = C Et/R and OeL ' C Et/R.

Substituting numbers in these formulas:

oreL a 0.605 x 28.3x10 6/23.33 w 733,779 psi

0 0e1 - Orel - Ohel -0.032 x 28.3 x 10 6/23.33 3

- 38.811 psi
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Table 2.10.4-1

INNER CONTAINMENT CYLINDER AMPLIFIED STRESS COMPONENTS

Stress Component

Hoop (e) Meridional (4)

(psi) (psi)

Fabrication

(aeLL0.8, aL-O. 3 2 , FS=2.0)

Calculated Stress (oe.0 o) 2.352 ---

Amplified Stress (Elastic) 5.880 ---

Plasticity Reduction Factor 1.0 ---

Amplified Stress (Plastic) 5.880 ---

Normal Conditions of Transport

(Ci as above. FS = 2.0)

Calculated Stress (oa. 0 ) 2,002 3,032

Amplified Stress (Elastic) 5.005 18.950

Plasticity Reduction Factor 1.0 1.0

Amplified Stress (Plastic) 5.005 18.950

Hypothetical Accident Conditions

(ai as above. FS - 1.34)

Calculated Stress (a1. ) 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
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These theoretical buckling stresses are well above both the

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 Equations. 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 (oa

0.5 Os ):

2

,s - 0.5OheL *+)Oes 2 S 1.0

0eL heL \OheL)

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.

Fabrication:

0 + 568o\2 0.023 1 1.0(38811)H
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Normal Conditions of Transport:

\2
18950 - 0.5 (38811) * 0 - 0.017 S 1.0

733.779 - 0.5 (38811) =38811

Hypothetical Accident Conditions:

98662 - 0.5(38811) + (1:33\ 0.682 S 1.0

733.779 - 0.5(38811) el381) 3

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.

2.10.4-18



1502C Rev. I

APPENDIX 2.10.5

DRAIN LINE EVALUATION

2.10.5.1 INTRODUCTION

This appendix presents the structural analysis of the drain

line under Normal Conditions of Transport and Hypothetical

Accident Conditions. The drain 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 2.10.5-1 has

been evaluated for the following cases:

1. Hot Environment (1006F. 30 psig internal pressure. 1 9

downward)

2. Cold Environment (-400F and -200F. 14.7 psig external

pressure. 1 g downward)

3. 1 Foot End Drop

4. 1 Foot Side Drop

5. Thermal Accident (to.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. Loads 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.

2.10.5-1
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FIGURE 2.10.5-1 DRAIN PIPE
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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

inch pipe to the inner container. The bending stress is

calculated by assuming that the 13.75 inch long section of pipe k
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 = 3EIAx
L 3

E is the modulus of elasticity of the pipe. The value of E is6 .6

25.8xi0 psi for the thermal accident and 28.3xi06 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
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TABLE 2.10.5-1*

DRAIN PIPE DISPLACEMENTS

JOADING DISPLACEMENT DISPLACEMENT

OF OUTSIDE OF INSIDE

PIPE END (IN) PIPE END (IN)

HOT ENVIRONMENT .0262 .1100 .0075 .1145

-400 COLD ENVIRONMENT -. 0220 -. 1061 -. 0112 -. 1003

-200F COLD ENVIRONMENT -. 0180 -. 0868 -. 0092 -. 0820

1 G down NIL NIL NIL NIL

I 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-.S6 hrs) .0333 .5102 .0074 .2991

THERMAL ACC (t-.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 6y is longitudinal.
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equal to:

= FLR = 3ERAx

I L2

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.
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TABLE 2.10.5-2

BENDING STRESSES DUE TO RELATIVE DISPLACEMENT OF PIPE ENDS

MAX BENDING STRESS

(psi)

MAX BENDING STRESS

INNER END (psi)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

R END

493

442

2142

655

731

6809

459

510

3355

1937

3588

2727

3642

4001

1722

3570

5

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.
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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 4000F. If not

restrained, the shorter length of pipe would increase by:

AL = LoAT = (13.75) (9.l9xlo- 6 ) (400) = .0505 in.

The longer length of pipe would increase by

AL = (19.25)(9.19x10- 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:

c = 3ERAxb
L 2

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

(13.75)25

= 6820 psi 5

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

elongation of the shorter length of pipe is calculated similarly:

ab = 3(25.8xlO 6)(.371)(.0505-(.0259)(13.75/19"25)1

= 2480 psi (
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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

27313

27313

41620

22435

S
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The maximum temperature in the lead during normal conditions is

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

by

AL = L ciAT
-6

where a = 8.55 x 10 in/in/QF

L = 29.81 in

AT = 163 - 70 = 93°F

AL = .0237 in IS

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 =pr = (30 psi) (.371) = 72.3 psi
t .154

The longitudinal stress due to internal pressure is

OL = Pr = 36.1 psi
2t

During the thermal accident the pressure increases to 41.2 psi.

Therefore the radial stress due to internal pressure is

0 = 99.3 psih

The longitudinal stress due to internal pressure is

0 = 49.6 psi
L
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2.10.5.6 SHEAR LOADS ON PIPE

The maximum shear load on the pipe is

= Lwg
2A

Rev- 5

where L is the total length of pipe. 29.81 in. js
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

x = 4.4 psi

For the 1 ft end drop

i = 133 psi

For the 1 ft side drop

t = 161 psi

For the 30 ft end drops

x = 373 psi

For the 30 ft side drop

T = 473 psi

For the 30 ft corner drop

x = 359 psi

$
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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 Sm

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 5

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 Sm or 15

72.000 psi. Therefore the drain pipe stresses meet the requirements

of Regulatory Guide 7.6.
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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

1 FT END DROP 276 5250 13343

1 FT SIDE DROP 330 4385 14432

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

THERMAL ACCIDENT (t=.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
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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 Wood

* D2016 Moisture Content of Wood

2.10.6.2.2 Federal Specifications

0 ?0Q4-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:

S

S

Balsa

Redwood

10.0 - 12.0 lb/ft3

18.7 - 27.5 lb/fts (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 MMM-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.
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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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APPENDIX 2.10.8
OPTIONAL LID AND LID BOLT EVALUATIONS

2.10.8.1 Introduction

This appendix contains the evaluation of changes due to license update to a B(U)-96 and an

optional lid design.

A specific use of the 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 optionat 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 boundary. The shielding portion 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 portion 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 1OCFR71. 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 1 OCFR71 based on analyses

done following the methodology NUREG/CR-6007 Ref. [4].
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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 *F used for the

analysis are provided in Tables 2.3-1 and 2.3-2 of Chapter 2. The stresses are compared against

stress limits from Ref. [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 modulus 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.
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ANSYS Contac 12 elements are used to model the interface 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-i 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 the 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

linearized 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 thickness of the lids. Table 2.10.8-1

summarizes the 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 the closure bolts for Normal Conditions of Transport (NCT)

and Hypothetical Accident Conditions (HAC). The stress analysis is performed in accordance

with NUREG/CR-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 of 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 115 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 achieved preload.

" Use a closure lid design which minimizes the prying actions of applied loads.

" Pay special attention to the interaction between the preload and the thermal load and

between the preload and the prying force.
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2.10.8.3.1 Lid Closure Bolt Analysis

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 'F is used in the lid

bolt region based on the results of thermal analysis documented in Chapter 3.

Lid Bolt Individual Load Calculations

The results of the individual load calculations using the formulas described in reference [4] 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. I.

An average tensile stress in bolts, Sba, is determined by means of formula

S,, = 1.2732 F.

Bending stress in bolts, Sbb, is calculated by means of formula

S,, = 10.186 Mhi

An average shear stress Sbt caused by shear bolt force F, is Sb, = 0.

Maximum shear stress caused by the torsional moment Mt is
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S,, = 5.093M'

Maximum Combined Stress Intensity is calculated as

SW = [(Sba + Sbh)
2 + 4(Sbs + Sb%)2 ]0. 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 Bearing Stress Calculation

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

1.625" diameter is used.
diam- 1.625 hI

H 2.375/2= 1. 1875in.

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

Hb/2*Hb/2*TAN(30o)*6, PI0/4*Dh2 = 2.811 in2.

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

Minimum Engagement Lenzth Calculation

For a 11½ - 8UN - 2A bolt, the material is A-564 Type 630 Condition HI 100, with

Su = 140 ksi at 200 OF

The cask flange material is A-240 Type 304 with

Su = 71.0 ksi at 200 OF

The minimum engagement length, L,, for the bolt and flange is (Ref. 6, Page 1324),
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L,. E 2A,
3.146Kj.a I + .57735,i(E.,1,, -K,.,~.\1

Where,

A, = tensile stress area A, = 0.25 x ;r I), = 0.25 x ;r x 1.3782 1= .4918 in. ,

n = number of threads per inch = 8,

K Ina- = maximum minor diameter of internal threads =

F_ mi = minimum pitch diameter of external threads =

Dmin = minimum major diameter of external threads =

1.3900 in, [6], p. 1556

1.4093 in, [6], p. 1556

1.4828 in. [6], p. 1556

Substituting the values given above,

2(1.3782)
L•, = 1.160 in.

(3.1416)1.390[1+ .57735(8)(1.4093 -1.390)1

-= A., X.S,, , (Reference [6])

A,, x S,,,

Where, S., is the tensile strength of external thread material, and S, is the tensile strength of

internal thread material.

A, = shear area of external threads = 3.1416 n L, Knm, [I/(2n) + .57735 (E, rain - K, rMXv)]

An = shear area of internal threads = 3.1416 n L, D,,min [l/(2n) + .57735(D, im - Enax)]

Enm•., = maximum pitch diameter of internal threads = 1.4283 in., [6], p. 1556.

Therefore,

A,, = 3.1416 (8) (1.160) (1.390) [1 / (2 x 8)+ .57735 (1.4093 - 1.390)] = 2.984 in.2

An = 3.1416 (8) (1.160) (1.4828) [1 / (2 x 8) +.57735 (1.4828 - 1.4283)] = 4.061 in.2

So,
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= 2.984(140.0) - 1.449
4.061(71.0)

Therefore, the minimum required engagement length,

Q = J L, = 1.449 x 1. 160= 1.680 in.

The actual minimum 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
preload.

a 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.
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Table 2.10.8-1

Summary 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 4.22 30.0 0.141 7.1

Optional Lid (SA - 240 Type Pm 4.80 33.2 0.145 6.92
XM 19 with separate lead) Pm + P•* 6.67 49.8 1. 134 7.5

Maximum Stress intensity is used for P., + PI,
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Table 2.10.8-2
Design Parameters for Lid Bolt Analysis

DL, bolt nominal diameter 1.5 |in]
D, smallest diameter of bolt shank 1.32 lin]
N number of threads per inch 8
p thread pitch 0.125
Dh diameter for tensile stress in thread (Db-.9743p) 1.3782 [in
DhI, diameter for tensile stress calculation 1.3200 linj
Dh. diameter for shear stress calculation 1.3200 [in]
Dhj diameter for bending stress calculation 1.3200 [in]
Db, diameter for torsional stress calculation 1.3200 [ini
Lbsh bolt shank length 4.88 [in]
Hb bolt head size across flats 2.375 [in]
Nb number of bolts 16
K nut factor 0.132
Q. max required preload torque 1000 [fi-lbi
Qn mrin required preload torque 900 [fi-lbi
Dh lid diameter at bolt circle 45 [in]
DI, lid diameter at inner edge 40.22 [in]
D___ lid diameter at outer edge 49.19 [in]
D. inner seal diameter 40.870 [in]
Dos outer seal diameter 42.620 [in!
D., cask shell inner diameter 40 fin]
Dn lid inner diameter 39.81 [in]
tc cask thickness 5.625 [in]
tI lid thickness 2.5 [in]
tlf lid flange thickness 2.38 [in]
Dh diameter of bolt hole in lid 1.625 fint
Nu1 Poisson's ratio of lid material 0.3
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Table 2.10.8-2
Design Parameters for Lid Bolt Analysis (Concluded)

W, weight of lid assembly 4.70(0 [lb]
W, weight of cask contents - payload 9.500 jib]
W WJ+W1  14.200 [lbi
P1. external pressure 0.0 Ipsig]
Ph internal pressure 30.0 fpsig]
P.h submerge pressure 21.7 Ipsigl
Fj, seal seat force (Reference 5) 100 fib/in]
DLF dynamic load factor !. 1
xin i load angle of impact load for NCT 90 Ideg]
ain -worst case for impact for NCT 30.0 [g]
amn a ain - axial component 30.0 [g]
ain r ain - radial component 0.0 [g1
xi i load angle for impact for HAC 85 Ideg]
ai worst case for impact load for HAC 81. [3]
ai a ai - axial component 81.0 W
ai r ai - radial component 7.1 [g]
Svb yield strength of bolt material ((ai200 *F) 106.3 [ksi]
Sub ultimate tensile strength of bolt material ( itS200 *F) 140 [ksi]
Eb modulus of elasticitv of bolt material (1(1200 *F) 2.76E+07 [psi]
alfab coefficient of thermal expansion of bolt material ((a:200 'F) 5.90E-06 [in/in--F]
Syl yield strength of lid material (da200 0F) 47.1 [ksi]
Sul ultimate tensile strength of lid material ('d,200 'F) 99.4 [ksil
El modulus of elasticity of lid material (4200 OF) 2.76E+07 [psi]
alfa I coefficient of thermal expansion of lid material (i4,200 OF) 8.480E-06 Iin/in-°F]
Sy-c yield strength of cask material (rd,200 'F) 25.0 [ksi]
Suc ultimate tensile strength of cask material (ia 200 'F) 71.0 [ksij
Ec modulus of elasticity of cask material (it200 "F) 2.76E+07 [psi]
alfa c coefficient of thermal expansion of cask material (,-II200 F) 8.79E-06 [in/in-OF]
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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 (17Cr-4Ni-4Cu)

Coefficients of NCT Allowables
Temperature Yield Stress Thermal Expansion Fb F,b Si.

(OF) (ksi) (in/in-*F) (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 5.9 1E-06 63.47 38.1 85.7

Notes:
Yield stress values are from ASME Code
Allowable Tensilc stress. F,, = 2/3 S5, (Ref. 141. Table 6.1)
Allowable shear stress. Fr!, = 0.4 ,, (Ref. [41. Table 6.1)

Tension and shear stresses must be combined using the following interaction equation:
2 2
-+- < 1.0 (Ref. 141)

th vb

Stress intensity from combined tensile, shear and residual torsion loads.

Si. < 0.9 S, (Ref. 141. Table 6.1)
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Table 2.10.8-4
Allowable Stresses in Closure Bolts for Hypothetical Accident Conditions

MATERIAL: SA-564 Type 630 Condition H 1100 (1 7Cr-4Ni-4Cu)

HAC Allowables
Temperature Yield Stress Ultimate Stress F.* F,.,

(OF) (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

Note:
Yield and tcnsilc stress values are from ASME Code.
Allowable Tensile stress. F,,, = MINIMUM(0.7 .,. S,,,) (Ref. [41. Table 6.3)
Allowable shear stress. F,.,, = MINIMUM(0.42 S,. (.6 .S,) (Ref. [41. Table 6.3)
Tension and shear stresses must be combined using the following interaction equation:

--- + _-• < 1.0
F,; F,

(Ref. 141)
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Table 2.10.8-5
Summary of Bolt Individual Loads

Load Type Force ID NCT HAC Force Parameter Description

Maximum Fa(L) 60,606 60,606 Non-prying Tensile Force, [lb]
Preload Mtr(L) 6,000 6,000 Residual Torsional Moment [lib]

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, [lib]

Pressure Fa(P) 2,675 2,675 Non-prying Tensile Force, [lb]
Fs(P) 0 0 Shear Force [lb]
Ff(P) 338 338 Fixed Edge Force [lb/in]
Mf(P) 1,898 1,898 Fixed Edge Moment [lb-in/in]

Temperature Fa(T) 14190 14190 Non-prying Tensile Force, [lb]
FsJT) 0 0 Shear Force [lb]

Impact Fa(I) 39,246 105,952 Non-prying Tensile Force, [Ib]
Fs(1) 0 0 Shear Force [lb]
Ff(l) 4443 Fixed Edge Force [lb/in]

MA(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) Ff(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, [hb]
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Table 2.10.8-6
Normal and Hypothetical Accident Conditions Load Combinations

Load Combinauion"1  Identification Per Table 4.9 of NUREG/CR 6007
Fapt Fa.al Fa c Ff_c Nlif_c B Fapc Fa Fs Mbb Mtr
Ikipl Ildpl Ikipi Ikip/ini lin- [kip/inl ("ip1 Idpl kiMpI lin- [in-

kip/i W kipl Idpl
NI. NCT Operating
(L)PAG)M(P)+(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. NCT Impact
(L+)+(G)AP)4.(T)+(V) 76.4 41.9 76.4 4.8 26.9 8.65 0.0 76.4 0.0 7.4 6.0
*(I)

HI. HAC Pressure
(L)+(G(-4,P)+(T) 76.4 2.7 76.4 0.3 1.9 8.65 0.0 76.4 0.0 NAI" NAý

1H2. HAC Impact
(I.)+(G •(Ph÷(T)+(1) 76.4 108.6 108.6 12.3 69.3 12.33 0.0 108. 0.0 NA" NA7

6

113. HAC Submersion
(L)+tG)+(Py-(T)+(S) 76.4 -1.9 76.4 0.0 -1.4 8.65 0.0 76.4 0.0 NA"4 NA" 0

Notes:
'ý Bending stress and torsional stress are not required to be aamlyzed for accident load per Reference 141.
''L- Lid bolt preload. G- Gasket seating load. P- Pressure load. T- Temperature load. V-Vibration load. I- Impact
load. S- Submersion load
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Table 2.10.8-7
Closure Bolt Stress Analysis Results

Tensile Shear Bending Torsional Stress
Load Combination(2 ) Stress Stress Stress Stress Intensity

Sba Sbs Sbb Sbt Sbi
lksil Iksil Iksil lksil [ksij

N I. NCT Operating 55.9 0.0 2.3 13.3 63.9
(L)+(G)+(P)+(T)+(V)

N 2. NCT Impact 55.9 0.0 32.6 13.3 92.4
(L)+(G)+(P)+(T)+(V)+(I)

III. H A C P re ssu re 5 9.......T A

(L)+(G)+(P)+(T) 00 Ný1 N' R

H2. HAC Impact 79.4 0.0 NA()
(L)+(G)+(P)+(T)+(S)

H3. HAC Submersion
(L)+(G )+(P)+(T)+(S)55 90 0N " A )N K

Notes:
"' Bedling stress aixd torsional stress arc not required to be analyzed for accident load per Reference [4].
1-' L- Lid bolt preload. G- Gasket seating load. P- Pressure load. T- Temperature load. V-Vibration load.

I- Impact load. S- Submersion load.
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Table 2.10.8-8
Summa of Stress Ratios(l1

2X0)

Applied Allowable Tensile Applied Allowable Shear Combined Applied Allowable Stress
Tensile Tensile Stress Shear Shear Stress Stress Stress Stress Intensity
Stress Stress Ratio Stress Stress Ratio Ratio Intensity Intensity Ratio
6s6i [6Q Ftb[ksI R Sbs Post Fvb Dsj Ft R A i[sf] S Deg R

NM. NCT Operating 9 70.9 78.8% 0.0 42,5 .0% 78.8% 63.9 "9567 66.,
(L)+(G)+(P)+Cfl+(V)

N55 NCT I c9 70.9 78,8% 0.0 42.5 0.0% 78.8% 92.4 95.7 96.6%
(L)+(G)4(P)4(T)+(V)+().

H11. HAC Pressure . 9.. .. ........ .........
(L)+(G)+(P)+(T) 55.9 98.0 57.0% 0.0 58.8 0.0% 57.0% NA NA NA

H12. AC Impact 79.4 98.0 81.0% 0.0 5s•. 0.0% 8.0% N A NA NA

1H3. RAC Submersion ..
(L)+(G)+(P)+()+(S) 60.7%. 0.0. 552 .00% .607% .... NA. . .

Note:
(I IIn the table Rt=Sba/Ftb. Rs=Sbs/Fvb. and Ri=Sbi/SI
'2'L- Lid bolt preload. G- Gasket seating load. P- Pressure load. T- Temperature load, V-Vibration load. I- Impact

load. S- Submersion load
* Bending stress and torsional stress ram not required to be anahlzed for accident load per Reference 14].
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ANSYS 10.OA1
PLODT NO. 1
ELEM4ENTS
TYPE NUM

F
PR3030

IN-RFM 2D Original Lid Internal Pressure
TN-RAM 2/3 Original Lid Internal Pressure

Figure 2.10.8-1
Finite Element Model Original Lid with Applied Loads and Boundary Condition
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1 ANSYS IC.0JA1
PLOT ND. 3
NIJAL SCWT•ICN
STEP=1
SUB =1
TIME_=I
SINT (AVG)
DMX =.0C2399
SMI =.073446
SMX =4223

.073446
469.238
938.402
14081877
2346
2815
3284
3753
4223

"W-- ý,

IN-RAM 2D Original Lid Internal Pressure

Figure 2.10.8-2
Stress Intensity Plots for Original Lid
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I ANSYS 10. OA1
PL~r NO. 1
ELEM2IM
TYPE NUM

F
PPES-NTh
30

t 11 .1. 1 1, 1 . . I T 1 T

!-RAM 20 Cptional Lid Internal Pressure

Figure 2.10.8-3
Finite Element Model Optional Lid with Applied Loads and Boundary Condition
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I msLES 10.0A1
PLOT NO. 2
NC[YAL SCLUTICN
STEP-1
S%7B =1,
TIME-1
SInT (AVG)
DMX =.020107
SMM =68.489
SMX =7191

68.489
859.868
1651
2443
3234
4025
4817
5608
6400
7191

L-X

IN-RAM 2D0 pticnal Lid Internal 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-RAM 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-RAM cask flange and lid are connected by
sixteen 1.5" diameter bolts of SA-564 Type 630 condition 1100 Stainless Steel (1 7Cr-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, Sb, = 1.2732-- [1, Table 5.1]
b2

2.10.9-1



Rev. 10 I

Dba = Dbt = Bolt Diameter for stress calculations = 1.32 in. [Table 2.10.9-1]

60,606
Sb. = 1.2732 6060 -- 44,286psi

1.32 2

Maximum shear stress caused by the torsional moment Mr~,

SbI =5.093ýý [1, Table 5.1]

6,000
Sb, = 5.093 ' = 13,286psi

1.32'

2. Gasket Seating Loads

Gasket Seating Load, Fa = 1,639 lb/bolt

1,639
Sba = 1.2732 ' = 1,198psi1.322

3. Temperature Load

[Appendix 2.10.8, Table 2.10.8-5]

Temperature Load, Fa = 14,190 lb/bolt [Appendix 2.1

14,190Sb -= 1.2732 1.3290 = 10,369psi
- 1.322

Combined bolt stresses due to preload, gasket and thermal loads:

Axial stress, Sba = 44,286 + 1,198 + 10,369 = 55,853 psi

The corresponding stress intensity, is then

S.I. = V55,8532 + 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) = 1,955psi1.322-

[Appendix 2.10.8, Table 2.10.8-5]

Fixed edge closure lid moment, Mf= 1,898 in-lb/in [Appendix 2.10.8, Table 2.10.8-5]

Bending moment Mbbper bolt is given by [1, Table 2.2]:

Mbb -~ b )[Db Kb Mf
Nb LKb + Kl

where:

Kb =(Nb )( Eb (Dba = 16 =(2.76x107 77,482 lb/rad

Lb )Db 64 )6.008 45.0 )()64

and&

E 3? 2.76x 107 x2.53
V, --

- __ _ _ _ _ __ _ _ _ _ _ -2 (4 .0 /\213-N) +(I_-N,,)2 Dlb 3 -0.32)+(1-0.3)2 49 45.0

= 2,419,889 lb/rad

Therefore, Mbb :(,r45.0)[ 77,482 1M
T r 16 77,482 + 2 ,4 19 ,88 9 J s=O'2 7 4 lMs

Mbb = 0.2741 x 1,898 = 520.24 in-lb

Sbb = 10 .18 6 Mbb =10.186x520.24/(1.32) 3 = 2,304psi
Dbb

[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 / Shock

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 lb)(2.3 gs) / (16 bolts) (n/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) (n/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 N 14.23 [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 lb)(0.3 gs) / (16 bolts) (n/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:

Sba = 1.2732-f- = 1.2732 (39,246) = 28,678psi.
Db 21.322

Sbb = 10.186 bb = 10.186 0.2741(24,984) = 30,329 psi,
D 3 1.32 3

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 1-9.2.1, 1-9.2.2 and Table 1-9.1 of ASME Section
III Appendices [4].

A KF 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.J., then Sa = (1/2) x S.I. x KF x KE.

If one cycle goes from -S.L to + S.1., then Sa = S.f. x KF x KE.

Where KE is the correction factor for modulus of elasticity,
KE = 28.3x106 / 27.6x10 6 (at 200'F) = 1.02 [4, Figures 1.9.2.1, 1.9.2.2].
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Stress Cyclest ) Damage
Intensity S.I.x KF Sa Factor

Event (psi) (ksi) (ksi) n N n / N
Operating Preload,
Gasket and Thermal 61,852 247.4 126.2 500 829(2) 0.60

Operating Pressure 4,259 17.04 8.7 250 0o 0

Truck Shock 1,492 5.97 3.0 1500 oo 0

Rail Car Shock 3,049 12.20 6.2 27,000 0o 0

1 Foot Drop 59,007 236.03 120.4 250 964(" 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 [4].
2. By interpolation using Table 1-9.1, N/500 = [1000/500] (log 

148/126.2)/(log 148/119)

N = 1.658 x 500 = 829.
3. By interpolation using Table 1-9.1, N/500 = [1000/500] (log 148/120.4) / (log 148/119)

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 2.10.9-1
Design Parameters for Lid Bolt Analysis

Db bolt nominal diameter 1.5 [in]
Dsh smallest diameter of bolt shank 1.32 [in]
N number of threads per inch 8
p threadpitch 0.125
Dh diameter for tensile stress in thread (Db-. 9743p) 1.3 782 [in]
Dbý diameter for tensile stress calculation 1.3200 [in]
Dt• diameter for shear stress calculation 1.3200 [in]
Dbb diameter for bending stress calculation 1.3200 [in]
Dbt diameter for torsional stress calculation 1.3200 [in]
Lb bolt length 6.008 [in]
Hb bolt head size across flats 2.375 [in]
Nb number of bolts 16
K nut factor 0.132

max required preload torque 1000 [ft-lb]
min required preload torque 900 [ft-lb]

Dib lid diameter at bolt circle 45 [in]
Djj lid diameter at inner edge 40.22 [in]

D1, lid diameter at outer edge 49.19 [in]
Di, inner seal diameter 40.870 [in]
Do, outer seal diameter 42.620 [in]
Dcj cask shell inner diameter 40 [in]
Djjý lid inner diameter 39.81 fin.]
tc cask thickness 5.625 [in]
tl lid thickness 2.5 [in]
tlf lidflange thickness 2.38 [in.]
Dh diameter of bolt hole in lid 1.625 [in]
N., Poisson 's ratio of lid material 0.3
W, weight of lid assembly 4700 [1b]
We weight of cask contents -payload 9500 [lb]
W WI++W, 14200 f[b]
P,0  external pressure 0.0 [psig]

Pli Internal pressure 30.0 [psig]
Psb submerge pressure 21.7 [psig]
Fseal seal seatforce 100 [lb/in]
DLF dynamic load factor 1.1 -
xin i load angle of impact loadfor NCT 90 [deg]
ain worst case for impact for NCT 30.0 [g]
ain a ain - axial component 30.0 [g]
ain r ain - radial component 0.0 [g]
xi i load angle for impact for HA C 85 [deg]
ai worst case for impact load for HA C[ 81.3 [g]
ai a ai - axial component 81.0 [g]
ai r ai - radial component 7.1 &1
Syb yield strength of bolt material (@200 T) 106.3 [ksi]

Sub ultimate tensile strength of bolt material (@200 TF) 140 [ksi]
Eb modulus of elasticity of bolt material (@200 'F) 2. 76E+07 [psi]
aab coefficient of thermal expansion of bolt material (@200 TF) 5.90E-06 [in/in- TF]
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Table 2.10.9-1
Design Parameters for Lid Bolt Analysis (concluded)

Syl yield strength of lid material (@200 TF) 47.1 [ksi]

Sul ultimate tensile strength of lid material (@200 IF) 99.4 [ksi]

El modulus of elasticity of lid material (@200 OF) 2. 76E+07 [psi]

a., coefficient of thermal expansion of lid material (@200 "F) 8.480E-06 [in/in- TFl

Syc yield strength of cask material (@200 TF) 25.0 [ksi]

Sue ultimate tensile strength of cask material (@200 TF) 71.0 [1si]
Ec modulus of elasticity of cask material (@200 TF) 2. 76E+07 [psi]

aac coefficient of thermal expansion of cask material (@200 "F) 8. 79E-06 [in/in- TF]
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