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ABSTRACT

The primary concern governing the design of shipping packages

containing radioactive materials is public safely during transport. When these

shipments are within the regulatory jurisdiction of the U.S. Department of

Energy, the recommended design criterion for the primary containment

vessel is either Section III or Section VIII. Division 1, of the ASME Boiler and

Pressure Vessel Code, depending on the activity of the contents. The

objective of this paper is to discuss the design of a prototypic containment

vessel representative of a packaging for the transport of high-level radioactive

material.

INTRODUCTION

A typical packaging system for shipping radioactive material consists of an

inner vessel to contain the product, shielding to limit external radiation,

material to act as a thermal shield, an outer container, and a structure

designed to absorb external impact structural loadings. When these

shipments are within the regulatory jurisdiction of the U.S. Department of

Energy (DOE), the recommended design criterion for the primary



containment vessel is either Section III or Section VIII, Division 1, of the

ASME Boiler and Pressure Vessel Code,1*2 depending on the activity of the

contents. Nevertheless, many containment vessels for radioactive packagings

currently follow a design criterion that limits the maximum stress to some

fraction of the yield strength derived with standard engineering handbook

equations: a "strength-of- materials" design. Although a design based on this

simplified criteria may be adequate to resist imposed structural loadings

during normal transport conditions, the overall margins of safety against

structural loadings during an accident may be insufficient, and could result in

a release of the contents. Consequently, the objective of this paper is to

compare a "strength-of- materials" design analysis to an ASME Code design

analysis of a prototypic containment vessel representative of a packaging for

the transport of high-level radioactive material.

FEDERAL REGULATIONS AND DESIGN CRITERIA

The federal regulations that govern the design of a DOE authorized

shipment of radioactive material are contained in Title 10 of the Code of

Federal Regulations. Part 71 3 (10 CFR 71) and DOE Order 5480.3.4 These

regulations require that packagings meet the environmental and physical

structural loading conditions expected under normal conditions of transport,

and for hypothetical accident conditions that may also occur. However, these

regulations provide no guidance for the actual design of these packagings. An

acceptable design criterion for spent fuel casks is contained in the U.S.

Nuclear Regulatory Commission Regulatory Guide 7.6.5 Additional guidance

for acceptable design criteria is contained in the DOE Packaging Review

Guide.6 The design criterion adopted in Regulatory Guide 7.6 is Section III of

the ASME Code, while the Packaging Review Guide recommends Section HI

or Section VIII depending on the radioactivity of the contents.



The most severe environmental and physical loading conditions in 10 CFR

71 relate to the hypothetical accident conditions and include (in succession)

a 9-m (30-ft) free-drop onto the most vulnerable surface, puncture by a

152-mm (6-in) diameter bar, a 30-min fire at 800°C (1475°F), and immersion

under a 15-m (50-ft) head of water. In addition, the free-drop and puncture

tests must be conducted at the most unfavorable external temperature

between -29 and +38°C (-20 and +100°F), and in a position for which

maximum damage is expected.

HYPOTHETICAL CONTAINMENT VESSEL

Figure 1 shows an overall schematic of the prototypic packaging system

considered in this paper. It is postulated that the contents of this packaging

contains greater than 30,000 curies to warrant the use of Section III when the

ASME Code design philosophy is adopted. This configuration is typical for

packagings that contain highly radioactive materials such as spent fuel

elements. The outer container and foam-filled impact limiters are designed to

provide protection against the normal and accident conditions specified by

the regulations in 10 CFR 71. The primary purpose of the containment vessel

is to assure the confinement of the radioactive contents during all conditions

of transport.

A section through the prototypic containment and outer vessels is shown

in Fig. 2. The vessels are constructed of ASME SA-240 Type 304 stainless

steel with lead shielding between the containment and outer vessels. The

containment vessel is shown with the heavy cross-hatching and the outer

vessel with lighter cross-hatching. The bolting material is ASME SA-193 Gr

B7 steel, and the primary seal gasket is a tubular stainless steel O-ring. Two

penetrations are provided in the lid of the containment vessel. The offset at



the top of the containment vessel is necessary to provide sufficient lead

shielding to prevent a radiation streaming path at the lid attachment.

The structural loading conditions addressed are the normal design

conditions plus the structural loadings due to the 9-m (30-ft) free-drop.

(Experience has shown this latter structural loading condition usually results

in the most severe stresses in the containment vessel.) The assumed normal

design loadings on the containment vessel are at an internal pressure of 0.69

MPa (100 psig) with a temperature of 260°C (500°F). The weight of the

containment and outer vessel including lead is 11,000 kg (24,2501b), and the

assumed decelerations due to the free-drop are given in Fig. 3. These

decelerations are typical for packagings of this type that use a cellular plastic

material as the impact limiter.

CONTAINMENT VESSEL DESIGN

Design Requirements For high-level radioactive materials, Regulatory

Guide 7.6 and the Packaging Review Guide reference Section III, Subsection

NB of the ASME Code are used as acceptable design criterion. The applicable

design and service limits are Level A for normal transport conditions and

Level D for accident conditions. This criterion establishes rules for the

materials, design, fabrication, examination, and testing of the containment

vessel.

Subsection NB of the Code requires a detailed stress analysis for the

containment vessel. The analysis may be accomplished by hand calculations

using the methods and formulas provided in Appendix A of the Code, or by

computer code analysis. Although the Code allows plastic analysis methods.

Regulatory Guide 7.6 limits the analysis to linearly elastic behavior. Similarly,



the Code provides methods for analysis by linear elastic fracture mechanics,

but because the requirements of Regulatory Guide 7.6 are based on

containment vessel designs made from austenitic stainless steel with good

low-temperature toughness, brittle fracture is not considered.

For the normal conditions of transport, the stresses in the containment

vessel must satisfy the the Code limits for the Design Loadings and the Level A

Service Loadings. For the Design Loadings, the primary membrane stress is

limited to the allowable stress intensity, Sm, at temperature.* In addition,

the primary local membrane plus primary bending stress intensity is limited

to 1.5 Sm. Primary stresses are the stresses necessary to satisfy the laws of

equilibrium for external and internal structural loadings. In contrast,

secondary stresses are self-limiting and are developed by constraints within

the structure (such as bending at structural discontinuities).

The Level A stress limits also require the calculated primary plus

secondary stress intensities be less than 3 Sm for static structural loadings.

When cyclic structural loadings are an operational consideration, the Code

provides fatigue design curves to limit the amplitude of the sum of the

primary, secondary, and peak stresses.

The stresses developed by the hypothetical accident condition tests

specified in 10 CFR 71 are governed by the Code rules for the Level D Service

Limits. These rules "are intended to assure that violation of the pressure

retaining boundary will not occur, but are not intended to assure operability of

components either during or following the specified eventls]."1 As with the

Design Loadings and Level A Service Limits, the Level D Service Limits

consider the stresses in the bolting separately from the vessel.

* Stress intensity means twice the maximum shear stress and is equal to the
largest algebraic difference between any two of the three principal stresses.2
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The Level D Service Limits are applied only to the primary stresses. For

the austenitic steel containment vessel used in this example, the limit for the

primary membrane stress intensity is the smaller of 2.4 Sm or 0.7 Su, where

Su is the ultimate tensile strength of the material.

Design for Normal Transport Conditions The stresses in the prototypic

containment vessel for the normal transport conditions were evaluated for the

"strength-of-materials" design using the formulas given in Ref. 7 and the

ASME Code design using the ANSYS finite-element code.8 A diagram of a

three-dimensional finite-element model of the containment vessel and outer

container is shown in Fig. 4. The lead radiation shielding material was also

included in the model, but these elements are not shown in the figure.

The hand calculations using the formulas from Ref. 7 give a maximum

bending stress in the lid equal to 67.4 MPa (9.92 ksi). This stress is due only

to internal pressure, and the stresses due to differential thermal expansion

between the lead and stainless steel were not considered. The results of the

ANSYS analysis for the lid are shown in Fig. 5(a). This figure provides stress

intensity contours in the lid (shaded area) and in the plate structure attached

to the lid which encloses the lead radiation shielding. The containment

boundary is the lid itself, and the additional stress contours in the shielding

support structure are included only for completeness. The results shown in

Fig. 5(a) indicate the maximum stress intensity in the lid is a local bending

stress of 188.3 MPa (27.3 ksi) due to the differential thermal expansion of the

lead and austenitic stainless steel at 260°C (500°F). This is classified as a

secondary stress and is limited by the 3 Sm rule for the Level A Service

Loadings. The allowable value of Sm for the austenitic stainless steel used in

this vessel is 120.7 MPa (17.5 ksi); therefore the maximum allowable



secondary stress is 361.9 MPa (52.5 ksi). A summary of these calculated and

allowable stresses for the normal conditions of transport is given in Table 1.

The maximum stress in the containment vessel occurs near the shell-to-

flange connection and is due to the deformation discontinuity between these

components. The hand calculation analysis of this discontinuity results in a

shell bending stress of 242.0 MPa (35.1 ksi). This stress is due to internal

pressure and a gasket reaction force assumed to be 15.8 kN/m (90 lb/in).

Figure 5(b) shows similar results obtained from the ANSYS analysis. For this

analysis, the maximum stress is 239.9 MPa (34.8 ksi), and is classified by the

Code as a secondary membrane plus bending stress. As in the analysis of the

lid, the Code limit for this stress is 3 Sm or 361.9 MPa (52.5 ksi). These

stresses are also given in Table 1.

Design for Hypothetical Accident Conditions The present analysis

considered the 9-m (30-ft) corner drop configuration shown in Fig. 3. This

was the only drop configuration analyzed for this study. Although this

particular packaging configuration usually experiences the greatest

containment vessel stresses for the corner drop, in actual practice this must

be verified for all other possible drop orientations. Furthermore, the

regulations governing allowable leak-rates are more stringent for the normal

transport conditions. Consequently, the less severe normal transport

condition drop test must also be evaluated for an actual packaging design.

The analysis for compliance with the ASME Code employed D'Alembert's

principle for a quasi-static ANSYS model of the impact.9 This analysis is

possible because the impact deformations are concentrated in the relatively

"soft" foam-filled impact limiters, allowing die inertial forces due to

deceleration to be applied as static forces to the containment vessel.
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Hypothetical accident stress determinations using hand calculations were not

addressed in the present study. However, a simplified analysis using quasi-

static assumptions can usually provide a reasonable estimate of the forces

acting on the lid bolting.

The bolt loads were determined using the requirements of Section III of

the ASME Code, and the design formulas given in Ref. 10. Although the

present paper does not specifically address the bolting design and analysis,

the bolting preload forces were necessary for the stress analysis of the

containment vessel structure.

The stresses and deformations in the containment vessel were evaluated

using a total bolt preload of 1807 kN (406.3 kip) with the package

deceleration from the 9-m (30-ft) free drop described above. The drop

orientation assumed the mass center of gravity was over the impact corner at

the lid-end of the containment vessel and the resulting deceleration was 100

g's as shown in Fig. 3. The drop resulted in a maximum local bending stress

in the lid and vessel shell under the flange of 262.7 MPa (38.1 ksi). This

stress is below the allowable 2.4 Sm membrane stress limit of 289.6 MPa

(42.0 ksi).

DISCUSSION

The stress summary in Table 1 illustrates a significant result when

analyzing a structure contai yng dissimilar materials under mechanical and

thermal loadings. For relatively straightforward sections like the junction

between a flange and shell, an analysis using a "strength-of-materials"

approach gives results that agree closely with the more sophisticated, two-



material, three-dimensional finite-element model. However, for sections like

the lid structure, the restricted expansion of the lead shielding material leads

to a complex stress state which is difficult to analyze by hand calculation

methods. The simplified hand calculations shown in Table 1 account only for

internal pressure acting on the lid, and this stress is about one-third of the

actual stress during normal transport conditions. Consequently, the

"strength-of-materials" analysis considering only internal pressure could result

in an undersize containment vessel lid. Although the stresses due to internal

pressure and thermal expansion can be independently calculated and added

together, this approach is computationally unwieldy because of the

configuration of the lid structure.

For the hypothetical accident conditions, the regulations require that the

packaging must survive the tests specified without releasing the radioactive

contents. This requires the pressure seal to remain functional during and

after the accident conditions. This is usually interpreted to mean that the

seal joint does not move radially, and any axial movement is well below the

elastic response of the seal itself. The analysis required to verify a zero radial

displacement at the seal is nonlinear, and therefore not manageable by hand

calculations. The ANSYS analysis used in this study considered the outside

flange-to-lid elements as fixed, and therefore did not appraise the

deformations in the seal region. A previous study using an approximately

similar containment vessel configuration has shown that deformations in the

seal region are greatest during the hypothetical accident fire at 800°C

(1475°F).11 This study also concluded that these thermal loadings pose the

primary challenge to the design of a containment vessel. The analysis of this

loading condition was beyond the scope of the present study.
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CONCLUSIONS

This study presented a comparison of design stress analyses of a

containment vessel for a packaging used to transport high-level radioactive

material. One design analysis was based on handbook equations for calculating

the stresses in a pressure vessel representing the containment structure. The

design criteria for this analysis limited the calculated stresses to some fraction

of the yield strength, a "strength-of-materials" design. A second analysis was

performed using the criteria from the ASME Code with a two-material, three-

dimensional ANSYS finite- element model to evaluate the stresses. A

comparison of results shows the simplified handbook analysis predicts

stresses in the lid structure that are about one-third of those obtained from

the finite-element model analysis. The discrepancy was caused by the inability

of the simplified analysis to accounjt for the differential thermal expansion of

the lid structure which contained both lead and stainless steel. Additional

loadings associated with the hypothetical accident fire will complicate matters

and further reduce the accuracy of a simplified analysis. This can lead to a

structure that is inadequate for the service loadings and would compromise

the safety of the packaging.
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Table 1 Comparison of calculated and allowable local bending stressesa

for normal transport conditions.

Hand ANSYS ASME Code
Calculations Analysis Allowable (3Sm)

Lid Structure 67.4 (9.92)b 188.3 (27.3) 361.9 (52.5)

Containment Vessel 242.0 (35.1) 239.9 (34.8) 361.0 (52.5)
Flange & Shell

a MPa (ksi).
b Does not consider the effect of differential thermal expansion between

the lead and stainless steel vessel.
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Fig. 4 Two-material, three-dimensional ANSYS finite-
element model of a hypothetical contaiiunent vessel
for the transportation of high-level radioactive
material. The elements associated with the lead
radiation shielding between the stainless steel shells
has been omitted for clarity.
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Fig. 5 Stress intensity contours in the lid and lead support
structure (a), and in the flange and vessel shell (b).
This is the stress state for normal conditions of
transport at 260°C (500°F) and an internal pressure
of 0.69 MPa (100 psig).


