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1. ABSTRACT

This paper describes the collapse load calculations for the reactor structure assembly under the postulated fuel
channel flow blockage Level D (faulted) loading condition. Under the flow blockage condition, the primary coolant
flow path is obstructed between the inlet and outlet feeder connections to the headers. This, in turn, is postulated
to cause the pressure tube and calandria tube to rupture and release hot molten fuel into the moderator, producing
a hydrodynamic transient within the calandria shell. The most severe hydrodynamic loads occur within a fraction
of a second (0.14 second). The peak pressure for the limiting case scenario for Level D condition is 120psig, due
to a single channel failure event. Under this accident condition, it is shown that the reactor structure assembly can
withstand the pressure transient and the structural integrity of the core is assured. A finite element model is
generated and used to calculate the collapse load. The ASME code rules given in Appendix F-l 341.3 and F—l 321.6
are followed to calculate the minimum collapse load. The ANSYS code is used with element type Stif—43 for
elastic/plastic, large deformation and small strain analysis.

2. INTRODUCTION

The calandria vessel is a horizontal, single-walled, stepped shell enclosed at each end by tubesheets and spanned
axially and horizontally by the calandria tubes. The stepped shell is comprised of a main shell with a smaller
diameter subshell at each end. Flexible annular plates are welded to the main and subshell to accommodate the
differential thermal expansion between the calandria tubes and the calandria shell. The calandria assembly is shown
in Figure 1. The fuel channel assembly forms the in-core portion of the primary heat transport (PHT) system. The
fuel channel assembly comprises a Zirconium pressure tube connected to the stainless steel end fittings at each end
by means of high integrity rolled-expanded joints.

The pressure tube contains the fuel bundles contained in the in-core portion of the fuel channel. The end fittings
form the out-of-core extensions to the pressure tubes and provide connections to the different interfacing
components including the feeder pipes, fuelling machine, positioning assembly and channel annulus bellows. The
fuel channel assembly is shown in Figure 2.

The flow blockage analysis and its associated single pressure tube/calandria tube rupture is normally postulated as
part of the safety analysis done for CANDU reactors. The calandria vessel structural analysis has been performed
for the flow blockage loads in support of the safety analysis for plant licensing.

This paper describes the finite element analysis performed to demonstrate the adequacy of the calandria vessel to
the fuel channel flow blockage loads; that it meets the requirements given in Appendix F of the ASME Code. In
other words, it is required to show that the accident condition pressure load is within the calculated collapse load
in accordance with Appendix F-1341.3 and F-1321.6 of the ASME Code.

3. ANALYSIS PROCEDURE AND FINITE ELEMENT MODEL

The analysis process is performed in stages as follows:

• Elastic analysis of the assembly to identify the highly stressed areas due to 120 psig internal
pressure.

• Elastic/plastic analysis for the assembly where those areas (identified above) possess material
non-linearities. The geometric non-linearities together with the gap elements are added later
due to boundary interface and large deformations in the assembly.



• The collapse loud is reduced in accordance with the ASMIi rules given in Appendix F 1341.3
and I:-1 32 1.6 and then compared with the applied peak pressure for the (low blockage
incident.

In order to perform an elastic/plastic analysis, three requirements must be met:

a. An explicit relationship between stress and strain must be realized to describe the material behaviour under
elastic conditions, i.e. before the onset of plastic deformation.

b. A yield criterion indicating the stress level at which plastic flow commences must be determined.

c. A relationship between stress and strain must be developed for post yield behaviour, i.e. when the
deformation is made up of both elastic and plastic components.

For a) above, the analyses follow the standard linear elastic expression.

For b) above, the yield criterion determines the stress level at which plastic deformation begins. The ASME code
F-l322.3 (d) recommends using Tresca (maximum shear stress theory) or Von Mises (strain energy distortion
theory). The Von Mises yield criterion is used in this case.

The third item c) above gives rise to work or strain hardening. After initial yielding, the stress level at which plastic
deformation occurs may be dependent on the current degree of plastic straining. This phenomenon is termed as
work hardening or strain hardening. Thus, the yield surface will vary at each stage of the plastic deformation, with
the subsequent yield surface being dependent on the plastic strains in some way as follows:

• A perfectly plastic material (limit analysis) where the yield stress does not depend in any way
on the degree of plastifications.

• Isotropic hardening, where the yield surface has a uniform expansion of the original yield
curve without translation.

• Kinematic hardening where the yield surfaces preserve their shape and orientation, but
translate in stress space as a rigid body.

In the current analysis, the following material model was used in accordance with the Appendix F-l322.3
requirements:

Linear elastic analysis up to the yield strength of the material.

Von-Mises (strain energy distortion theory) yield criteria.

- Kinematic hardening model.

Table 1 shows the material property values used for the different materials of the calandria assembly. Figure 3 shows
the engineering stress/strain curve for the stainless steel type 304L. The properties used in the analysis are based
on yield strength of 21,300 psi at 200°F as given in Table 1.

The classical bilinear kinematic hardening with Von-Mises yield criterion option in ANSYS was used in this
analysis.

Elastic plastic analysis with large deformation and small strain options were carried out using the ANSYS finite
element commercial code (Reference 1).

The finite element sector model given in Figure 4 is used in the elastic/plastic, geometrically non-linear analysis.
The lattice tubes and calandria tubes are represented by equivalent beams and tubes spaced 11.25 inches apart in
the radial direction. The equivalent sectional properties are calculated. The perforated fuelling tube sheets and
calandria tube sheets material properties are also calculated.

The gap element (STIF40) has been used to eliminate the physical interference between different parts of the
structure. Gaps are considered at the calandria tubesheet extension and support plate at free and fixed end, support
plate and embedment ring at free and fixed end and gaps between end shield shell, support shell and embedment
ring at free and fixed ends. The gap elements have 6 degree of freedom (d.o.f.) gaps, but only one direction can be
activated at a time. Not all the gaps were closed. Only a few gap elements at the calandria tubesheet/support plate
and support plate/embedment ring were closed at the moment of collapse (at pressure 250 psig). At 120 psig (the
applied load), no gaps were closed.



STIF43 was used to model the shells and plates. The reasons for the choice of STIF43 are as follows:

The element is based on 3-D continuum mechanics theories and uses mixed interpolation for shear tensorial
strain components in natural converted coordinate system. Therefore, the element has high coarse mesh
accuracy under arbitrary loading. The element is capable of simulating Kirchhoff and Mindlin (thin/thick)
assumptions and has no spurious zero energy modes. The element is applicable to general shell
(non-flat/curved) and can simulate material and geometrical non-linearities. The element stiffness is
integrated using 2 x 2 x 2 Gaussian scheme for linear analysis and 2 x 2 x 5 if material non-linearity exists.
All element output data are given at the integration points. The STIF43 is very well suited for this analysis.

Calandria tubes were modelled using STIF20, plastic straight pipe. The reason for the choice of this element is to
take into consideration the axial stiffness effect (axial yielding) of the calandria tubes. It has been seen that the axial
stiffness of the calandria tube has great influence on the collapse load of the calandria assembly. If the calandria
tubes are allowed to deform plastically in the axial direction, the restriction of the deformations in the annular plate
area will be eliminated and the collapse load will be higher.

In this analysis, the Newton Raphson iterative type of solution was used with restart option activated. The first
increment of total load was chosen as 60psig with restart option, the load increased by lOpsig in each load step until
total load value of 200 psig, the restart load step increased by 5 psig up to 235 psig; by 2 psig up to 241 psig; and
by 1 psig up to 250 psig where the structure collapsed. The Newton Raphson option was left to the program to choose
the proper solution iteration option.

This elastic/plastic analysis was done according to the rules given in Appendix F of the ASME Code. Although
Appendix F is a non-mandatory appendix, the conservative rules given in this appendix are used as follows:

According to F-l 322.3, material properties and allowables should be taken from Appendix I of the ASME
Code.

- The stress and strain are based on the engineering stress-strain curve.

- The yield criteria and associated flow rules are of the maximum shear stress theory (Tresca) or strain energy
distortion theory (Von-Mises).

According to F-l 322.4, analysis performed for derivation of loads and for evaluation of acceptability of
components shall consider geometric non-linearities and gaps between parts of the structure (if applicable).

According to F-134F.3, the collapse load calculated on static or equivalent static loads shall not exceed
90% of the limit analysis collapse load using a yield stress which is the lesser of 2.3 Sm and 0.7 Su or 100%
of the plastic analysis collapse load or test collapse load given in F-l 321.6.

In this analysis, the plastic analysis collapse has been used and the requirement of F-l 321.6 (c) was conservatively
used to reduce the collapse load to the safe ASME Code value. The reduction method is given in Appendix 11—1430.

4. RESULTS

The elastic/plastic analysis results are given in Table 2; the calculated stress intensities shown in Table 3 cover the
non-mandatory requirements of Appendix F—1341.2 (a) and (b), at the applied load of 120 psig. The collapse load
curve shown in Figure 5 (internal pressure inside calandria assembly vs. deformation to collapse). Figure 6 shows
the enlarged collapse figure to meet the Appendix F-1341.3 requirements and Appendix 11-1430 reduction
methodology. The collapse pressure occurs at the annular plate by forming a plastic hinge. Figure 7 and 8 show
the deformed shapes of the assembly just before the onset of the collapse. Figure 9 shows the integration point
stresses for the top row of the annular plate at the connection with the shell at 120 psig load. At 120 psig, the
maximum equivalent strain is 0.005233 and the maximum equivalent stress (Von-Mises Stress) is 21781 psi.

5. CONCLUSIONS

Based on the analysis presented in this paper, the following is concluded:

- The calandria assembly collapse load is more than the applied load in the flow blockage condition.

- At the applied load of 120 psig, the annular plate in the free end equivalent stresses at the outer fibre
slightly exceed the yield strength of the material, but the stress intensity is below the Appendix F
allowables.

The maximum equivalent strain at 120 psig is 0.005233, which is very small outer fibre yielding.



- The maximum general primary membrane stress for the annular plate is about 46% of the yield strength of
the material at 120 psi applied load.

- The maximum axial stress for the calandria tube is about 53% of the yield strength of the material at I 20 psi
applied load.

The most conservative collapse load for the calandria vessel at the annular plate is 178 psig as given in
Figure 6.

It is therefore concluded that the calandria assembly will maintain its overall structural integrity under the How
blockage condition load of 120 psig and there is no gross failure of the assembly.
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TABLE 1
MATERIAL PROPERTIES FOR ELASTIC/PLASTIC ANALYSIS

Component and Material

Calandria Assembly Stainless
Steel Type 304 L

Calandria Tube Sheet Perforated
SS, Type 304 L

Fuelling Tube Sheet Perforated
SS, Type 304 L

Calandria Tube Zircaloy Alloy
Grade R 60802

Modulus of
Elasticity

E (psi)

27.0 x 106

17.1 x 106

10.1 x IO6

12.97 x 106

Poisson's
Ratio

0.28

0.25

0.17

0.375

Yield
Strength

oy, psi

21,300 (1»

—

—

39,595 <3>

Plastic Slope
k, psi

8.33 x 104(2)

—

—

17.69 x 104

Remarks

Linear material

Linear material

Non-linear material

(1) Yield strength is taken from ASME Code, Appendix I, Table 1-2.2 at 200°F.

(2) Plastic slope is taken from Figure 3.

(3) Zircaloy alloy grade R 60802 properties are taken at 250°F.



TABLE 2

EQUIVALENT STRESS/EQUIVALENT STRAIN AT 120 PSIG APPLIED PRESSURE

Element
Number

373

374

375

376

377

378

379

380

381

394

395

396

Equivalent* Stress
(psi)

21,355

21,356

21,356

21,370

21,370

21,370

21,353

21,353

21,353

21,781

21,781

21,781

Equivalent* Strain

0.000551

0.000556

0.000558

0.000750

0.000748

0.000749

0.000453

0.000451

0.000449

0.005233

0.005233

0.005233

Remarks

Annular plate-free end

* Highest values at all integration points.



TABLE 3

STRESS RESULTS

Element
Number

394

395

396

Stress
Category

Pm

Pm + Pb

Pm

Pm + Pb

Pm

Pm + Pb

Allowable Values MIJa
(psi)

0.7 Su = 319.5 (46340)

0.9 Su = 410.8 (59580)

0.7 Su = 319.5 (46340)

0.9 Su = 410.8 (59580)

0.7 Su = 319.5 (46340)

0.9 Su= 410.8 (59580)

Calculated Stress
Intensity MPa

(psi)

67.18(9,743)

173.35 (25,143)

67.18(9,743)

173.35(25,143)

67.18(9,743)

173.35(25,143)

Remarks

Annular plate free end elements
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Figure 1
REACTOR ASSEMBLY
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Figure 3
STRESS-STRAIN CURVE FOR STAINLESS STEEL TYPE 304L



Figure 4
FLOW BLOCKAGE ANALYSIS MODEL - GENERAL VIEW
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Figure 5
LOAD/DISPLACEMENT CURVE
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Figure 6
ASME CODE LOAD/DISPLACEMENT CURVE REQUIREMENT OF APPENDIX 11-1430
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Figure 7
FLOW BLOCKAGE ANALYSIS MODEL DISPLACEMENT SHAPE AT 250 PSI



Figure 8
FLOW BLOCKAGE ANALYSIS MODEL DISPLACEMENT SHAPE AT 250 PSI
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Figure 9
STRESS INTENSITY DISTRIBUTION AT THE INTEGRATION POINTS FOR ELEMENT NO. 394


