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ABSTRACT

As a result of the ever-expanding nuclear industry, there is an in-

creasing need for in-depth ASME Code inelastic analysis. New and

more sophisticated finite element programs now make it possible to

perform such analyses. In an effort to reduce the cost of these

analyses and to allow preliminary design assessments, methods of

approximating the strains at discontinuities using geometric proper-

ties and elastic strains are desirable. This paper presents results

for a detailed inelastic finite element analysis for a part of the

Clinch River Breeder Reactor Control Rod Drive Mechanism. The

analysis results indicate that plastic strain concentration factors

may in fact be less than corresponding elastic strain concentration

factors for nominal strains as low as .2%. This is particularly in-

sightful in that it is presently common practice to approximate in-

elastic strain concentration factors as the square of the elastic

concentration factors. The paper also examines Neuber's relation

for predicting strain concentration factors and looks at the varia-

tion in the strain concentration factor through the cross-section

of the component analyzed.



I. INTRODUCTION

As a result of the ever-expanding nuclear industry there is an increasing need

for in-depth ASMT Code inelastic analysis. This is particularly true in the

Liquid Metal Fast Breeder Reactor Program where normal operating temperatures

for some components exceed 1000°F. Going hand-in-hand with the need for

increased high-temperature analysis is the need for improved capability in

performing detailed analyses within the plastic regime which account for the

effects of discontinuities and strain concentrations. New and more

sophisticated finite element programs now make it possible to perform such

analyses. The use of these analyses, however, can be prohibitive in both

computer time and analyst time if time-varying loading conditions, such as

mechanical or thermal transients, are involved. In an effort to reduce the

cost of these analyses, methods of approximating inelastic strains at

discontinuities using geometric properties and elastic strains are desirable.

At present such approximations are often made by assuming the inelastic strain

concentration factor to be the square of the elastic concentration factor.

This paper presents results which indicate that plastic strain concentration

factors can indeed be less than the corresponding elastic strain

concentrations for nominal strains as low as .2%. This indicates that use of

elastic strain concentration factors may in themselves be conservative when

applied to nominal plastic strains which exceed a prescribed lower bound'based

on the geometry in question.
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II. ANALYSIS BACKGROUND

The findings of this paper are based on the results of a detailed finite

element analysis of a part of the Clinch River Breeder Reactor Control Rod

Drive Mechanism shown in Figure 1. The analysis was performed in support of

an overall system analysis in which strains were evaluated for an applied

dynamic load using a finite element model composed of beam and mass elements.

Such a model does not have the capability for modeling in detail such design

features as the .05 in. fillet shown in Figure 1. The purpose of this

analysis was to determine strain concentration factors for the .05 in. fillet

using a detailed model, and to apply these factors to the strains predicted by

the beam model for the dynamic loading. Having obtained the real strains for

the fillet a fatigue evaluation could then be performed.
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III. FINITE ELEMENT PROGRAM

ft]*The ANSYS finite elanent computer program1- was used in conducting the

analysis. The ANSYS program is a multi-purpose program which can be used for

static, dynamic, modal, response spectrum, and thermal analyses. It can also

be used for both elastic and inelastic problems. The following techniques and

procedures were chosen from options offered by the ANSYS program for

performing the inelastic analysis.

o The initial strain method was used in which a set of reference
elastic strains are established at the point at which
departure from linearity occurs.

o The yield surface wris defined using the Von Mises yield
criterion:

S2 I/2I- o 2 )
2 + (a2 - o 3 )

2 + (a3 - a x )
2 1/2 (1)

0 Material stress-strain behavior was defined using a
mult i- l inear representation.

0 Because the loading was applied in a ramp mode with no load
reversal the material response for reverse loading was not a
factor in this analysis.

0 Convergence of the inelastic solution was accomplished through
an i terat ive process in which changes were made in the load
vector based on the amount of inelastic strain present.

*Numbers in brackets refer to references at end of paper.
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IV. FINITE ELEMENT MODEL

The finite element model, shown in Figure 2, was axisymmetric and was composed

entirely of two-dimensional isoparametric elements. The two-dimensional

isoparametric element as employed in the ANSYS computer program uses a

three-by-three (3 x 3) lattice of internal integration points to describe the

element deformation. This allows tor a higher degree of accuracy, and for the

use of fewer elements for a given geometry. One disadvantage in using this

element however is the need for the analyst to extrapolate the results for the

integration points to the element surface for inelastic solutions. For this

particular analysis this was not a significant hindrance in arriving at the

completed solution.

The two regions for which strain concentration factors were developed are

shown enlarged in Figure 2. The two designated elements correspond to the

location of maximum strain within their respective regions. It is readily

apparent that the element definition at the upper discontinuity was much less

detailed than at the lower discontinuity. This is because the dynamic strains

predicted in this region by the system model were less severe than those at

the lower discontinuity. The strain concentration results for element 466

serve as a verification of the results for element 138 however and, therefore,

will also be presented.

Referring to Figure 2, the load was applied via specified displacements at the

upper end of the model while fixing the lower end of model in the axial

direction. This method of load application was chosen due to the improved

convergence time obtained with the ANSYS computer program for a

displacement-controlled loading as opposed to a force-controlled loading.

Results of Elastic Analysis

To measure the accuracy of the finite-element model elastic concentration

factors were developed for both an axial load and an overturning moment. The

finite-element results were then compared to test results presented by

Petersonl-2-l for a qeometry as similar to the one beinq analyzed as
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possible. This approximation typifies the struggle which the designer has in
finding an accurate solution for his detailed geometry. The geometry of the
test section used in Peterson is shown in Figure 3. Using the test curves the
membrane stress concentration factor, Kt was found to be 2.36, and the
bending stress concentration factor, K.. Was found to be 2.40.

Applying a uniaxial tension load to the finite element model resulted in a

calculated stress concentration factor of 2.18, and applying an overturning

moment to the model resulted in a bending stress concentration factor of

2.21. Both of the calculated values are within 10% of the respective test

values. Based on the assumptions made in arriving at the test values, the

calculated results are quite satisfactory and the model was deemed accurate.

Results of Plastic Analysis

The plastic analysis results are for a uniaxial tension load applied to the

model as specified displacements at the end of the model farthest from the

fillet. The load was applied in this manner to facilitate the convergence of

the inelastic solution. The displacement boundary conditions were applied in

increments allowing the computer solution to iterate to a converged solution

for each increment. The plastic convergence ratio, which is a measure of the

converged state of the solution, was set equal to the program default value of

5% for all but the last load step. Here a convergence ratio of 1% was used,

which is generally regarded as a fully converged solution.

A plot of strain concentration versus nominal strain for element 138 (see

Figure 2) is shown in Figure 4. The strain concentration within the fillet is

1.694 for the condition where strains throughout the cross-section are

elastic. As the strain in element 138 exceeds yield and continues into the

plastic regime while the nominal strains remain elastic the concentration

factor rises rapidly and reaches a maximum value of 1.847 The strain

concentration in element 138 then begins to drop as additional elements within

the fillet go plastic, absorbing an increased percentage of the total strain

energy. Finally, as the strains throughout the cross-section go plastic, the

strain concentration converges to a value of 1.51. Quite unexpectedly, the

c n . - . v :•'!.-.• J v . • 1 1 : : : i •:. f . . : ! i i l o '•• • 1 •:•;•.•. V.>.;.i i n ? irv_y'r\l • ; - ? ! : - ; - v . ! ; i - .
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Based on Neuber's results in [3], it has been accepted practice to use the

square of the elastic strain concentration as the representative plastic

strain concentration for elastic perfectly-plastic behavior. Clearly, these

results show that procedure to be highly conservative, with the maximum strain

concentration in element 138 being only 10% higher than the elastic value. It

should be pointed out that these results correspond to an actual design

application with discontinuity effects and strain hardening included. These

results indicate that use of the elastic strain concentration value is itself

conservative for strains greater than .2%.

Similar results were found for element 466. A plot of strain-concentration

factor versus nominal strain for this element is shown in Figure 5. The

general shape of the curve is the same as that of Figure 4. The

irregularities in this curve are believed to be due to the less detailed

element definition in this region. It is important to note that the converged

value of the concentration factor for this elanent is also less than the

elastic value.

The Hookean, or elastic, stress-concentration factor as developed by Neuber

in [3] is expressed as

where,

a - Stress Concentration (3)

a = Strain Concentration (4)

for any point on the stress-strain curve. A plot of this relation for element

138 as a function of nominal strain is shown in Figure 6. It is apparent the

relation in (2) does not accurately represent the response of this geometry

with its unique discontinuity effects. In the plastic regime the drop of the

plastic strain concentration factor below the elastic value is a major

contributor to the inaccuracy of this relation.
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Strain Decay Rate

An investigation into the rate of Oocay of the strain concentration as a

function of depth into the section shows a very rapid decay rate. The strain

distribution across the section is shown in Figure 7 for three specific strain

states in the response of element 138. Referring to Figure 4, the three

points are: (1) all strains are elastic, e n m i = .O22%; (2) the point at

which the maximum strain concentration occurs ir element 133, e =.O535£;

and (3) the point at which the strain concentration in element 138 has

reached a converged value, e =1.192%. It is interesting to note that the

distribution shows little change in sh?pe for the three curves and simply

translates up and down. Note also that in the converged condition the strain

concentration actually drops below 1.0 for several of the elements.

Conclusions

Conclusions which can be drawn fran the results of this analysis for the

geometry analyzed are the following:

o Use of elastic concentration factors to predict plastic
strains is conservative for nominal strains greater than .2%.

o Nueber's approximation gives highly conservative strains.

o Strain concentration drops off rapidly with penetration into
the section.

These conclusions cannot be generalized to all geometries in so far as

strain levels and the degree of strain concentration which occurs is

concerned. It is felt however that the same general behavior observed

here would also occur in other geometrical configurations. With

further study the possibility of a generalized expression relating

elastic strains to plastic strains via the elastic strain

concentration factor is not at all unlikely. If such a relation can

be developed, it would be a significant aid to designers and analysts

alike. It would provide a means of making a preliminary evaluation of

a given design with a minimum investment of analytical time or cost.
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O.R. = 2.7575 In.
I.R. = 2.6575 In.

I.R. = 3.325 In.
I.R. = 3.2135 In.

O.R. = 3.6725 In.
I.R. = 3.4379 In.

403 Stainless Steel

Inconel 600

304 Stainless Steel
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FIGURE 2 FINITE ELEMENT MODEL
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FIGURE 3 TEST SECTION GEOMETRY
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FIGURE 5 STRAIN CONCENTRATION FACTOR VS. NOMINAL STRAIN FOR ELEMENT 466



ELASTIC CONCENTRATION FACTOR

FIGURE 6 NEUBER CONCENTRATION FACTOR AS A FUNCTION OF STRAIN
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