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- INTRODUCTION

In order to evaluate and oversee the mechanical effect of a longitudinal
notch machined in the flank of a curved pipe subjected to in-plane
bending, an experiment program was conducted, in CEA, with several notch
geometry.

In complement of the experimental results, a non-linear calculation was
performed on a model representative of the tested specimen.

This paper presents this numerical approach and discusses on the validity
of the analytical model by comparison with experimental results. The
numerical 3D calculation is performed using the finite element method with
the computer code CASTEM 2000 [2].

- INTRODUCTION

* The specimen :
The tested elbow is made with austenitic material 316 L and is produced
by forging. Its radius is 228.6 mm and its angle 90°. The elbow
is extended at each extremity by a 675 mm length, 168.3 mm external
diameter and 11 mm wall thickness straight pipe (Figure 1).

The notch is Tlongitudinally machined on the elbow's flank and focussed
on its median plane. The notch spreads on a 10° angle having the same
curvature center as the elbow (machine length : 40 mm). Its depth is
half of the wall thickness and its width is 1 mm.

* The experimental set-up :
The specimen is extended at each extremity by an articulation through
which are transmitted bending efforts. The experimental set-up is shown
on Figure 2.

* Measured parameters during the test are :
Two parameter kinds :
Those which show the global elbow behaviour :
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==> elbow closing angle measured by incli.nometer

==> ovalization I/E measured by flexible measurement device
==> transmitted force measured by load cell

==> strain in median plane measured by gages

Those which show the local behaviour in the machined area :

==> opening angle of the crack measured by clip-gage
==> strain under the notch measured by strain gage

NUMERICAL SIMULATION

Mesh modelization

In order to refine the modelization around the notch without using too
many degrees of freedom, we have l1imited the resort to massive elements
at the immediate proximity of the notch and modelize the rest of the
elbow with shell elements (Figure 3). The massive-shell connexion is
defined by displacement relations to impose the massive sections in
contact with shells to stay in plane. (This mixed mesh has been
improved by comparison with result from calculation performed on a
model composed of shell elements only).

In addition with this economy related to the number of degree of
freedom, we have simulated only a quarter elbow although there is no
notch on the symetrical side. This supposes the notch effect is
local : a previous elastic calculation showed us that complete model
led to similar results globally and locally.

This justifies the use of two symetric planes (Figure 4). Finally, the
mesh is composed of 632 massive quadratic elements with 20 nodes, 120
massives prismatic elements with 15 nodes and 2,028 shell elements with
3 nodes. This represents a total number of 4,796 nodes and of 17,835
degrees of freedom.

The mesh was refined in the crack area in order to simulate with more
accuracy the local geometry and obtain, in the median plane of the
elbow, some reliable and precise results.

In order to represent strain gages used for the test, some local mesh
refinement have been made to reproduce their exact geometry.

Material

The mechanical characteristic which are used for the model material are
determined by tensile tests performed with specimens extracted from an
elbow identical to the tested one.

The elastic-plastic curve used in calculation is based on the true
tensile curve provided by tests (Figure 5).

The Poisson coefficient was set to 0.3 .

Elastic-plastic calculation parameters

The calculation uses an isotropic hardening model and is performed with
large displacement option. Concerning shell elements, the coefficient
affected to the flexion in the global plasticity criteria (e) was
chosen equal to 1. This assumption is equivalent to consider that
plasticity phenomenon occurs as soon as the skin is plastified.
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This choice, referring to tests results, expresses the fact that the
elbow failure is governed by the bending component. The displacement
at the location of the quarter elbow articulation was conducted up to
30 mm (60 mm for complete elbow) and reaches practically, the maximum
load.

- RESULTS

Criteria of the global elbow behaviour : the ovalization (which is the
diameter variation on the intrados-extrados axis in the median plane)
varies almost linearly with elbow closing although calculation and test
are in good agreement on the "moment versus elbow closing" curve (Figure
6), we notice a constant difference of nearly 20 % on the "moment versus
ovalization curve (Figure 7)" ; for a given value of momentum, the
calculated ovalization is more important than the measured one.

We observe in the viccinity of the notch that the evolution of the notch
opening angle presents the same tendency between numerical prediction and
test results : at a given momentum value, calculation leads to a more
important notch opening angle than the result obtained by test (Figure 8).
The notch opening angle is geometrically related to the ovalization.

However, the notch opening measured by clip-gage at 1.5 mm from notch 1ips
(Figure 9), shows a better calculation-test agreement. Here, one measures
not only the bending effect but also the membrane effect which, under the
notch and in the measuring plane, is of compression kind. This difference
appears only near maximum values. Under the crack, the circumferencial
strain, measured with the gage J (Figure 10) shows a good agreement
between calculation and test. Longitudinally (gage J2), important
descrepencies appear but strain levels are ten times smaller than
circumferencially.

As gage J1, offset of 3 mm from the notch axis, measures (numerically)
a - 2.5 % strain, the calculation shows that, precisely under the notch,
we reach a - 6 % strain. This displays a very strong strain gradient under
the notch and underlines the very local nature of notch effect which do
not affect the global elbow behaviour.

Meshed gages Tlocated on the extrados measure (Figures 11 & 12)
circumferencial and Tlongitudinal strains near those obtained by tests.
Small descrepancies (20 % circumferencial and 30 % longitudinal) show that
calculated values are systematically superior.

In complement with test results, calculation allowed us to obtain the
shearing of strains and stresses in the wall thickness ; qualitativelly,
this results agree very well with observed phenomena (large bending shape
and stress concentration under the notch)

CONCLUSION

Concerning values which characterize the global elbow behaviour, tests and
numerical simulations lead to comparative results.

Regarding local values, test-calculation differences exist but never
exceed 30 %. On the other hand, profiles show the same tendencies.
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So discrepancies can be explained by a twofold origin :

1/ The hypothesis of an homogeneous material, ,
2/ The hypothesis of an uniform elbow wall thickness (in fact,

measgrements of thickness show that discrepencies can reach up to~
20 %).
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Quater elbow mesh - FIGURE 4
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