L6/2
PLASTIC CREEP BEHAVIOUR ANALYSIS OF AN ELBOW PIPE
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SUMMARY

High temperature components are liable to strong creep effects, in LMFBR for example. This
phenomenon is analyzed here for an elbow pipe. Comparisons are performed between experiments
and computations using CEASEMT codes, particularly piping-system analysis code TEDEL.

The reference is an experiment from Batelle’s Columbus Laboratories and concerns a 4 in-sh 10
elbow pipe assembly made of type 304 stainless steel at room temperature and then at 593 °C (1100°F)
during more than 300 hours. The assembly is loaded by inplane moment; displacements, temperatures
and strain measurements are picked up. — Computations are first performed using the finite element
codes developed by CEA. For creep analysis iterative piocesses referring to the normality principle
of HILL are used; during steps of iterations, equilibrium and yield criterion are always met.

First a 3-D shell discretization of the elbow pipe is considered, using the triangular plane shells
elements of TRICO code. Plasticity and creep are both considered. For each element, the criterion
is assumed to be a function of local stress tensor. Then, a 1-D pipe discretization is used. The pipe
system is considered as a beam, but the flexibility factors are computed using ASME and others spe-
cific rules. This procedure has been successfully tested with TEDEL code for some kind of structural
problems in statics and dynamics fields. For each pipe element—straight ones or elbows—the criterion
is assumed to be a function of global forces (bending, normal...):

a* = f(M;, N;..)
o* being for instance the Von Mises stress. It is possible to get then local values of stress and strain
components at chosen points of the whole.piping system.

The main difficulties obviously arise from the choice of a creep law. Analytic expressions pu-
blished in literature and also numerical values from tests performed at 593 °C at Oak Ridge National
Laboratory have been considered. These relations give the equivalent creep strain velocity as a func-
tion of equivalent stress and time (for a given temperature).

Comparisons at room temperature between experiment, 3-D/TRICO and 1-D TEDEL discretiza-
tions show the validity of the models for displacements and strain values. High temperature calcu-
lations with TEDEL code exhibit a large dispersion in the results according to the creep law. Ob-
viously, the experimental data from ORNL lead to the best results. The gap is well less than 10%
with experiments.

With the previous creep law and TRICO code, the results are still better. The evolution of global
parameters (displacements) or local ones (strains) versus time are satisfactory in relation to Batelle’s
test.

Thus the “global model” used in TEDEL code shows some noticeable benefits:

— simplicity for users. Geometrical and mechanical descriptions are easy.
— economy. The costs of computations can be 30 times less than for a 3-D case.
— accuracy. The precision obtained is satisfactory with regard to common engineering requirements.
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NOMENCLATURE

cumulative creep strain

creep strain rate

equivalent stress

time (hours)

measure displacement

plastic flow criterion

reference stress (tensile test)
stress tensor

deviator tensor of above
reference strain

pipe thickness

azimuthal coordinate of pipe.
characteristic constants of the creep law
radius of curvature of an elbow
radius of an elbow

variation in radius
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INTRODUCTION

Nuclear components operating at high temperature are the location of quantitatively
significant creep phenomena. This is especially the case in liquid metal cooled reactors
(LMFBR) .

In this case, elastic analysis of the piping is insufficient, becauxe it is Tiable
to mask stress relaxations and Targe strains to which creep may give rise ; this is espe-
cially true for elbows.

Creep computation methods have already been suggested. In general, they are based on
the non-Tinear analysis of a discretization of the structure, relying on a finite element
method. These methods, while apparently accurate and reliable, are nevertheless difficult
and cumbersome to use, owing to their very high cost, which precludes their use for dimen-
sioning computations.

Consequently, the CEA has made a considerable research effort in the area of piping
computation.

The TEDEL code (12) employs straight pipe elements or elbows, of which the flexi-
bility coefficients are carefully evaluated, to account for the geometry of the component.
By simplifying the computation in this manner, it can be performed as in the case of a
beam system. Naturally, the entire analysis -elastic and plastic- is carried out in terms
of global values ; it is possible to determine local values of parameters such as stresses
and strains (10).

This paper first presents a creep test conducted by Battelle's Colombus Laboratories
on a piping assembly. This type of test is fairly exceptional, because, since it is per-
formed at 593°C (1100°F), the test and measurement systems -gauges in particular- must be
highly elaborate. This test serves as a reference for subsequent computations.

Computation by the method of finite elements is performed by using, within the
CEASEMT system (11), the TRICO code (13) for three-dimensional shell analysis, followed by
the TEDEL code (12) for one-dimensional analysis of the beam type.

The resolution algorithms employed, based on the concept of "initial stress" are not
developed here, and emphasis is placed on the passage from the global to the local view-
point. The computation results are compared with those of the above test. The influence of
the choice of the constitutive Taws appears to be of prime importance, owing to the scat-
tering of the results. Comparative cost and time indications are discussed.

1. DESCRIPTION OF THE BATTELLE TEST

This test, together with the detailed results obtained, is reported in reference (1).

The test is concerned with a piping assembly and an elbow-pipe meeting the Standard
ANSI 4 dn-sch 10 (Figure 1). The components are of SS 304 stainless steel supplied by the
Oak Ridge Laboratory (ORNL) and identified by the number 9T2796.

One end of the system, which is rigidly fastened, is considered as clamped, while
a rigid frame covers the other, mobile end. A weight and pulley assembly enables appli-
cation of adjustable forces to this system, in its plane.

The structure, placed in a thermally insulated duct, is kept at constant temperature,
and temperature deviations are monitored by about twenty thermocouples.

The evolution of strains, both in cold and hot conditions, is followed by 23 strains
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gauges. Comparators placed at the ends of the frame indicate the overall displacements.
Initial tests, in pure and composite bending, are first performed at ambient tempe-
rature. A Tong-term hot test is then performed as follows :
. a bending moment B is applied in a constant manner over a period of 295 hours
(12 days and 7 hours),
. the above moment is then incremented, becomes 1.322 x B, and is applied for 44
hours,
. finally, at the end of 339 hours (14 days and 3 hours), the assembly is unloaded.
The strains and displacements are measured as a function of time (Figure 5).

2. COMPUTATION MODELS

The above system has been designed by the method of finite elements, which consti-
tutes the theoretical basis of the CEASEMT system (11) (Calcul et Analyse des Structures
en Mécanique et Thermique - Mechanical and Thermal Structural Computation and Analysis).
The creep computation algorithm employed is based on the concept of initial stress and is
described in (2).

Two models were considered :

2.1 TRICO three-dimensional model

This is a representation of the system by a set of plane shell elements (2) posses-
sing six degrees of freedom per node.

Construction of the mesh did not raise any particular problems, and only a half-
structure was considered by symmetry. Special care was taken in selecting the thicknesses
of the elements, as measurements taken by Battelle in the elbow-pipe revealed dimensional
variations of nearly 20 % locally, due to machining of the elbow (Figure 2).

A rigid flange inserted on the free end of the model represents the stiffness of the
frame.

The program directly prints the displacements of the nodes in the structure, as
well as the internal, mean and external stresses and strains on the shell.

The mono-axial stress strain equation (&™, E') introduced is that given by Code
Case 1592 - ASME (3) for hot and cold conditions. The flow criterion compares the
Von Mises stress to the tensile stress

£ (&) =0 =\]%0'-1.j0‘-1j - &'
where @' denotes the deviator of the stress tensor

The creep law at high temperature is defined below. During a time interval At,
strain EcAt is imposed on the structure.

2.2 TEDEL single-dimensional model preparation (12)

The structure is represented by a set of two-nodes elements at each end (straight
pipe or elbow). The straight elements are characterized by their mean radius and thick-
ness, and the bending radius for the elbows must also be specified. The corresponding
flexibility coefficients result from a more detailed separate analysis, or are indicated
in construction codes such as ASME (4).



L 6/2

2.2,1 PLASTICITY

The flow criterion is expressed as a function of the global stresser on the ele-
ment, namely, essentially (5) (6) (10) :
. normal force N

. internal pressure P
. bending moment M
. torsion moment Mt
A reference stress is defined using the foregoing parameters in the following
forn : 2 2 2 2 2 2 2
2 - -
ref a, (N-bn) + ap (p-bp) +ay (Mb bb) +ay (Mt bt)

The coefficients (b) characterize the state of a section and of the material, and

the (a) values are adjusted so that the ultimate global forces lead to :

o - oF
ref

The plastic strains associated with the criterion :
-0 __o*,
f (o) re 0

are taken globally and represent respectively :

Al normal unit elongation
T
AR relative variation in radius
R
X variation in curvature
o unit rotation of the section
2.2.2 CREEP

The creep laws given below were employed. The resolution method involves the intro-
duction of global strains during time interval 8 t. These strains are a function of time
and of the current state of stress.

2.2.3 THICKNESSES

In view of the considerable dimensional variations mentioned above, the thickness
considered for each element is not the nominal thickness. As the structure works princi-
pally in pure bending in its plane, it is convenient to define an equivalent constant
peripheral thickness leading to the same bending inertia and defined by :

-1

€ T Jst(e) sin‘® 4@
where O represents the azimuth determined from the neutral diameter.

The elbow pipe is cut into ten elements, making it possible to represent the di-
mensional variations in the axial direction.

2.2.4 LOCAL STRAINS

Although the process involves global variables, it is interesting to determine the
values of Tocal parameters such as strains. They are determined in accordance with the
following principle.
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Due to a variation X in initial curvature XO’ based on geometric considerations,

the following longitudinal strain is obtained :
iil - rX + vy (X + XO)

1+ rXO

where : r = elbow radius
Wy = variation
(see Figure 8)
Furthermore, El can be related simply to the variation X in curvature of the

elbow by :
£, xr
E/1 h

where h is the flexibility coefficient.
The above equation is approximate, and it is preferable to write (2)

E _ Xr a

1oy
where a is a shape coefficient.
This equation, established in the elastic region, is still used in the plastic
region when strains remain moderate.
In a cross-section of the elbow, the radial displacement is developed in a Fourier
series, only keeping the two first terms, making it possible to obtain the classic shape
of the stress profile in this type of elbow.

W = z—wo (cos 2@ - M) {wy obtained from (1) and (2) )
5

Hence :
Ebending 1 [azw N w]_e__ 15 wye
2
2 2 2
maximum r 36 ar
This represents the bending strain due to the section deformation (see Figure 8).
This strain, very simply calculated by TEDEL, based on global strains in the elbow,
is compared directly with the experimental results and with three-dimensional computa-
tion results (Table 4).

3. CREEP LAWS
The creep algorithm employed in the CEASEMT system uses as input parameter the

creep rate £ c

It is possible to divide the laws into two categories :

. law of experimental origin, derived from tests on standard samples, in various
ambient conditions (stress, temperature)

. law expressed in an analytical manner, in the form :

€. = F(6, ¢, T,.....)
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6 equivalent stress

t time

T temperature

3.1 Experimental law

Reference (7) presents a set of results of simple tensile tests performed at
ORNL on type 304 SS steel specimens at 593°C (100°F). The results are supplied in
term of total creep strqin under constant stresses G'i, at time t,. It is easy to
derive the creep rates it at time t under stress G- by an interpolation.

3.2 Analytical equations
The various references consulted propose analytical equations of the following

type :

€ - 6579, 1070 37 (1)
Ec creep rate in h1
o~ stress in psi

This law is well checked when the stress ranges from 5 to 14 kgf/mmz, and is
applied over an interval of about 100 hours.
€ - ne™ o4 (8)

In this form the respective contributions of primary creep and secondary creep
are denoted.

- c2 c3 c5

€= F_c e

(9)
¢ is the cumulative creep strain, and the time factor appears in an implicit manner

through it. Here also the two contricutions (primary and secondary) are revealed.

4, RESULTS

4.1 COLD RESULTS

An initial series of computations, at room temperature, enable checking of
the discretizations selected. Comparisons between experiment, TRICO and TEDEL are
concerned with displacements and strains. It appears that the strain level never
exceeds 0.1 %.

These computations make it possible to evaluate the effect of certain factors
such as thicknesses and geometric non-linearities (Tables 3 and 4).

4,2 HOT RESULTS

The evolution of displacements and strains with time was followed over a period
of 339 hours. The comparisons made concern the use of TEDEL or TRICO (Figure 5) toge-
ther with various results obtained with TEDEL for different creep laws (Figure 6).

The relative computation costs are expressed in account units and in CPU time on
an IBM 360/91 computer (Table 7).
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4.3 COMMENTS

Comparisons of computations with experiments proved satisfactory. The TRICO results
coincide with experimental results. The TEDEL results appear to be slightly less accu-
rate, but it should be noted that owing to the maximum strain threshold reached (0.25%),
the global 1imit method TEDEL remains in the elastic phase, giving rise to the apparent
"catch-up" at 295 hours.

As for the Taws employed, scattering appears to be considerable. It should be
stated that these results are highly sensitive to the accuracy of the numeric coeffi-
cients amployed, because they often act in an exponential manner.

Furthermore, it should be noted that in this test the externally isostatic
character of structure limits the redistribution of internal stresses and the evolution
of the system in time takes place practically at constant stress. To this extent, other
tests will constitute useful supplementary reference data.

5. CONCLUSIONS

This study succeeded in revealing the value of the simplified model TEDEL
preparad by the CEA for dimensioning. This model offers the following advantages :

. easy to use, covered by a program with simple data,

. inexpensive, the single-dimensional beam model appears to be very inexpensive
(preparation and computation time),

. accuracy, which is adequate for the analysis expected by an engineer,
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