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ABSTRACT

The paper describes the experimental investigation about the 
structural integrity of branch connections operating in high 
temperature enviroment and both the relevant technological tests 
and the structural analysis design verification of the most critical 
zones.

The paper begins to give a breef operative scheme description 
of the ESPRESSO sodium plant placed in ENEA C.R.E. - Brasimone.

The various operative plant conditions and the structural integrity 
problems of some "T” branch connections in the sodium plant are then 
presented. During a thermal cycling test an hydraulic packing loss 
is in fact pointed out by a little sodium leakage. Radiographic 
examinations have outlined both a crack on the entire thickness and a 
second partial crack in the another branch.

A series of tecnological tests were executed showing as a clear 
creep damage the presence of the cracks.

To clarify the structural reliability of the most critical components 
a creep damage design verification of the two branch connections was 
detailly performed. At this aim as first point both elastic and inela­
stic analyses were carried out, with the general purpose CASTEM system 
developed at CEA Saclay, to determine the stress fields of the two 
components.

The study tried to take into account the effects of the welding 
residual stresses in the creep regime.

The main conclusions in the applications of the different existing 
rules are at last presented and compared.

1. INTRODUCTION

The present work is relevant an experimental and theoretical 
research program about the structural creep ruin of welded branch 
connections operating in sodium at high temperature.

The paper describes the experimental investigation about the 
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structural integrity of two nozzles present in ESPRESSO sodium loop 
and both the relevant technological tests and the structural analysis 
design verification of the most critical zones, trying to take into 
account the effects of the welding residual stresses in creep regime.

The simplified way of dealing the problem by an axialsymmetric 
computer program is detailly pointed out.

2. ESPRESSO SODIUM FACILITY

Espresso is a sodium facility (fig. 1) which operates by the 
C.R.E Enea of Brasimone. It has designed and built by CEA to perform 
enduring tests and thermal shocks ' on models of fuel elements, 
reflecting elements, shielding elements and control rods of fast 
breeder reactors.

The object of these tests is to study the behaviour of the core 
elements in the operating conditions simulating the reactor functio­
ning.

The sodium flow is obtained by means of a mechanical pump; a 
heater and an air cooled heat exchanger control the temperature 
inside the loop.

The enduring tests are performed keeping the core elements inserted 
in the test section at constant temperature for a significant time 
(1000-3000 h). The thermal shock tests are carrid out prearranging 
an axial temperature profile along the core element model as much 
as possible similar to the one existing in the reactor, and removing 
this profile to simulate the scram in the reactor. The prearrangement 
of the temperature profile is made in static sodium and its removal 
is obtained with a sudden opening of the valves placed at the 
section inlet.

The principal operative characteristics of the facility are: 
3 

- sodium volume 4m 3
- maximum pump flow rate 110 m /h
- maximum pump pressure 1 MPa
- maximum temperature 600°C
- maximum thermal shock speed 50°C/sec

3. EXPERIMENTAL DATA AND TECHNOLOGICAL TEST

The experimental program performed on the test facility caused 
both thermal transient (about 30) downshocks and elevated temperature 
plant service for various temperature values and for a number 
of hours schematically reported in fig. 2.

During a survey of the sodium inlet P.M. pipe, a little sodium 
leakage was pointed out in the welding zone between the primary 
line and a pressure measurement line (nozzle A of Fig. 1).

After the removal of the sodium oxide composition a crack about 
one cm dimension long appeared clearly in the superior zone of 
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the 3/4" tube giving on the welding edge (Photo 1).
The structural component cracked by the fracture was then removed 

from the plant and subjected to a series of laboratory analyses 
so to identify the ruin nature.

In consequence of the finding out of this crack presence, a 
number of non destructive tests was executed on the whole sodium 
plant pointing out great attention to the most critical parts.

Such tests (penetrant liquids and X-rays) revealed the presence 
of another partial crack (Photo 2) along the welding bead of the 
drainage tube with the primary line (nozzle B of Fig. 1).

A series of thecnological tests were then executed:
- verifing of the base material thecnological properties versus 

temperature;
- fractographic investigation by electron microscope;
- metallographic investigation to put in evidence the grain, the 

precipitates along the grain bound, the brittle phases and 
the ferrite.

The relevant results showing the anomalus distribution of precipita­
tes along the grain bound and the exessive growth of the grain 
(Photos 3,4) indicates as a clear creep damage the presence of 
the craks.

4. THERMOSTRUCTURAL ANALYSIS AND DESIGN VERIFICATION

The whole theoretical study was performed using computer codes 
of the finite element CASTEM system developed at CEA in Saclay.

The schematic procedure used in the study, going on for successive 
approximations, is the following:
- piping flexibility elastic analyses
- 3D elastic finite element using both shell and massive elements
- 2D finite element semplified analyses in axialsymmetric model 

for non linear-creep analyses.
So in the 1° phase the verification of the structural reliability 

was limited to the standards imposed by ASME III for class 1 piping 
design, extending in the 2° phase the structural check to the 
rules described in C.C. N47 for components operating at elevated 
temperatures following elastic analysis, and at last concluding, 
for one of the two nozzles, with a detailed inelastic analysis, 
with a modallization able to take into account the residual welding 
stresses.

4.1 Piping flexibility analysis

The 10 phase has involved a flexibility calculation of the whole 
sodium loop for each operative condition occurred in the plant 
life.

The facility is discretized with 382 pipe elements (381 nodes 
at 6 degrees of freedom) limiting the study to linear field.
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Six different loads combinations have been considered, enveloping 
all the thermal and mechanical events happened in nozzle A life 
and five load conditions, excluding the upset condition 6, for 
the nozzle B (Table 1).

The two nozzles were clearly founded as the most critical ones.
Known the values of the branch and run pipe moments for the 

two nozzles were then calculated the relevant stress values obtained 
using the specific multipling factors.

Tables 2 and 3 detail the creep damage calculations showing 
for values f =2tk= 3.93, as strongly possible, also in presence ‘Id k
of the elevated conservativisms relevant the used procedure and 
rules,creep ruins.

It's to remark that the verifications give the same damage value 
for the 2 nozzles, as the high stress levels cause that the meaningful 
quantity becomes Sy , while the 
that is the mean critic quantity

differences on the (P+P+Q) values - b ss
on actual creep effect, are very

strong.

4.2. 3D F.E. elastic analysis and high temperature component design 
verification

Detailed 3D finite element analyses of the two components were 
performed on the base of the loads calculated in the flexibility 
piping study as charging the two nozzles A and B.

The two nozzles were successively verified according the rules 
described in C.C. N47 for the determination of the creep use factor 
following an elastic analysis.

4.2.1. Geometries, material properties, loads

Fig. 3 shows the geometrical characteristics of the two nozzles. 
It's two point out that for the nozzle A the welding zone dimension 
is not negligeable compared with the pipe one so the relevant 
features a used in the geometric schematization.

The material properties, both elastic and creep-plastic are 
derived from C.C. ASME N47 for AISI SS 316 using for the creep 
law a Norton expression te =Ae*g"

The loads charging the components are basically: 
- the weight (sodium, piping, heater insulator..........................................) 
- the thermal charges (normal and upsed operative conditions)

4.2.2. Modallization and structural analysis results

The branch connection A is discretized with 888 cube elements 
and 144 prismatic ones for a total number of 5949 nodes. The scheme 
is shown in Fig. 4 and the length assumed in the analyzed mesh 
is such that the boundary conditions don't affect the welding 
zone. The loads are schematically applied as shows in Fig. 4.

The maximum stresses (Fig. 5) are traction ones and are located 
just near the zone cracked by the creep effect.
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The creep damage is calculated with the T-1411 formula 

f-A.A***where the sum is extended to the cycles defined in the load history.
The obtained value is f = 3.9371 (the creep damage factor is in 

this case always specifically related to 1.25 Sy/K' quantity).
For the nozzle B the only thing to point out is that a scheme 

with shell elements was used looking that diameter/thichness ratio 
is nearly equivalent (elevated for both the pipes). Fig. 5 shows 
the relevant mesh containing 1370 three-nodes elements for a total 
number of 702 nodes.

Also for this case the stress concentration is placed just near 
the cracking fracture and the damage factor is 3.9371.

4.3. 2D non linear plastic-creep analysis

For the nozzle A a detailed non linear analysis was performed 
with a simplified 2D axialssimmetric schema modelling a nozzle 
tube-plate. The modellization (Fig. 7) for a total of 142 isoparame­
tric elements and 511 nodes reproduced the welded zone (black 
part in the figure).

In this scheme the real problem was the determination of the 
axialsimmetric loads equivalent to the real 3D charges. Fig. 7 
shows the founded solution by a parametric study applying a total 
force F = 2M/R = 104N mm.

The isostress distribution as well as the component stress field 
on the most critical zone show clearly the good fitness of the 
2D 10 bounded elements with the real 3D situation. The comparison 
of the maximum stress fields obtained with the unit charge with 
the various elastic 3D combinations, gives the multiplying factors 
for a quantitative setting of the stress field calculated in the 
2D scheme.

A load history (Fig. 8) was than determined so to reproduce 
in a semplified way the evolution of the experimental load histograms 
charging actually the component. The dwell times at 600°C and 
550°C, corripondent to load combinations n° 4 and 5, are subdivided 
in two different parts with boundary conditions relevant the going 
on and down typic of drainage situation. In particular the load 
condition no 6, describing the upset load caused by unbounded 
pressure measurement Pipe, is introduced to the medium 550° dwell 
time.

The horizontal zones (costant temperature) are related to creep 
calculation phases while the vertical lines represents the transients 
in which elastic plastic calculations are performed. Operative 
dwell times relevant temperatures equal or inferior to 550°C 
are neglected.

Two different calculation were performed:
1° case: no residual welding stress state is present on the component 

(between time 0 and 5 only the plant weight is applied)
2° case: an initial pre-stress field reproducing the welding effects 
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was introduced in the dwell time 0-5 together with the plant load 
so to analyze the relevant creep damage factor caused by this 
physical phenomena.

The determination of the pre-stress field induced by the welding 
shringkage can be deary only qualitative because relevant a phenomena 
very complex in which a lot of variables joke a quantitative 
unknown role. So the effect was simulated just imposing a fixed 
thermal shrinkage to the welded zone. This was obtained giving 
different & to the base material and the weld material supposed 
that the maximum stress value is equal to Gma, = 300 iya = 2 Sy (200 °C)

This means alequal 7.5 10 °C equivalent through the formula

Ax.T - N (200°) • AT to a A-g0°

4.3.1. Results and creep damage verification

case n° 1 (without welding pre-stress): The maximum inelastic 
strains appears clearly during the upset condition 
(t = 4500-4730h) Fig. 9 shows for the most stressed 
point the equivalent Von Mises,the axial and hoop 
component trends during the load history time.

case n° 2 (with welding residual stresses) Fig. 10 shows the 
stress state equivalent Fig. 9 for this case so to 
appreciate the qualitative trend of the residual 
welding stresses on the structural behaviour of the 
nozzle.

It appears clearly that only the charges relevant the initial 
pre-stresses state and the no 6 combination load are such to produce 
high non linear effects.

The creep damage is calculated for the most stressed point following 
the rule T-1420 of C.C N47 f =" at

6j TTawhere Td is calculated for each istant entering the time-rupture 
curve with a stress value Se/k‘

it were obtained the following values:
case n° 1 (node 288) f = 1.63
case n° 2 (node 288) f = 2.26

It's confirmed the creep effect as the main cause of the ruin 
appeared in the nozzle also if the factor damage is lesser than 
the elastic one.

The influence of the welding residual stresses is about 20%.
It's important at last to point out the contribution to the 

factor damage of the upset condition charge in the total creep 
ruin value.
case no l f’= 1.59
case n° 2 f’= 1.82
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5. CONCLUSIONS

Structural analyses both on linear 3D calculation model and 
non linear 2D scheme show;. as strongly possible the eventual formation 
and presence of creep cracks, giving creep damage factors for 
the two branch connection largely superior to the allowable value.

In detail the 3D elastic analysis results bring the following 
remarks: 
- the validity of the ASME stress intensifications factors for

T branch connection, with conservativism factors very low for the 
drainage nozzle B which is a completely outstandards geometrical 
configuration.

- the maximum stress concentration, which a traction ones that means 
basic source of initiation cracks, are located just in the zones 
in which the creep cracks appeared.

The non linear 2D axialsymmetric analysis, at its turn, limited 
to the nozzle A, taking in to account the upset condition of unbounded 
tube gives a creep factor damage f equal to 2.26 that also if 
inferior to the elastic analysis result (f = 3.93), is till highly 
superior to the unity. It confirms the hard possibility of creep 
ruin.

The last remark it that the largest part of the damage (80%) 
is due to the upset condition n° 6 (T = 550° for 231h) while the 
residual welding stresses don’t have a basic role in the creep 
damage also if they are not negligeable.
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Table 1 - Load combination

BASIC LOADS
9 s3 p 
is

1 
(585 5288

g 
88 8 8

z g
Is 8 5

s g 
88 8 2

J a8e 
hi

PRESSURE — — 1 1 1 1 1

WEIGHT WITH
sodium + counter weight

— 1 1 1 1 1

WEIGHT WITHOUT 
sodium + counter weight 1 — — — —

STEADY STATE AT 600°C— — — — — 1

STEADY STATE AT 550°C— — — — 1 —

o

4

CO

STEADY STATE AT 500°C— — — 1 — —

STEADY STATE AT 200°C— — 1 — — —

COMBINATION NUMBER0 1 2 3 4 5 6

TIME IN HOURS — — — 2850 8300 650 231
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Photo 1 - Creep craks in nozzle A 
(inlet sodium pipe-pressure measur. tube)

Photo 2 - Creep craks in nozzle B. 
(primary line - Drainage Pipe)

Photo 3 - Fracture surface at electronic 
microscope. Nozzle A

Photo 4 - Fracture surface at electronic 
microscope. Nozzle B
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