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1 INTRODUCTION

French experience in the use of large expansion bellows in the

presence of hot sodium is extremely limited.

This stems from the "pool" structure of the primary circuit, adopted

in France to eliminate the need to solve expansion problems

affecting the primary piping of loop reactors. Furthermore,

until the present time, the use of bellows on secondary circuits has

neither been implemented nor considered.

A few bellows nevertheless exist on the Phenix and Super-Phenix

reactors, and these perform separation functions, for example,

between sodium at different temperature and/or pressures, or

tightness functions in gaseous environment at the component

penetrations in the slabs. / 3_7

The dimensional criteria applied to these bellows are the general

rules for structural dimensioning. Since they do not form part of

a circuit wall, they do not need to be discussed. Note, however,

that these components have not raised any particular problems thus

far.

Expansion bellows exist in France on the primary circuits of certain

nuclear reactors of the natural uranium/graphite/gas type. These

reactors have been in operation for many years, and some lessons can

be drawn from this experience in the use of bellows in representative

conditions on power reactor circuits.

Liquid sodium raises specific problems with respect to circuit

operation and material behavior. However, many problems in the use

of bellows are independent of the fluid conveyed in the circuits.

This is why the experience gained with gas—type power reactors

appears to be useful in considering the possible future use of

bellows on sodium reactor circuits.

2 BRIEF DESCRIPTION OF GAS REACTOR CIRCUITS

French natural uranium reactors use pressurized carbon dioxide as

coolant.

In power reactors, this fluid requires fairly large diameter piping

(maximum 1800 mm) with maximum temperatures around 400° C. These

characteristics have required the use of expansion joints on the

primary circuits.

in actual fact, if an attempt had been made to compensate for

expansions in the primary circuits by means of the inherent

flexibility of the piping, it would have been necessary to design

flexible circuits, occupying considerable space.

The primary piping of gas—type reactors conveys the primary fluid

between the various components, which generally form stationary

points, namely, the reactor vessel containing the core, the steam

generators, and the circulators.

3 GENERAL CHARACTERISTICS OF THE USE OF BELLOWS

Owing to the time elapsed in the construction of reactors (G2
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commissioned in 1958, EL4 commissioned in 1967) and in view of the

different manufacturers involved, the expansion joints used on these

circuits are of different design.

The main characteristics of gas-cooled reactor bellows are given

in the table I.

Bellows membranes, are generally of stainless steel, with reinforcing

rings in the roots of the convolution. They are one- or two-plies and

are manufactured by deformation under hydraulic pressure.

The bellows initially fitted to the Chinon 2 and Chinon 3 reactors

were of low alloy carbon steel with high yield strength (80 hbars).

These bellows gave problems, especially in the hot portions of

the circuits. They were completely replaced during general

reconstruction of the primary circuit of Chinon 3 in 1974. They

were replaced progressively (some items at each annual shutdown) on

the hot branches of the primary circuit of Chinon 2.

The bellows are mounted on frames designed to transmit the stresses

passing through the piping. The overall bellows/frame assembly

constitutes the expansion joint.

Expansions joints which are mounted on gas-cooled reactors are of all

standard types:

single hinge,

. double hinge,

gimbal,

universal (withtie-rods, pressure balanced or not) .

EXPERIENCE IN THE USE OF BELLOWS ON CHINON REACTORS

which six are double gimbal type (Figure 2b) and two are the

single hinge type (Figures 2a and 3).
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4.1 BELLOWS

The bellows designed for 3000 operating cycles were produced in two

ways:

initially: of low alloy carbon steel, thickness 3 mm,

one-ply, YS - 80 hbars, US = 80 to 100 hbars, A - 12%, formed

by hot milling (Figure 4),

, subsequently; of two-ply austenitic stainless steel, by

hydraulic forming outer ply 1.2 mm thick, inner ply 1.5 mm

thick, with forged steel reinforcing rings (Figure 5).

Each bellows is welded on a cylindrical ring, itself weld-connected to

the main pipe. The waves are 7 or 9 in number, depending on the

unit.

4.2 MONITORING

Service behavior is evaluated by the bending rotation of each expansion

joint measured by special instruments and transmitted to the

reactor1s monitoring computer. Processing of the results, in

comparison with the theoretical rotation predicted in calculating

the piping lines, generates the observed deviations and, if

necessary, indicates any excess over design thresholds by means of

alarms.

During periodic maintenance shutdowns, accurate geometric readings

are taken of the piping lines and the bend angles of the expansion

joints.

Figure 1 shows one of the four loops of the primary circuit of the

Chinon 3 reactor. This loop features eight expansion joints, of

A periodic radiographic inspection is also performed on the welds

connecting the bellows to their ends.



Leak monitoring at the bellows is carried out during operation by gas

sampling (CO2) and analysis between the bellows and a sealed outer

membrane in case of one-ply bellows, and by measuring the pressure

between the two membranes in the case of two-ply bellows.

The weld assemblies (frames) are controled by examining the units

during periodic shutdowns, using standard nondestructive testing

techniques (ultrasound, radiography).

4.3 OPERATING HISTORY

4.3.2 Expansion joint frames

Since 1974, these weld-fabricated structures are inspected

systematically, chiefly by ultrasound, at the resistance welds.

Cracks were observed in some components, and subsequent studies

showed that they had been created during construction by restraining

the parts, and were favored by the geometry of the assemblies

employed and the types of material. Tests performed on structures

exhibiting defects nevertheless showed that their mechanical strength

did not affect circuit safety levels.
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4.3.1 Bellows

In 1971, after about 40,000 hours of service, a fracture was detected

during a shutdown, in a bellows in the hot portion of the primary

circuit of Chinon A2, at the weld connection of the bellows on an

intermediate ring.

4.3,3

Consequently, after about fifteen years of experience with the

materials considered, it may be stated that no significant safety-

related accident or incident can be ascribed to this type of unit.

Checks carried out on the remaining units revealed two other defects

of the same type. The relevant studies ascribed these defects to

hot creep/fatigue in the metal. It was planned to replace

progressively all the elements located on the hot portion of this

installation, as well as all the units of reactor No.3 in subsequent

years. Major studies were undertaken on two-ply bellows with

stainless steel convolutions (calculation, cycling tests, natural

frequencies, acoustic resonances, stress measurements).

Another defect detected in service in a one-ply bellows led to

repair of the wave by weld deposit. The crack had been initiated

by the presence of a foreign body in the interior of one wave of the

bellows.

None of the defects observed leads to any significant safety-related

accident.

The service life of one-ply bellows was limited to about 45,000 hours

in the hot parts of the installation (temperature around 365°C).

However, twelve bellows of this type are still in service on a cold

circuit of reactor No.2, making a total of about 86,000 hours of

operation.

The two-ply stainless steel bellows have now seen. 40,000 to 45,000

hours of service, and have not exhibited any defect to date.

Systems of identical design were in operation on the Chinon 1

reactor for 50,000 hours and gave full satisfaction.

In-service monitoring systems, involving leak detection in bellows

and elevated-temperature behavior of piping lines by bend angle

measurement, are operating satisfactorily. Monitoring also includes

inspection of the structures during scheduled shutdowns.



5 EXPERIENCE IN THE USE OF BELLOWS ON MARCOULE G2 AND G3 REACTORS

The primary circuits of the Marcoule reactors are very complex and very

long. Hence they are equipped with many expansion joints in a wide

variety of dimensions and types.

All the bellows of these circuits are of AISI 304 stainless steel.

The waves are one-ply, 2 mm thick, cold hydroformed with reinforcing

rings.

Bellows behavior is monitored by deformation measurements of the

expansion joints by means of minimax mechanical devices, read at each

reactor shutdown.

Leak detection of the bellows is carried out by carbon dioxide gas

detectors in the atmosphere surrounding the circuits (air sampling

under the thermal insulation and general monitoring of the surrounding

air by infrared type instruments).

5.1 BELLOWS CONVOLUTIONS

Experience in the behavior of the bellows has been satisfactory.

No bellows fracture has been observed. One small leak occurred

at a junction weld connecting the tangent to its end. This

resulted from poor design of thin bellows assembly at the piping

connection.

5.2 HINGES OF HINGED EXPANSION JOINTS

Mechanical systems designed to measure hinge rotation in hinged

expansion joints showed that the latter did not operate

satisfactorily. Some of these hinges failed entirely to perform

their function and remained blocked during reactor operation.

This situation stems from poor hinge design. The contact

pressures between the hinge pins and their bearing surfaces, due to

the end effect recovery forces, are very high, and the friction

forces oppose pin rotation.

Continuous measurements taken on the G3 circuit during pressure and

temperature buildup revealed the predominant role of this dry

friction, which results in repeated force relief before the piping

lines assume their steady state position. It is probable that the

general configuration in steady state conditions results from the

complex equilibrium of forces and moments in the piping with the

friction forces.
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This faulty operation of the hinges of hinged expansion joints failed

to have any serious consequences on circuit behavior. This may be

ascribed to various reasons, the chief one being that blocking of the

hinges only partly prevents the piping elements from rotating with

respect to each other, because the tie-rods which absorb the end

effect forces, although suitably dimensioned for tensile forces,

exhibit far lower bending inertia than the piping. Hence they

follow the deformations in the piping to which they are attached.

5.3 EXPANSION JOINT FRAMES

A number of expansion joints of the G2 and G3 circuits are designed

in accordance with the diagram in Figure 6. The hinged tie-rods

transmit the pressure thrust to the piping by means of a

system of frames, which are designed to distribute these forces

to the piping.

During circuit inspection, the existence of cracks was observed at

the ends of the longitudinal ribs welded to the main piping.

The analysis of this incident shows that these cracks were due to

poor frame design. A glance at Figure 6 shows that these frames

have tie-rods which cross the piping diametrically. This does not

comply with the rules of the art relating to pressure vessels.

Calculations showed that, under the effect of tensile forces in the

tie-rods and temperature differences in the longitudinal rib, a high

bending moment was applied by the rib to the piping. This bending

led to concentration of the deformation at the point at which the

cracks were found.



The system was improved by welding the ends of the longitudinal ribs,

with the circumferential ribs distributing the bending forces on the

piping. The second improvement involved careful thermal insulation

of the frames, so as to reduce the thermal gradients in service.

6 EXPERIENCE IN THE USE OF BELLOWS ON EL4

The EL4 reactor, in which heavy water is the moderator, features

six expansion joints located on the cold branch of the circuit

(260° C).

The bellows are the two-ply stainless steel type with reinforcing

rings. The pressure in the inter-ply space is measured, and

displayed in the reactor control room.

Atomics International [4] showed that the stresses calculated in

the routine portions were unacceptable in relation to allowable

limits established by the ASME Code 3.

Since the cracks were located at the crest of the waves and at the

boundaries of the junction welds with the bellows ends, the exact

wave profiles were calculated by the finite element method in the

elastic region (Figures 7 and 8) . The use of the elasticity

hypothesis was valid in this particular case, owing to the metal's

very high yield strength. These calculations showed that the

cracks were located exactly at the points where the tensile stresses

were the highest, under the combined effect of pressure and movement.

Tests conducted on test specimens and based on these results showed

that the cracks were due to creep, combined with fatigue.
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These bellows have not raised any technical problems to date. 7.1.2 New bellows (Figure 5)

7 CALCULATIONS

Following various incidents involving bellows and frame behavior,

analyses were carried out by computations, both analytically and by

the finite element method. Overall piping calculations were also

carried out.

As for the new bellows, check calculations of two-ply stainless steel

bellows were carried out by the finite element method in elastoplasticity.

These calculations were made by considering the stress strain curve of the

convolution metal, determined by tensile tests of test specimens cut from

a bellows.

7.1 BELLOWS CALCULATIONS

Calculations were made of the old and new bellows of the Chinon

reactors.

7.1.1 Older bellows

The design load applied was a cyclic load combining variations in

internal pressure with bending deformations due to movement of all the

bellows. A bilinear kinematic hardening law was adopted.

These calculations were intended to help interpret the fatigue tests

performed on a real bellows at ambient temperature. The loadings

applied during these tests were increased to account for variations in

the properties of stainless steel as a function of temperature.

With respect to the older bellows, the intention was to derive data

to help analyze the causes of the cracks observed. Analytical

calculations using the methods developed at the CEA and in the USA by

Although the behavior law of the bellows metal, introduced into

the calculations, was not exact (it is well known that the

characteristic curves of materials vary during cyclic loading.



during the first few cycles), the range of variations in deformation

calculated after the second cycle helped to estimate a number of

cycles to fracture which agreed with experimental results.

The fatigue fracture curve used was Anderson's curve [5].

These calculations were discussed in reference document [1] .

Figure 9 provides one example of the results of bellows calculations

in elastic/plastic conditions.

7.2 OVERALL CIRCUIT CALCULATIONS

These calculations were intended to determine the nominal deformation

values of the bellows (tension, compression, bending) as a function of

variations in circuit temperature.

The TEDEL piping calculation program developed by the CEA [6] takes

account of many parameters related to the use of bellows, especially con-

volution stiffness, hinge friction etc.

The calculation of an overall circuit loop of the Chinon 3 graphite/gas

reactor was carried out by using this computation program. The

expansion joint bend angles predicted by this calculation were

compared with measurements taken on the circuit. This comparison

yielded very satisfactory results. As observed in Section 4.2,

the permanent comparison of theoretical values with those measured on

the circuits is one of the methods adopted for circuit monitoring,

especially during temperature variations.

Figure 10 provides a view of the calculation mesh of one of the four

primary loops.
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The following lessons may be drawn from the use of expansion joints

on French graphite/gas reactors:

(1) Problems involving bellows must be distinguished from those

concerned with the mechanical structures to which they are

attached»

(2) No service incidents were observed in the use of one- or two-plies

austenitic stainless steel bellows. The cracks observed in low

alloy carbon steel bellows led to their systematic replacement.

The materials employed in bellows must be able to

withstand considerable elongation.

(3) Many problems originated in the expansion joint frames.

These are due to design mistakes related to operation of the

structure, and also to fabrication defects.

For example, it is indispensable that the hinges of a hinged

expansion joint be designed in order to operate with the

nominal loads applied.

Framed structures must be designed and thermally insulated to

withstand thermal transients easily.

(4) The perforation of a rbellows must be detected and the reactor

shut down immediately, by means of permanent monitoring of

leaks in an outer casing. This check is absolutely

indispensable to forestall any accident involving the

bellows.

(5) The problems encountered with unsatisfactory bellows show

that circuit layouts must allow for laellows replacement

during the reactor's service life, without requiring prolonged

shutdown.



(6) It is necessary to make careful calculations of the piping

circuits to which the bellows are fitted. This makes it

possible to determine the specifications for the bellows in

operation.

A system for monitoring circuit behavior can be based on a

comparison between continuous measurements of bellows

deformations and theoretical values.

(7) The fatigue service life of the bellows can be estimated

fairly accurately by using finite element calculations in

elastic/plastic conditions.

The main problem is always one of determining the law of

behavior of the metal to be used in the computations.

In conclusion, the use of bellows type expansion joints on primary

circuits of nuclear reactors is feasible, provided that these

components are properly handled in design and manufacture, installation

and operation, not as auxiliary structures, but as structures that

demand the same care and attention accorded to any other primary

circuit structure.

Specific problems related to the presence of liquid sodium

(metallurgy, corrosion, aerosol condensation) should find

convenient solutions in current and future research and

development work.

Table I

Summary of characteristics
of bellows placed on primary circuits
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reactor

Chinon 1
***

70 MWe

Chinon 2
210 MWe

Chinon 3
480 MWe

G2/G3
2 by
36 MWe

EL4
70 MWe

pressure

25

25

26,

15

60

bars

bars

,5 bars

bars

bars

service
temperature

190/355°

200/365°

240/410°

145/365°

260° C

C

C

C

C

maximum
diameter

1400 mm

1750 mm

1800 mm

1600 mm

750 mm

membrane
steel

two-ply
stainless
steel

**
carbon
steel
and
stainless
steel

carbon*
steel
then
stainless
steel

type 304
stainless
steel

double
thickness
stainless
steel

total
No. of
expansion
joints

6

28

32

about 80
per
reactor

6

service
duration
(h)

50,000 h

86,000 h

45,000 h

40,000 h

40,000 h

150,000 h

100,000 h

Carbon steel bellows entirely replaced in 1973/1974 during
complete reconstruction of the circuit by two-ply stainless
steel bellows , outer thickness 1.2 mm, inner thickness
1.5 mm, with reinforcing rings.

Carbon steel bellows replaced from 1972 on the reactor outlet
circuit by two-ply stainless steel bellows.

*** Reactor shut down in 1971.
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ILLUSTRATIONS

Figure 1 Perspective view of Chinon 2 or 3 circuit

Figure 2 View of Chinon 3 expansion joints, single hinge (2a)
and double gimbal (2b)

Figure 3 Photograph of an expansion joint

Figure 4 Photograph of an early carbon steel bellows wave

Figure 5 Plan view of new stainless steel bellows

Figure 6 Diagram of hinged expansion joints of G2/G3

Figure 7 Half-wave of real profile of an early bellows,
calculated by the finite element method

Figure 8 Stress distribution calculated along the wave profile

Figure 9 Wave calculation results in elastic/plastic conditions

Figure 10 Calculation mesh of a Chinon 3 primary circuit loop
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