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PHENIX OPERATING EXPERIENCE

J. Couturier - IPSN/DAS

ABSTRACT

The fast breeder reactor equipping the PHENIX plant has been in

operation for 17 years. Apart from electricity production,

operation of the 250 MWe reactor had the following positive

results:

- it proved that such a reactor could be operated without major

difficulties and with a high energy availability factor,

- it provided opportunities for fast breeder fuel optimization,

- it yielded a certain number of safety lessons of interest in

the context of breeder development work.

The incidents which have occurred in recent years will be

discussed in detail, with attention to the lessons drawn.

After reviewing these different events, we shall present various

surveys and structural provisions implemented with a view to

confirming reactor safety and enhancing certain aspects of it,

particularly in the light of the general lessons learned from the

Three Mile Island and Chernobyl accidents. Examples will be

discussed, such as the tests and inspections carried out during

the second ten-yearly shutdown in 1989 (general overhaul), and the

definition of procedures to be adopted in case of accidents at

the limits or beyond the design basis situations.
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1. MAXN OPERATING RESULTS

l.l Main characteristics of the reactor

The main technical characteristics of the reactor are outlined in

Table 1.

1.2 Main statistics

PHENIX went critical for the first time on August 31, 1973, and

was placed into commercial operation on July 14, 1974.

Since then, the reactor has supplied about 21 TWh of electrical

power in 3590 equivalent full power days, corresponding to a load

factor of 60.5%. This represents an electrical power supply to

the French national grid of 19.5 TWh. Main operating results as

at March 1, 1990, are summarized in Table 2.

1.3 Main events since 1985

Generally speaking, reactor and sodium loop performance level has

been high since 1974. Not only has their reliability proved

exceptional, but it has also been shown that large components

could be replaced, cleaned and repaired without difficulty.

The main events in the operating history of the reactor are

indicated in Table 3.

During the first years of operation, the only serious events were

the secondary sodium leaks at the tops of the intermediate heat

exchangers, due to problems of geometry and of unsatisfactory

sodium mixing at the heat exchange tube outlets. The IHX units

had to be repaired and their design modified. The removal and

modification of the PHENIX heat exchangers, one by one, was one of

the most difficult tasks that could have been foreseen on a pool

type reactor. The repairs, completed in a short time, represented

a considerable achievement and evidenced the importance of



providing for this type of occurrence at the design stage, notably

to ensure availability of spare parts.

In 1982 and 1983, four water leaks (from 1 to 30 kg) into the

secondary sodium in the steam generator resuperheater modules

required repair work on two secondary loops. All the cracks were

located at the SG tube butt welds in the vicinity of bends. These

defects were due, on the one hand, to particular conditions under

which the faulty tubes were subjected to operate at startup (water

flow instead of steam) and, on the other hand, to nonconformances

in the performance of certain welds. Only the first leak had

further consequences, involving sodium entrainment to the steam

side. All these incidents were satisfactorily dealt with, but the

safety operating instructions and automatic control devices were

nevertheless improved with a view to increasing the rapidity with

which the steam generators could be switched to a safe

configuration.

In May 1984, a small secondary sodium leak appeared in an

intermediate heat exchanger, in the annulus separating hot from

cold sodium. Reactor operation was continued despite the leak for

nearly two months, after which time it was decided to replace the

exchanger. in December of the same year, a leak appeared on the

new exchanger. The reactor was kept operating with two out of the

three secondary loops, for nine months, while the two faulty

exchangers were repaired.

The two leaks were the consequence of the repairs carried out in

1977, after the first series of incidents (difficulty to perform

certain welds).

a) Secondary sodium leaks after 1985

In May 1986, a leak appeared on loop No. 3 sodium piping, located

in the steam generator building, at the resuperheater module

inlet. The leak was detected by the line-cord detection system

equipping the underside of the piping. Nearly 50 kg of sodium

leaked out and froze in the heat lagging (thermal insulation



casing) enclosing the piping. As the latter was of a complex

shape (T shape), a share part had to be specially manufactured,

which brought about reactor operation on two loops out of three

for two months.

The leak was caused by misalignment of the piping located on

either side of the weld, resulting in severe loads and delayed

cracking.

In addition, as this leak highlighted a risk related to the

possibility of steel corrosion following a reaction between the

sodium and the insulating material (rock wool), the operating

utility took measures to ensure faster sodium leak detection,

based on continuous monitoring of the electrical isolation of both

preheating line-cords on the piping; moreover, as soon as a leak

is detected, it is now necessary to proceed to a thorough

inspection of the defective area of piping, involving local

removal of the heat lagging. As a further precaution, the

secondary loop welds were the subject of an exhaustive NDT program

in 1986.

It may also be noted that a small secondary sodium leak was

detected in October 1988 in an IHX annulus. The part of the

component concerned is presently undergoing expert examination.

This exchanger has been replaced by a new one, known as "H", which

is implemented with more than 60 thermocouples, some of which are

located in the primary sodium part of the heat exchange tubes.

This will enable to enhance the knowledge of thermal gradients in

these components, to reassess, if needs be, the design load values

adopted for the design studies and to perform an accountancy of

the situations.

b) Operator error during the sodium filling of a secondary loop in

1988

In October 1988, during the sodium filling of a secondary loop, a

sodium leak was detected at one of the steam generator rupture



disk stuffing box. Almost 180 kg of incandescent sodium leaked

into a leakpan.

The origin of this leak was an operator error during preliminary

checking of the secondary system valves: the configuration of a

special type valve, equipped with a disk which could be manually

perforated, had been changed (disk perforated), with the result

that the sodium, instead of filling the secondary loop, flowed

into the tank provided to collect sodium-water reaction products.

The sodium filled the central stack equipping this tank, to which

are connected the steam generator rupture disks, and the stuffing

box of one of the latter began to leak. This incident raised

several points:

- secondary loop sodium-filling procedures had to be supplemen-

ted as regards surveillance provisions, notably in connec-

tion with argon pressure in the loops,

- certain actions and checks included in this procedure should

be defined with greater clarity,

- operators should be more thoroughly instructed with

regard to modifications made to plant equipment - in this

case, the perforatable disk valves.

c) Negative reactivity scrams in August. September 1989 and

Shortly after restartup of the reactor following the 10-yearly

shutdown, three scrams occurred, tripped by negative reactivity

threshold exceeding, after EFPD operating periods of 4, 9, and 14

days. These scrams were characterized by practically identical

power and reactivity disturbances, detected in similar fashion by

the three neutron detectors located beneath the reactor vessels.



At first, it was thought that the neutron detectors could be

responsible - they had "been replaced during the 10-yearly

shutdown, an over-sensitiveness to electromagnetic disturbances

could have caused the phenomena observed. However, after careful

checking and slight improvements in the electrical connections for

these detectors, this hypothesis was dismissed before occurrence

of the third scram.

After the third scram, analysis was preferentially carried on as

regards the hypothesis of a gas circulation in the outer regions

of the core, as it was made out slight overpressures of the cover

gas, just during the scrams. Following that, such a gas

circulation was kept as a possible cause of the events, because

some tests performed during reactor shutdown had shown that the

diagrid purge subassemblies were ineffective. Consequently,

provisions were made to allow reactor restartup in safe

conditions, among which it should be notice, firstly

implementation of six new purge subassemblies and secondly,

studies to make sure that a realistic gas circulation through the

central core area would not have serious consequences.

The new scram occurred on September 9, 1990, following power,

reactivity and cover gas pressure disturbances similar to those

associated with the 1989 scrams, requires that the analysis be

resumed, by investigating all the possible causes of transient

reactivity withdraw once more; this study is presently going on.

2. SURVEILLANCE AND IMPLEMENTATION OV BATETY PROVISIONS

Apart from operating incidents requiring implementation of

specific provisions on a case by case basis, reactor safety is the

subject of certain surveys and inspections scheduled jointly with

the safety authorities.

We present below the main checks and inspections performed over

the last five years.



2.1 10-yearly shutdown in 1989

In accordance with French regulations, all pressure vessels have

to be subjected to comprehensive leaktight tests at 10-yearly

intervals. As PHENIX underwent such tests in 1980 and as a

complete turbogenerator inspection was necessary, it was decided

to proceed to the leak tests during a plant shutdown for general

overhaul, scheduled from April to June 1989.

The main safety related operations concerned the reactor, the

secondary loops, the steam generators and the fuel storage drum.

They consisted largely in nondestructive examination of welds,

aimed at obtaining a more accurate picture of the condition of

structures and piping after 16 years of operation.

a) Reactor assembly

The main vessel, the roof sheet (beneath the roof slab) and the

secondary vessel ara made of 316 austenitic steel. The containment

vessel is made of A42 ferritic steel.

Leaktightness of the vessels was checked by helium tests, under

the following conditions (see Figure 1):

- injection between the secondary vessel and the primary

containment vessel, in order to check the leaktightness of

the two vessels,

- injection into the reactor cover gas area, in order to check

the leaktightness of the main vessel and of the upper

closing structures.

These inspections also included ultrasonic examination over 60% of

the length of the welds between the main vessel and the roof

sheet, and between the main vessel and the secondary vessel. No

significant defect was detected nor evolution with respect to

gamma-radiography results obtained from the manufacturing files on

the vessels.



The inspection process had previously been validated on a full

scale mockup representing the parts of the vessels to be examined.

In addition, the weld between one of the 21 suspenders and the

main vessel was checked, t-gether with the condition of the heat

lagging, covering the secondary vessel, including that in the

lower part of this vesr.el.

b) Secondary loops

The secondary loop pipings, 355 nun and 508 mm in diameter, are

formed o£ sections connected by circumferential welds.

The pipes are made of 304 or 321 austenitic steel.

A gamma radiography examination was first performed, followed by

ultrasonic inspection of all areas where flaws had been detected

(rfith certain difficulties due to the type of steel, to the piping

wall thicknesses (7 mm), and to the geometry of the welds in

certain cases).

Each secondary loop comprises nearly 200 welds, about 80 of which

were performed on site. Only 20% of th^se welds were inspected,

although it should be noted that:

- 100% of the pipe section closure welds were examined,

- more than 65% of the welds performed on the sita, inclu-

ding those mentioned above, were examined.

Four welds featured significant nonconformances:

- two of them were reworked by the operating utility, since

they comprised defects penetrating halt way through the

piping wall thickness,
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- another weld, located in the reactor building, evidenced

serious misalignment of the piping on either side of the

weld. In this case, the safety authorities requested the

operator to repair the weld in question, in order to

minimize risks of sodium leakage above the roof slab,

- a weld connecting piping to one of the intermediate heat

exchangers featured an undercut. However, it was decided

to leave this defect as it was, in the light of the findings

of an investigation which confirmed, with large safety

margins, that it could not give rise to harmful effect.

Since the 10-yearly shutdown, other welds have been inspected in

similar fashion during refuelling outages.

c) Fuel storage drum

The spent fuel storage drum (see Figure 2) consists of a single-

walled A42 ferritic steel tank, 5.4 m in diameter and 7.4 m in

height, containing 130 tons of sodium at a temperature below

165"C.

The fuel storage drum pit is metal lined up to a sufficient level

to prevent any risk of a sodium-concrete reaction i:i the event of

tank leakage.

Following the fuel storage drum incident at CREYS-MALVILLE and in

agreement with the safety authorities, the PHENIX fuel storage

tank was subjected to a series of nondestructive tests during the

10-yearly shutdown.

The welds to be examined were selected from those most severely

loaded.

The ultrasonic examination process was validated beforehand on a

full scale iuockup of a portion of the tank.
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On an average, the inspection concerned 15% to 20% of the total

length of the tank welds. In addition, and in compliance with a

request from the safety authorities, the operating utility checked

the welded joints between the fuel storage drum tank and the only

positioning plate (of the CREYS-MALVILLE fuel storage drum type),

holding a sodium purification system pipe.

A single defect, just within notation limits, was found in a

welded joint between the shell ring and the tank bottom head

(incomplete fusion). However, it was decided to leave this defect

as it was, after having ensured, with ample safety margins, that

it could have no harmful effects, even in the event of an

earthquake.

Furthermore, surveillance and protection measures with respect to

fortuitous sodium leaks were reinforced, firstly by installation

of a sodium aerosol detection system (flame spectrophotometry), in

addition to the leak detection line-cord already located at the

bottom of the pit, and secondly by equipping the pit with a

nitrogen injection system.

2.2 Reactor safety reassessment studies and definition of the H

and U procedures

Reactor safety was reviewed by the safety authorities in 1986,

resulting in implementation by the operating utility of a certain

number of complementary study programs, mainly concerned with

accidental situations, and the procedures to be applied if such

situations arise.

We discuss below the main topics covered by these study programs.

First of all, with regard to the risk of a major secondary sodium

fire occurring above the reactor roof slab or in the steam

generator building, the NDT program on the welds is presently

being supplemented by analysis of harmful effect risks for all

piping, when these results are available, it will be possible to

decide to leave as they are certain defects subsequently detected.
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Furthermore, extensive work has also been undertaken to reassess

the seismic behaviour of the plant, using present calculation

methods. The first results obtained are consistent with those

obtained at the time of the design studies.

As regards reactor emergency and faulted operating situations, we

should like to mention the reassessment of consequences of a loss

of the three secondary loops (DCNEP situation - loss of normal

heat removal systems), which showed that in cases where forced

convection of the primary sodium could not be maintained, owing to

primary pumps' jamming, the upper part of the vessel, although

subjected to only slight stresses, would reach a temperature

exceeding 700°C.

It was consequently decided on April 20, 1990, to limit the

thermal power of the reactor to 500 MW with a view to preventing

the upper part of the main vessel from reaching a temperature of

700*C under these conditions, as beyond this value thermal

creeping is very sensitive to the temperature and margins are not

reliable enough. Further studies are proceeding on this question,

in order to determine the available margins.

Finaly, numerous studies have been undertaken on limit or beyond

design basis situations, requiring implementation of H and U

procedures. These procedures are listed in Table 4.

Work undertaken in connection with the fuel storage drum tank, for

example, has enabled to supplement the U5 procedure applicable in

the event of leakage from this tank. This procedure, presently

operational, is based on two actions: firstly, nitrogen injection

into the pit to prevent sodium-air reaction hazards and, secondly,

sodium supply input into the tank to prevent a lack of fuel

cooling.
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3. CONCLUSION

During 17 years of operation, PHENIX has proved to be an

invaluable source of pertinent data for the further development of

fast breeder reactors. Some of this data were used for

SUPERPHENIX, notably that concerning the 1976 and 1977 IHX

problems.

All the PHENIX problems which have occurred since 1973 have been

overcome and have had no major consequences. On the other hand,

they have provided important safety related indications.

As a general rule, the exact cause of incidents has always been

identified. Only the emergency scrams tripped by negative

reactivity threshold exceeding, raised difficulties in the

understanding of the phenomenon and require further extensive

investigation.



TABLE 1

HAIN REACTOR CHARACTERISTICS

Maximum thermal power 605 MW
Electrical power 250 MW
Number of primary pumps 3
Number of heat exchangers 6
Number of secondary loops and steam generators 3

Number of fissile subassemblies 103
Number of fertile subassemblies 90
Number of control rods 6

core characteristics:

Sodium coolant inlet temperature 395 'C
Sodium outlet temperature 555 *C
Sodium temperature rise in the core 160 *C
Maximum cladding temperature with uncertainties 700 *C
Maximum fuel linear heat generation rate 450 W/cm

Cere control/ monitoring parameters

- Scram

Rectivity P > P
Sodium temperature rise in the core DTc
Power/Sodium flowrate P/Q
Maximum cladding temperature TMG
Deviations of sodium temperature rise between subassamblies

6(A
Earthquake
Radioactivity in the reactor hall
223 IcV mains outage

- Past shutdown

Sodium inlet temperature Te

Offsite power sources:

Main power network 225 kV

Auxiliary power network 15 kV

Onaite power sources:

Main emergency generators 2x2750 kVA

Auxiliary emergency generators 4 sets



TABLE 2

STATISTICS UP TO THE 1st MARCH 1990

Gross energy production

Equivalent full power days ( EFPD )

Load factor

Availability

Maximum burn-up ( standard subassemblies )

Maximum burn-up ( experimental SA's )

Fuel peak burn-up

Number of subassemblies irradiated

Number of subassemblies reprocessed

Reactor operating hours

Secondary pump running hours

Primary pump running hours

steam generator running hours

21 TWh

3590

60.5 %

65.9 %

115000 MWd/t

138620 MWd/t

16.5 at% - 150 dpaNRT

694

413

96136

132115

138930

- 89000

Number of leaks on sodium circuits

Number of cladding failures

10

15



TABLE 3

MAIN EVENTS SINCE 1974

IHX
repairs

SGU leaks

1976

2

1977

1

1978 1980 1982

2

1983

2

1984

2

1988 1989 1990

Operator error
with sodium
leak

Scrams with
negative
reactivity

Ten yearly
outages
(planned
overhauls)



TABLE 4

••H" AND "0" PROCEDORES

H PROCEDURES

Hl LOSS OF HEAT SINK ( service water )

H2 LOSS OF EMERGENCY COOLING SYSTEM ( water loops
welded on the third vessel }

H3 LOSS OF OFFSITE POWER SOURCE AND OF THE TWO
MAIN GENERATOR SETS

H4 LOSS OF THE NITROGEN AND/OR ARGON PRODUC-
TIONS SYSTEMS

H5 LOSS OF THE FUEL STORAGE DRUM COOLING SYSTEM

H6 SODIUM-WATER-AIR REACTION IN A STEAM GENERATOR

H7 BREAK OF SEVEN TUBES IN A STEAM GENERATOR'
MODULE

H8 SCRAM AUTOMATIC CONTROL FAILURE

U PROCEDURES

Ul MELTDOWN OF ONE OR SEVERAL SUBASSEMBLIES

U2 CORE MELTDOWN

U3 REACTOR VESSEL LEAKAGE ( 1,2 or 3 )

U4 COMPONENT DROP INTO THE REACTOR FROM HANDLING
HOOD FAILURE

U5 DRUM TANK LEAKAGE



FIGURE 1

REACTOR VESSELS LEAXTIGHTHBS8 TESTS DURING THB
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FIGURE 2

FUEL STORAGE DRUM AMD COHCRETB
PIT 07 THE FHENIZ PLANT
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