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1. INTRODUCTION

Experience has been gained in the UK on the operation of
LMFBR Steam Generator Units (SGU) over a period of 20 years from
the Dounreay Fast Reactor (DFR) and the Prototype Fast Reactor
(PFR). The DFR steam generator featured a double barrier (Fig 1)
and therefore did not represent a commercial design. PFR,
however, faced the challenge of a single wall design and it is
experience from this which is most valuable. The PFR reactor
went critical in March 1974 and the plant operating history since
then has been dominated by experience with leaks in the tube to
tubeplate welds of the high performance U-tubes SGU's, (Ref 1 ) .

Operation at high power using the full complement of three
secondary sodium circuits was delayed until July 1976 by the
occurrence of leaks in the tube to tubeplate welds of the
superheater and reheater units which are fabricated in stainless
steel. Repairs were carried out to the two superheaters and they
were returned to service. The reheater tube bundle was removed
from circuit after :sodium was found to have entered the steam
side. When the sodium had been removed and inspection carried
out it was decided not to recover the unit. Since 1976 the
remaining five stainless steel units have operated
satisfactorily. This year a replacement reheater unit has been
installed. This is of a new design in 9CrlHo ferritic steel
using a sleeve (Fig 2) through which the steam tube passes to
eliminate the tube to tubeplate weld.

Despite a few early leaks in evaporator tube to tubeplate
welds up to 1979, these failures did not initially present a
major problem. However, in 1980 the rate of evaporator weld
failures increased and despite the successful application of a
shotpeening process to eliminate stress corrosion failures from
the water side of the weld, failures traced to the sodium side
continued.

A sleeving process was developed for application to complete
evaporator units on a production basis with the objective of
bypassing the welds at each end of the 500 tubes. Figure 3. The
decision was taken to proceed with the complete sleeving of three
units. This task has just been completed.

In summary, by the middle of 1984 PFR will have a full
complement of serviceable Steam Generator Units. Three fully
sleeved evaporators, three original superheaters, two original
reheaters and one new reheater unit will be in use.

2. DESIGN ISSUES RELEVANT TO MAINTENANCE MID REPAIR

2.1 General

The designers involvement with the maintenance and repair
aspects of Steam Generators begins with the original design
concept and continues throughout manufacture and operation; as
problems and concessions arise, the decisions as to what to do
about them are referred back to the original design office for
advice.

As part of a final Design Report issued with, or shortly
after the delivery to site of a Steam Generator a set of
recommended maintenance procedures is produced - even if they are
in outline form, to be built upon as experience is gained. This
would in time be assimilated into the overall Station plan for
scheduled maintenance activities.

Another aspect of the Design Report is a fault tree analysis
in which various likely scenarios of foreseeable fault events are
listed and suggested courses of action noted down - any
development required would be noted and initiated as required (ie
special ISI equipment etc). When the plant gets into operation,
if an unforeseen event occurs as we experienced on PFR it is at
this point the Designer along with the Operator and other
specialist group get together to discuss the best course of
action to take.

2.2 Design Lessons from PFR

Among the lessons to be learned from PFR are:-

(a) Provide good tube end access so that minimum downtime can be
achieved during scheduled and unscheduled inspection and
repair activities - tube welds in particular need good
access. In this respect the Evaporator is excellent - but
the Reheater and Superheater are not very good.

(b) If the size of the Steam Generator is modular (around 150MW
th) at least one spare should be supplied and the means and
procedure to carry out the replacement should be to hand to
give the Operator the option to repair in-situ or replace
whilst repairs are carried out on nearby facilities.

On larger units this may not be a viable proposition except
if a series of plants were to be built when a common spare
for use at any station could be a prudent investment.
In-situ repair equipment and proven procedures for the large
units need to be provided at the outset of operation.



Due to the severity of the generic PFR Evaporator weld
problem the advantages of a removable tube bundle have been
clearly demonstrated. Although much of the work could have
been done in-situ the scale of work used this modular
feature to the full. The development of special "Bagging"
removal techniques has now been well proven.

(c) Initial "fingerprinting" by ISI equipment, of various tube
and shell integrity aspects should be carried out prior to
the units seeing service so as to provide a bench mark set
of measurements with which to compare future ISI
inspections. All concessions should be logged and their

. . possible effects on design life noted. Any joint leak rates
(interspace tests etc) noted.

(d) Continued power production from a unit with a known tube or
weld leak needs to be carefully considered. Carefully
worked out shut down procedures minimise the chances of
severe thermal shocks to the Steam Generator components and
more importantly prevent sodium entering the tubes.

(e) Preventive maintenance by regular replacement is a standard
procedure in industry and components such as Bursting Discs
for which there is no effective means of assessing the life
damage accumulated may need to have a safe life limit
assigned to them and be replaced at sepecified intervals
dictated by prior plant history events.

(f) Adequate attention must be paid to "storage" conditions when
a unit is brought off load for inspection, maintenance or
repair. Careful monitoring of moisture levels on both sides
of the tube is essential to prevent off load corrosion,
pitting damage etc.

(g) Shell side sodium cleaning has not been necessry on the PFR
units but for future plants in spite of the larger unit
size, it may be prudent to have a demonstrated and proven
technique available. World experience could perhaps provide
this. Alternatively, the now non-servicable PFR 2 1/4 Cr
Evaporator currently stored under inert argon at Dounreay
could be used in an experimental cleaning exercise.

2.3 Design Intentions for CDFR

Concerning the CDFR units an outline drawing is shown in
Figure 4 and the design concept is very similar to the much
tested and developed AI CDFR Hockey Stick Unit chosen as the
mainstream Steam Generator design in the USA. Important
differences are:-

- The bend is in the cold region

- Material is all 9 Cr 1 Mo as used in the UK AGR's

- Aluminised 718 bushes at all grid-tube contact points

- Once Through Steam Cycle is used

- Gas spaces at top and bottom of the unit

- Tubeplate welds at the cold (198 C) end will probably
have a wastage tube protection system incorporated

- A sodium overflow system from the top of the SGU back to
the dump tank is under consideration

- Spherical topped flat bottomed tubeplates can be designed
to meet ASME -criteria at large unit sizes

- Water side dump will be mainly from the Inlet Header.

At important points on the shellside of the unit small (up
to say 25-30 cm dia) capped nozzles are provided with
corresponding bolted cover plates in the internal baffle shroud
around the tube bundle. This is to give the option of some
limited shell side viewing should the need arise; adjacent to
tubeplates, the DNB zone, the sodium crossflow-region and the
bend region are all areas of special concern.

The inlet water header and the outlet steam header have
man-way access points provided to carry out steam/water side
inspections as required - the space is large enough to allow a
person to stand inside and work comfortably.

The transition weld in the secondary pipework, the major
shell welds and seismic snubber points would have easily
removable-insulation fitted so as to facilitate some level of
inspection as and when required.

2.4 Inspection Considerations

Maintenance and inspection procedures will benefit from the
work pioneered at Dounreay but it is important to recognise that
with approximately 2000 tubes per unit, 8 units to inspect and
only a limited amount of scheduled shut down time allocated, only
a small number of tubes at any single inspection period can be
checked out. An odd rogue tube could escape detection and ISI
does not guarantee a leak free set of Steam Generators. The
rules of ASME XI are guidelines only for the designer/supplier
and the client to use as a basis for agreement, and
interpretation of these, needs early clearance in a project.
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It is envisaged that for a routine ISI inspection a
reasonable number of tubes (up to 3%) would be inspected by
approved techiques and to approved acceptance standards - the
exact number and location to be agreed between the designer and
the client.

Target goals for defect sizes are expected to be:-

- cracks down to 0.2 mm by Eddy Current techniques if it
lies within 0.5mm of the surface plus pits down to 0.25mm
deep 0.25mra wide taking into account the effect of
magnetite growth and deposition.

- Wall thickness down to 50 microns using ultrasonic
devices.

- Magnetite thickness using beta back scatter techniques can
be measured to an accuracy of + 5 microns in 60 microns,
over an area of a few mm •

There would be several criteria for tubes being examined.

- Some tubes would be chosen at random.

- Some because of a "worst case" assessment ie tubes in
maximum crossflow region, in the worst position with
respect to transient shock, next to plugged tubes in the
tubesheet, rim/ligament zone etc.

- Some base monitoring of lead tubes on which continual
serveillance has been maintained.

- Tubes which have perhaps had concessions or incidents in
their past history.

An on-load acoustic leak detection system which can
pin-point the approximate location will be of great value,
enabling a search/find routine to be initiated in the vicinity of
the leak very quickly so saving a huge amount of time when trying
to find one tube in 2000. An on-load acoustic leak detection
system will protect the Steam Generator from the full effects of
an escalating leak. Quick shut down of the unit would
automatically take place unless the leak is in the gas space when
possibly manual shut down may be the agreed procedure. For a
small leak the damage would probably consist of a self wastage
primary leak hole and such a tube would be plugged. The number
of plugged tubes which can be tolerated in a unit depends upon
how much the hot sodium stream can be diluted before it reaches
the outlet crossflow region whence thermal striping potential is
possible.

The adjacent tube or tubes could be expected to have local
wastage areas and by using wall thinning inspection devices in
these adjacent tubes a measure of the wall thinning could be
derived and then a decision taken as to whether to plug all or
any of these.

Development work is underway to use an Eddy Current device
to see if metallurgical changes can be detected and laser beam
techniques appear to be capable of development to check for tube
straighness.

For a Design Basis Accident (DBA) event a single DEG is
assumed (accepted universally in Europe) and the Bursting Discs
will be designed to repture at this level.

It is important to ensure that the residual sodium left in
the IHX is not badly contaminated with caustic so a means of
preventing reaction products reaching this far is desirable.
These could include:-

- isolation valves

- overflow systems

- bursting discs off the secondary pipework to the dump tank

A means of measuring the residual sodium impurity levels in
the IHX together with a system which could be introduced quickly
to clean this sodium may also be worthwhile to consider.

Leak events should be very few in the CDFR due to the rapid
strides being made worldwide in high integrity plant item
manufacture, better knowledge of sodium/water reaction principles
and accrued world experience over the next decade. If they do
occur the Steam Generator protection and recovery systems should,
by the time CDFR is sanctioned, be adequate to prevent serious
damage occurring to the unit.

3. EXPERIENCES ON MAINTENANCE AMD REPAIR INCLODING ASSOCIATED
R&D

The design intentions for CDFR have benefitted from the
experience gained from PFR and several important aspects of this
experience are described below.

3.1 ISI Related to Weld Failures

Experience has been gained on PFR with several techniques to
locate leaking tube to tubeplate welds and these include:



(a) Visual examination by introscope

(h) Chemical sairoling using swabs

(c) Acoustic detection of gas flow

These are straightforward in application and need little
elaboration. For detecting partial penetration weld defects more
sophisticated techniques were used, namely:

(d) Eddy current examination

(e) Ultrasonic examination

The tube to tubeplate weld has experienced mechanisms
producing both water side and sodium side defects and this has
necessitated development of the several complementary inspection
techniques listed above. To carry out inspections within the
shortest plant down time has meant that access could only be from
the water side. Once the header has been removed, giving good
access to the tubeplate (Fig 5), inspection is carried out from
within a small cubicle erected over the evaporator tube bundle,
and equipped with the necessary services - power supplies, inert
gas, ultrasonic couplant etc. In order to protect the exposed
unit from corrosion it is necessary to maintain the tubeplate
temperature 20 c clear of the dew point and whilst this can be
partially achieved by dehumidification of the cubicle, in
practice the entire bundle must be heated, giving peak tube
temperatures of 40 C centigrade.

Efficient inspection of substantial numbers of tubes and
welds requires that systems can be easily transported to (and
from) the inspection site, set to work quickly and then operated
continuously, without disruption to other work in progress in the
steam generator building, which during any shut down will be
considerable. Whilst commercially available equipment has been
utilised wherever possible, the particular requirements for
rapid, reliable inspection have necessitated purpose designed
systems particularly for sensor positioning and data recording.
Positioning systems must be able to locate a sensor in a known
orientation and at a known depth in order that results may be
correlated with constructional features (such as the bottom of
the tubeplate), with the results of other techniques and with the
results of previous examinations. Under no circumstances may
materials or lubricants be introduced which could damage the tube
either directly by mechanical means or as a result of
electrolytic or chemical attack.

Further details of the various techniques are given in
Ref 2.

3.2 Cleaning of Failed Steam Generator Pnits

3.2.1 Small Leaks

The leaks which have occurred in the PFR steam generators
have usually been very small, typically 10-100 microns. They
have increased in size slowly. For leaks which it was decided to
terminate and repair immediately, as little as 10 g of water may
have been injected into the sodium circuit. Some leaks however
have been followed for many days during investigation to
determine their characteristics. For these, substantially more
water would be injected. Inevitably this forms potentially
aggressive corrosion products which it is advisable to remove
before operation is resumed.

Removal is achieved by raising the sodium level so that it
washes the underside of the tubeplate. Additional vents have
been introduced into the evaporators to allow the gas spaces to
be completely flooded. Recently, prolonged washing of the
tubeplate with sodium at a temperature of 425 C has been
introduced into the start up procedure to remove all corrosive
deposits.

3.2.2 Larger Leaks

Three leak events have resulted in significant quantities of
sodium being transferred to the steam side of units. The first
of these events occurred in one of the reheaters. The caustic
products formed caused such extensive Stress Corrosion Cracking
to the stainless steel tubeplate that the reheater was unsuitable
for further service.

In the case of an evaporator which on two occasions
experienced sodium transfer. Stress Corrosion Cracking of the
ferritic material was not a problem; the sodium was removed and
the unit became available for service again.

For the sodium removal operation the evaporator was taken
from its shell and placed in a purpose built container which
enabled the sodium side environment to be maintained and
monitored. This was important because the cleaning technique
adopted was to treat each tube in turn with a high pressure water
lance which more by physical force than chemical reaction ejected
the sodium and its products from the tube. Of course, because of
the reactive nature of the materials, special precautions were
necessary. The operation was contracted to a firm of commercial
boiler tube cleaners and was entirely successful.

The magnetite which forms on the steam tubes of the
evaporators has not yet reached a thickness for which it has been
deemed necessary to remove it by routine chemical cleaning.
However, following the incident in which caustic had been present
and may have caused some deterioration it was considered prudent
to carry out a full chemical clean. This operation was also
carried out under contract by a commercial company usincr
EDTA/citric acid. * y
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3.2.3 Engineering Work on Evaporators

h*ve b°=n roiove^ fron circuit ani transferred
to special facilities on several occasions for a variety of
operations including modification to components on the sodium
side. Each sodium wetted unit was removed from circuit in a
large plastic bag and transferred to a thin walled metal can
supported by a steel frame, with an argon atmosphere maintained
on the sodium side during repairs. It has sometimes proved
difficult to achieve the required argon purity levels when using
silicon-impregnated glass-fibre bags, possibly due to adherent
surface moisture when used in the large steam generator building.
An alternative was therefore sought which had to be flexible and
resistent to sodium at ambient temperature and had to have low
permeability to oxygen and moisture. Trials indicated that a
reinforced PVC plastic met the specification. In addition the
new bag was lighter and cheaper and was easily modified to
incorporate viewing windows. To give the greatest possible
degree of flexibility when handling such large bags an internal
zip fastener was incorporated to allow the easy positioning of
the bag above the sodium vessel. Experience showed that purging
could be carried out quickly to reduce the oxygen and moisture

0 contents below 200 vpm.

During removal operations examination of the tube bundles
""Ĉ  through windows in the bag showed them to have drained very well

with little residual sodium. This fact has enabled engineering
operations to be carried out without any additional cleaning.
These operations have included the blocking of assembly gaps in
the inner cylindrical baffle (to avoid hot sodium leakage
impinging on the outer row of tubes) , the replacement of the
lower domed end at the base of this cylindrical baffle (with a
dome containing extra drain holes) and the removal of a complete
U-tube for detailed laboratory investigation. Although no
additional cleaning was needed all of these operations were
carried out in a inert atmosphere.

3.3 The Sleeve Repair Technique

The leaks in the evaporators, which have been the major
operational problem, were initially dealt with by explosively
welding plugs into the tube ends. While explosive welding
techniques have been fairly extensively used for the manufacture
and repair of industrial heat exchangers, their use on the PFR
evaporators called for the highest level of reliability. The
arrangement of the explosive charge is shown in Fig 6. The
dimensional details and the selection, quantity and disposition
was the subject of exhaustive trials backed up with a quality
control check of all the components.

As leaks continued to occur it became clear that there was a
limit to the number of tubes which could be plugged and a design
solution was sought which woul-3 allow tubes with leaking welds to
be repaired. The concept was evolved of an internal sleeve to
bridge the tube to tubeplate welds, thus creating an additional
barrier between the water and sodium sides of the evaporator in
this suspect region. Early sleeving campaigns were restricted to
those positions identified as leaking or contained cracks. The
results were sufficiently encouraging to enable the decision to
be taken to apply internal sleeving to all evaporator tube to
tubeplate welds.

• The repair sleeve design is shown in Fig 3, and basically
comprises a tube attached to the top of the 406 mm thick
tubeplate by an explosive weld, and joined to the steam tube some
100 mm below the tube to tubeplate weld by a braze (Ref 3 and 4).
Metallurgical bonds are used at both attachment points to ensure
zero leakage across the sodium/water barrier, which is an
essential requirement in these heat exchangers.

Positioning the explosive weld at the top of tubeplate
enabled the experience previously gained in explosively welding
plugs into the evaporator units (Ref 5) to be applied, thus
substantially reducing the need for new development work. To
achieve the oblique high velocity impact necessary to produce
good quality welds, a progressively increasing stand-off was
required between the sleeve and the tubeplate, and this was
provided by tapering the outside diameter of the top end of the
sleeve, as shown in Fig 3.

The concept of using brazing as a joining technique in the
fabrication of large steam generating units was first introduced
for the manufacture of Replacement Tube Bundles (RTB) for the
reheaters and superheaters of PFR (Ref 6 ) . This again
capitalised on previous development work, although to a lesser
degree than for the explosive weld attachment. The location of
the brazed joint was dictacted by the neld to position it
sufficiently below the underside of the tubeplate to prevent the
associated local area of tubeplate being subjected to excessive
thermal gradients during the brazing process, whilst minimising
the depth of steam tube machining. Such machining was necessary
to produce a tube bore free of magnetite and corrosion pitting,
to a surface finish suitable for brazing.

Intermittent repair sleeving of PFR evaporators started in
August 1980. Initial compaigns were conducted on a repair and
operate basis, the extent of the repair being determined by the
inspection techniques available to examine tube to tubeplate
welds at the time. They were short campaigns with sleeves being
installed one at a time, all procedures being followed through
before installing the next sleeve. The rate of sleeving was low,
with a typical campaign of ten sleeves taking about a week to
install. With the decision to embark on full sleeving of three
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evaporator units, involving around 3,000 sleeves, it was
necessary to rationalise procedures, improve equipment and
facilities, and move into a production orientated programme to
minimise the down time of the units. Thf imorove"ients to
equipment and procedures (Ref 7) had to be sufficient to enable
significantly enhanced rates of sleeving to be attained, whilst
at the same tinfe being compatible with rapid introduction.

In the in-cell position, each evaporator is located between
a superheater and a reheater which, together with pipework
manifolds, severely obstructs access for the siting of repair
equipment and restricts the floor area of the working cubicle
over the tubeplate. This was tolerable for the short repair
exercises, but it was recognised that severe time penalties would
result if full repairs were undertaken in-situ. It was decided
to undertake the repairs with evaporators out of circuit, and
latterly out of the confines of the PFR station altogether,
having established that the gain in productivity in so doing more
than offset the time taken in transferring the units. Three
sleeving facilities were built in sequence to suit the
availability of evaporators for repair. Each facility
essentially comprised a transit frame, a heated and lagged
enclosure vessel, a high level working platform and laydown area,
a ventilated working cubicle, and all the associated equipment
and services necessary for sleeving.

Although early sleeving campaigns were undertaken by UKAEA
staff, unacceptable disruption to the other UKAEA programmes
would have resulted from a prolonged diversion of internal
resources. The assistance of an external organisation with
appropriate resources and production expertise was consequently
enlisted to undertake the bulk of the sleeving programme. A
contract was placed with Northern Engineering Industries/Nuclear
Systems Limited to provide a full site team of management,
supervision, inspectors and artisans for three shift seven
day/week sleeving of the evaporator units. The NEI/NSL teams
first received basic training in the sleeving techniques at their
factory using a OKAEA simulation rig. From October 1982 these
teams were progressively phased into the pre-production sleeving
programme already underway with UKAEA staff at Dounreay, allowing
the smooth transfer of sleeving expertise across to NEI/NSL.
Throughout 1983 production sleeving was undertaken on a
continuous basis by NEI/NSL, with the UKAEA teams re-assembling
when planned overlaps made two evaporator units simultaneously
available for repair. All explosive welding has been undertaken
by staff supplied by International Research aand Development
Company Limited.

Figure 7 shows the progressive reduction in time taken to
install sleeves into the evaporators from the start of the
pre-production programme. The overall production time has been
broken down into the component times for the three main elements
of the process namely, machining, attachment and heat treatment.

Heat treatment is necessary at the lower end of the sleeve
because this is attached by a braze at 1180 C. With the ferritic
steels involved this causes transformation to martensite. This
has unacceptably high hardness and a subsequent heat treatment (1
hour at 750 C) in necessary to temper the materials.

The three evaporators have now been completely sleeved. Two
have been operating without problem for a short period and will
be joined by the third imminently when the olant will return to
full three circuit power generation.

4. OTHER SGO RELATED MAINTENANCE AND REPAIR ACTIVITIES

Although PFR experience has been dominated by the repair of
the tube to tubeplate welds other areas have given rise to less
time consuming repair activities. Some of which are described
below.

4.1 Reheater Vessel Flange Repair

In preparing the reheater vessel for the installation of the
new reheater unit an inspection was made of the vessel flange
which revealed cracking at two positions. This was attributed to
Caustic Stress Corrosion arising from a sodium leakage past the
seal between the temporary coverplate and the vessel flange.

These cracks, which extended to some 90 mm in depth, were
machined out, the metal replaced by welding and the repair
machined.

4.2 Sodium Pipework Leakage

There has been one significant leakage of sodium from the
secondary circuit pipework. This occurred, while the plant was
operating on a single circuit in May 1983 in a section of 350 mm
bore 10 mm wall thickness stainless steel pipework beneath the
reheater vessel. The leakage was discovered during routine plant
surveillance when a small plume of smoke was observed issuing
from insulation cladding. Sodium was dumped from the circuit and
cladding was removed. Inspection revealed slight erosion of the
pipe surface and a crack some 60 mm long in a weld was located
between two works-fabricated pipe tee sections. An examination
of the radiographs taken at works during construction showed the
defect to be in an area where weld repairs had been undertaken.
One of the two tee sections provided a bypass line from the
outlet of the secondary sodium pump and since this route had not
been used, a straight section of pipe was welded in position to
replace it and the plant was returned to service. An examination
of radiographs of similar fabrications and checks on the plant
did not reveal any other defects. This work was carried out
without major difficulty and with no major impurity level
problems when the plant was returned to service.
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4.3 Experience with Bursting Discs

TV,P svstem orovHei to •leal with a major sodium/water
reaction in one of the boiler units includes bursting disc
membranes to isolate the operating circuit from the effluent
system. There are six bursting disc assemblies for each Circuit,
four associated with the evaporator and one each with the
superheater and reheater. Each consists r>f m ii*i»r stainless
steel membrane, supported by a hinged Plate heli by a shear pin
and backed by a 'knife, with an intersogce monitored by a
SMrk-oluq tvoe leak detector vhic* or-"1'-" '^a nickel bursting
disc itself. Two of the 200 mm dia 0.125 mm thick inner
membranes associated with evaporator 1 failed within one month of
each other after experiencing some 38,000 hours of operation,
including some 23 dumps of the circuit and 119 power cycles. The
failures were detected by the leak detector. Following sodium
dumping the inner membrane and bursting disc were replaced.
After the second failure all other membranes associated with
circuit 1 were replaced before operation was resumed and all the
membranes in circuits 2 and 3 were similarly renewed before these
two circuits were returned to service early in 1984. The
failures were caused by mechanical deformation which caused
wrinkles and ultimately cracking, resulting from effects of
temperature and pressure cycling as a result of sodium dumping.
In future these membranes will be replaced at regular intervals.
There was evidence of build-up of solid sodium in the superheater
and reheater pipes immediately before the inner membrane and as a
result additional trace heating was added to ensure that sodium
does not condense in the gas space.

4.4 Trace Heating and Pipe Blockages

The majority of the trace heating systems associated with
the secondary circuits give good service although some attention
is being given to improvements in control monitoring arrangements
to avoid cold spots which, if not identified, can lead to
blockages which delay dumping or refilling operations.

On one occasion in 1981 difficulty was experienced in a
planned dumping of sodium from the evaporator vessel in circuit 3
due to a blockage in a dump line. This was located a few inches
from an isolating valve and was cleared by cutting the 100 mm
pipe and cleaning away the deposit by h3nd. A failure of a
section of pipework trace heating combined with a higher than
normal concentration of impurity in the dead leg were the cause
of the problem.

The control of sodium level in all the secondary circuit
vessels is effected by the argon addition to or venting from the
gas space volume above the sodium. There are over 200 valves
associated with the numerous individual volumes and problems have
been experienced with relatively few of these. Difficulties are
usually caused by deposits of sodium affecting the valve seats
and usually arise when circuits are recoramissioned after outage.

4.5 Sodium Dumping Modifications

There w=is discussion earlier of incidents which resulted in
large quantities of sodium flowing to the water side. This
occurred because of a malfunction of one of the steam dump
valves; one reopened after a trip thus completely venting the
steam side of the evaporator. The trip has been modified so that
the steam generators are now intentionally depressurised to
atmospheric pressure but, at the same time, the sodium is now
dumped so that the secondary circuit pressure also falls to
atmospheric and the sodium is removed from the leak site. It is
considered important that sodium/water reactions should be
terminated rapidly not only when plant tripping functions operate
correctly but also as far as possible when various malfunctions
occur.

5. OTHER R&P ACTIVITIES

5.1 ISI Required for Sleeved Evaporators

In every aspect of the support and develooment work and the
production engineering of the evaporator sleeving, very close
quality control has been of the greatest importance. An example
of this are the ultrasonic examination procedures applied to the
installed sleeve. Two ultrasonic techniques, one for the weld,
one for the braze, have been developed to ensure satisfactory
joints both during the repair procedure and after service. The
extent of the explosive weld zone is examined by scanning a
focussed ultrasonic beam, normal to the sleeve surface around and
up the sleeve and, as a minimum, recording on a C-scan trace (as
white) where the echo from the welded sleeve/tubeplate interface
exceeds a threshold value (Pigs 8 and 9). Additional information
is available from a more detailed study of signal amplitude.

A very similar technique is used to gauge the extent of the
braze zone, but here the echo from the back wall of the steam
tube is logically gated with the brazed steam tube/sleeve
interface, providing an even more reliable indication of a good
braze. The brazing technique tends to give a more variable trace
due to slight clearance variations in the qap before brazing.

Using the techniques (and a peel test on test explosive
welds) substandard sleeve repairs were identified and they were
either replaced or the tubes plugged. This, however, was only
necessary on a small percentage of repairs.



5.2 ISI Applied to SGO Tubes

H concern ovar ths condition of the tube to
tubeplate welds and the emphasis on techniques for their
inspection other features of the Steam Generator Units which
could lead to loss of integrity and a sodium-water reaction have
not been ignored. In the evaporator, this has identified 'areas
of special interest' for which inspection techniques have been
developed. In these areas, there may be a mechanism operating
which, over the life of the plant, might jeopardize operation.
The purpose of inspection is to verify throughout plant life that
any such deterioration does not adversely affect operation, if
necessary by selecting damaged areas for repair or replacement.
This approach differs from one that identifies the design or
operational limits of the structure and seeks to ensure that they
are not exceeded. The following 'areas of special interest' have
been identified in the PFR evaporators:

(a) Grid Sheet Positions - where the U-tubes are located in
the heat exchanger structure, are the source of two possible
damage mechanisms:

- fretting wear, caused by flow induced tube vibration.
.Material may .be removed from the tube surface or transfer
of material may occur from grid to tube

- galling damage, caused by differential thermal expansion
which allows the tube to rub against the grid. Deprived
by the sodium of a protective oxide layer, the surfaces
may weld. Subsequent breaking of these welds can cause
vertical gouges known as galls.

(b) The Tube Area Above the First Grid Sheet - where hot
inlet sodium flows into a volume whose temperature is determined
by the water entering the evaporator. Some tubes may be
subjected to streams of sodium fluctuating between these two
extreme temperatures giving rise to a potential for thermal
striping.

(c) The Tube area Immediately Below the First Grid Sheet -
where the difference in temperature between water and steam is a
maximum and under certain operational conditions heat fluxes may
exceed 1 MW/square metre. Deposition of oxide from the feed
train, disruption of the protective oxide film and on-load
corrosion are possible consequences.

(d) Tubes on the Periphery of the Bundle - which are
subject to both higher heat fluxes, due to their proximity to the
baffle behind which the hot inlet sodium flows, and to possible
thermal striping, as there are leakage paths in the baffle
between the plates and supports from which it is constructed.

(e) The Upper Outlet Leg of the U-Tubes - where, although
heat fluxes are at their lowest, the risk of dry-out and possible
water side corrosion is highest.

A variety of techniques are under development or in use to
cover the above requirements and these include:

(a) Visual examination by introscope, fibrescope and
closed circuit television (CCTV).

(b) Replication of features of interest.

• (c) Ultrasonic examinations using a normal compression
beam for gauging wall thickness, and tube bore.

(d) Ultrasonic examination using an angled shear wave beam
for detectinq galling, pitting and cracking.

(e) Mechanical gauging of tube bore and pit depth.

(f) Estimation of oxide thickness using eddy current
techniques.

(g) Estimation of oxide thickness by the backscatter of
beta particles.

Further information on these is given in Reference 2.

6. CONCLUSION

Although the steam generator experience on PFR, as a result
of the tube to tubeplate weld leaks, has restricted operation of
the plant at continuous high power, there has been much
compensating gain in design and operating experience of steam
generating systems for PFR and future plants.

The leaks on the austenitic suoerheaters and reheaters and
the subsequent change in target steam conditions for future fast
reactors has provided the opportunity for the design and
manufacture of new units (RTBs) in 9CrlMo material, less
suscepitable to caustic damage, which will probably be used in
future plants and will provide experience of such alternative
design features and materials at the superheat conditions. These
units have also provided lead experience in the brazing and
explosive welding techniques which have been used on the
subsequent repair of the evaporators.

The evaporator failures have not only emphasised the
importance of design detail which allows stress relief of tube to
tubesheet welds, but they have additionally stimulated the design
of a new evaporator tube bundle, exactly replicating COFR tube
and tubeplate materials and weld details.
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In addition to these design lessons, the series of leaks in
PFR has added greatly to the operating confidence in being able
••o o>t<»ct le^ks, to "3*iut down the ol^nt safely ^nd to cle^n u1)
any corrosion products in the sodium circuit of a fast reactor.
In addition, enormous strides have been made in developing very
sensitive automatic ultrasonic crack detection equipment, a
better understanding of the many subtle stress corrosion and
material aging mechanisms that may be at work and finally in the
development of the brazing and explosive welding techniques that
were necessary for the sleeving programme and may have further
valuable potential as manufacturing or repair techniques in the
future.
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Figure -6 Explosive Charge for Plugging

Production Ph»tt

1. Mechlnlns and sleeving ot Individual poitllons
Batch heat treatment
Stnot* netd machining, brutag and heat treatment
Detailed Inspection by mensuration

2. Batch machining and
batch sleeving Introduced progressively
Twin head brazing Introduced
24 hr working Introduced
General Improvements In productivity

3. Inspection by production gauetng Introduced
Multl head machining Introduced

4. Twin head heat treatment Introduced
OanereJ Improvements In productivity

B. Steady production

«. Three head he»t treatment Introduced

7, Pour head heat treatment Introduced

8. Six head h«at treatment Introduced

Figure 7 Progressive Reductioj in Sleeving Repair Time
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Figure 8 Explosive Weld Examination

Figure 9 C-Scan Trace of Explosive
Weld Extent

Question and Answer

Session 1 , 3 X 4 Paper No. 16

Paper Title : LMFBR Steam Generator in UK.

1.

Q. Why did you choose the hockey stick for the CDFR ?

A. It is reasonably cost effective at larger sizes and high reliability is
expected.

2.

Q. Is the PFR experience of water/steam leaking the reason for the choice of the
hockey stick type ?

A. No, that was not necessarily so.

3.

Q. Besides the choice of material, what is especially featured in design ?

A. We are looking at explosive welding and fusion welding of tube to tube sheet joints.

4.

Q. Are there any specified weight limits in relation to cost evaluation?

A. I don't have numbers here but that has been done. The hockey stick type is rather
heavy.

5. Comment by Hinguet

Q. Some comments about explosive welding from the French point of view, we have done
experimental work with explosive welding as alternative solution for welds in certain
parts of our SG (of course not an exchange tube).
After doing this we consider that such process to day could be used only if the
crevice zones could be completely machined away, on the both sides.

A. (not answer)
We note that it would be impossible to remove the sodium side crevice.
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6. Sal go

Q. How do geometrical irregularities affect the sensitivity of your ultrasonic system
for inspecting tube to tube sheet welds ?

A. Irregularities do reduce the sensitivity and it is for that reason that for detailed
examinations we continued to use both techniques which I have described for
circumferential defects.
A defect-missed by one technique may be picked up by the other because the ultrasound
passes through a different part of the weld profile.
The probes are also rotated both clockwise and anticlockwise which again increases
the probability of locating a defect which may otherwise have been missed.

7. Tanabe

Q. According ot your answer sheet you experienced 64 leaks in PFR.
Were there any more cracks that you detected before it developed to leak owing to
ultrasonic inspection?

A. Yes, the primary objective of our ultrasonic inspection was to indentify partially
penetrating leaks starting on the sodium side and we were successful in identifying
cracks before they developed into leaks.

8. Tanabe

Q. Did some of 64 leak produce leak propagation and adjacent tube wastage ?

A. No, because it is in the gas space.

9. Sasaki

Q. Do you have any experience applying UT to tube to sheet weld where austenitic
stainless steel material is used ?

A. Our recent difficulties have been confined to the ferritic evaporator tube to tube
plate welds and we have used ultrasonic for this with little being done on our
austenitic units. Shortly after PFR was commissioned we had temporary problems with
our austenitic units on which eddy current techniques were then successfully used.
At that time our ultrasonic techniques were not so far advanced.

10. Sasaki

Q. What is the ultrasonic frequency used for the examination of tube-to-plate weld ?

A. 10-15 MHz

11. Buschman

Q. Have you considered expanding the sleeve inside of the tubesheet to eliminate the gap?
Foster-Wheeler Corp. has done this in the US. I think this has been applied at TMI-1

12. Sal go

Q. What is the wall thickness of the sleeve you use for your repair procedure of the
evaporators?

A. Approx. 2 - 1/2 mm

13. Sal go

Q. Does the sleeve make more difficult the I.S.I of the tube bundle ?

A. Yes, it does. But as I indicated yesterday we are modifying our I.S.I techniques
to operate through the narrower bore.
For example we are replacing our mechanical bore diamiter measuring device with an
ultrasonic device which will pass through the sleeve.

14. Avanzini

Q. What is the sequence of the sleeving technique ? Is the brazed joint made first
and the explsion weld second, or vice versa ?

A. The explosive weld is carried out before the braze.

15. Avanzini

Q. How is the gap between sleeve and tube plate f i l l e d ?

A. The sleeve-tubeplate interspace gap is f i l l e d with inert gas, Helium.

16. Minguet, Allanche

Q. explosive weldings :
Had you necessity of repairs ? How many have you done ? And how many an each tube?

A. No explosive welds have failed which is very good considering approximately 2700
sleeves have been inserted.
It has only been necessary to resleeve a tube on rare occasions, normally this was
successful at the first recovery, on one occassion it was not successful and the
tube was plugged.

17. Minguet

Q. Have you observed corrosion cracking on tube sheet of evaporators ?

A. No corrosion cracking has been observed on the 2. l/4Cr IMo evaporator tube plates.
Cracking has been observed on the S/S units and it has been possible to limit this
by operational proceedures.

A. Don't think its necessary based on evaluation and tests.



18. Minguet

Q. What is the exact (a) type of your rupture discs ? (b) have you opserved evolutions
in characteristics.

A. (a) The S/S diaphragm is welded to a Ring which is welded to Vessel Pipe Stub.
The sodium side pressure force on this diaphragm is held by a hinged flat plate
held against the S/S diaphragm by a shear pin. When the pressure on the sodium side
reaches 69 psi, the shear pin breaks, the plate falls away leaving a knife exposed to
puncture the diaphragm causing full opening,
(b) No.

19. Minguet

Q. In your paper you say that you have performed chemical cleaning of the SG components?
Have you sufficient operation experience after that ?

A. The magnetite which forms on the steam tubes has not yet reached a thickness for
which it has been necessary to carry out chemical cleaning routively.
The magnetite is good quality. However, following the accidental filling of the
steam side of an evaporator with sodium a full chemical clean was carried out because
of the effect of caustic on the magnetite. The operation was successful and the
bundle operated successfully afterwards.
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