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Abstract

The possible consequences of failure of primary and secondary sodium circuit
components are discussed with particular reference to post incident fault
diagnosis, remedial procedures and outage durations. The core support
structures and steam generator units are identified as particularly import-
ant components in terms of economic consequence of their failure. Important
safety considerations may also apply.

Levels of reliability for core support and steam generator integrity,
necessary to meet economic and certain safety criteria, are discussed
and quantitative data is given. Possible failure and deterioration mech-
anisms which could result in unacceptable reductions in reliability are
then identified for the core support and steam generator units. Following
a consideration of the reliability targets and possible causes of loss
of reliability, an appraisal is made of the necessary extent of in-service
data to be obtained on component behaviour and condition.

In-service inspection and monitoring methods that could be used to obtain
this data are described. Consideration is given to UK and overseas inspect-
ion experience on LMFBR and other nuclear plant.

Some.reliability targets affecting the necessary provisions for in-service
inspection and monitoring of IMFBR engineering components

1. Introduction

An earlier CEGB paper defined the extent of in-service inspection
considered necessary for IMFBRs, to give the necessary confidence
to a Utility that adequate levels of plant availability and safety
could be achieved throughout the required lifetime. That paper also
gave general design guidelines for the in-service inspection and
monitoring capabilities believed necessary for any reactor plant
that CEGB might purchase and operate. Later in the paper these general
guidelines were interpreted into recommendations specific to LMF3Rs.
From these recommendations the proposed scope of in-service inspection
of many of the critical within reactor vessel components were derived.

The views and detailed recommendations made in reference 1 are considered
to remain valid for current LMFBRs. The objective of the present
paper is to use reference 1 as a data base and to evaluate reliability
targets based on both safety and economic criteria for selected critical
components of the primary and secondary sodium circuits. Possible
causes of loss of reliability of these components are discussed and
in-service inspection and monitoring methods identified which could
provide the necessary data on deterioration and failure mechanisms.
Many of these inspection and monitoring methods are inadequately
developed for LMF3Rs and comment is made on the areas where further
development work .is considered necessary.

In practice, achievement of the stated reliability targets will require,
in addition to early detection of deterioration processes and latent
failures by in-service inspection and monitoring, satisfactory methods
of evaluating component fitness for further operation. It will also
be necessary to develop acceptable methods of component repair and
revalidation that do not involve excessively long reactor outage
times. If removal of sodium and fuel is necessary for the repair
of essentially non removable reactor structures then provision of
storage facilities for fuel and active sodium will be required. =
Repair techniques using remote manipulators and the ability to cope =
with residual sodium films are also likely to be required. j|
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Previous UK and overseas LMFBR design studies have shown the core
support structure and diagrid to be critically important primary
sodium circuit components and the steam generator tube bundles to
be a critical secondary circuit component! These three components
have been selected for further consideration in this paper.

2. Reliability targets =

2.1 Core support system and diagrid =

Inspection of recent LMFBR designs shows that structural failure
of the core support system or diagrid could have serious safety
consequences, causing increases in reactivity and/or major
loss of flow through the core. The severity of the accident
would depend considerably on the speed and extent of failure.
Safety studies indicate that design target frequencies for
large scale accidents arising from either core support system
or diagrid failure should be less than 10~7 per reactor year.
Special design provisions may be necessary to assist in achievement
of such high levels of reliability, e.g. structural redundancy
and/or diversity, in addition to in-service inspection and
monitoring.

The economic consequences of failure of thirteen types of
structure within or part of the primary containment of a 1300MW(E)
pool type LMFBR have been assessed-^ for UK conditions. For
each of these structures four classes of structural failure
were considered, they are;
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a) Potentially dangerous failure, consisting of local-

ised defects or cracking for which a local repair
could be made or the component replaced. A minimum
outage duration was estimated.

b) Catastrophic failure, but consequential damage to
other components was assumed to be negligible and
fuel removal etc. was assumed not to be difficult.
A minimum outage duration was estimated.

c) Catastrophic failure, with significant consequential
damage to other components, causing severe problems
with removal of failed components and fuel. A cons-
ervative outage duration was estimated.

d) Catastrophic failure preventing further use of the
reactor and leading to a decision to replace the reactor.

The definition, of catastrophic and potentially dangerous failures
is as proposed by Smith and Warwick*3•>.

Outage durations were estimated for remedial works on all
of these structures and failure types. For each outage, replace-
ment energy and power costs were calculated using CEGB power
system cost data. To allow the effect of various levels of
structural reliability to be assessed, structural failure
probability was made a variable quantity. The replacement
energy and fuel costs for each outage were converted to an
annual cost of risk of outage by multiplying each outage cost
by a probability of occurrence. These annual costs were present
worthed using a discount rate of 10% and were obtained for
each type of structure and each type of failure and for a
wide range of failure probabilities. If discount rates lower
than 10% are used the present worth risk of outage costs are
increased. The present worth cost of risk of outage values
thus obtained for the strongback, i.e. the structure that
supports the diagrid, are given in Figure 1. Figure 1 is plotted
to a base of combined failure probability, i.e. the probability
of occurrence of either a catastrophic or potentially dan-
gerous failure.

Based primarily on Smith and Warwick data^'5 the probability
of a potentially dangerous failure is estimated to be approximately
10 times greater than the probability of catastrophic failure.
This value is used for structures where leakage is unlikely
to be tolerated, where safety implications can arise or where
due to loading and/or thermal cycling conditions significant
crack or defect growth rates may be expected. The factor is
reduced to below 10 for structures which may be damage tolerant
or are believed to Be subject to low steady state and cyclic
stress conditions.

If for a given type of structure, its initial cost is est-
imated for both normal nuclear and various lower standards
of design and manufacture, then an approximate relationship
between initial cost of structure and its combined failure
probability can be derived,. This data allows curves of the
type shown in Figure 2 to be drawn, which exhibit an economic
optimum failure probability. The initial cost/failure pro-
bability relationship is drawn as a straight line on log/log
scales which tends to overestimate the economic optimum fail-
ure probability. The assumptions made in the analysis have
been chosen where possible to underestimate the optimum structural
reliability, i.e. outage times and costs, repair costs, new
fuel etc. have been underestimated, hence underestimating
the risk of outage costs and the optimum structural reliability.
The analysis was considerably simplified by the assumption
that failure probability of a given structure did not vary
during its life. This also was believed likely to underestimate
the risk of outage costs as pressure vessel failure data^
shows that over 60$ of failures occurred in vessels less than
10 years old. Only 2^% of failures occurred in vessels more
than 25 years old. A sensitivity analysis has shown the optima
not to be greatly affected by quite large movements of the
initial and risk cost lines in Figure 2, for various structures.

If a level of pre and in-service inspection and monitoring
of reactor structures is provided which is comparable with
that used on conventional boiler steam drums and LWR plant
then it is considered probable that potentially dangerous
failures will be up to 10 times more frequent than catastro-
phic failures and curve A in Figure 1 will apply. If the provisions
for in-service inspection and monitoring are less effective
than this and are not capable of detecting potentially dangerous
failures before their progression to catastrophic then curve
B or C in Figure 1 applies. Curve B is based on a minimum
outage duration; Curve C is based on a less optimistic estimate
of the failure conditions and consequent outage duration.
Curve D in Figure 1 assumes very severe failure conditions
resulting in a decision to replace the reactor. The risk of
outage costs given in Figure 1 become excessive at combined
failure probabilities above about 10~3 events per structure
year (s.y.) (approx.l0~3 to 10~events per s.y. as catastrophic
failure). At a combined failure probability of 10~3 per s.y.
the present worth risk of outage costs approximates to the
initial cost of the structure. At these levels of risk costs
it is not surprising that the economic optimum catastrophic
failure'probabilities for the strongback are found to lie
in the range 10~4 to 2 x 10~^events per s.y. depending on
the level of pre and in-service inspection and monitoring
provided. 'The range of economic optimum catastrophic failure
probabilities for all,reactor structures considered was in
the range 10~* to 10 per s.y. depending on the type of structure
and level of inspection and monitoring provided.
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These levels of reliability may be supported by common sense
arguments. For example, assume approximately 30 distinguishable
structures within a pool type reactor having a lifetime of
30 years. At an average catastrophic failure probability of
10" 3 events per structure year for all structures, then there
would be one catastrophic failure in each reactor lifetime.
Most Utilities would probably not consider this to be a sensible
reliability target and would presumably also consider 10~4
per s.y. or one catastrophic failure in every 10 reactor
lifetimes, to be a not very attractive prospect. On this basis
a catastrophic failure probability of 10~5 per s.y, would
seem to be a more sensible design target .

2.2 Steam generator tube bundles

The sodium/water reaction conditions used either directly
or indirectly in the design conditions and design basis acc-
ident conditions (DBA) for the IHX, secondary circuit pipe-
work and steam generator pressure parts will be based on a
particular set of assumptions concerning the condition of
the steam generator component parts at the time of the reaction.

It will be necessary to demonstrate to a high level of rel-
iability throughout the operating life of the steam generator
that the condition of the tubes, tube plates, tube supports
etc. is not worse than that used in the DBA for IHX, steam
generator etc.

As IHX failure might have safety consequences in the event
of access of reaction products to the primary circuit, it
is possible that assessment of SGU condition during its op-
erating life may be a mandatory requirement of the Utility
and Safety Authorities. These requirements are likely to
also extend to the need for periodic testing of protective
equipment e.g. leakage detection instrumentation and steam
generator isolation and dump valves etc.

If, in the reactor safety case, claims are made for the
rejection of decay heat via the steam generators or the secondary
sodium circuits then this is also likely to impose a reliability
requirement on the steam generator plant and hence a need
for periodic inspection and surveillance.

For most of the failure and deterioration mechanisms that
can result in sodium/water reactions, sodium leaks and steam
or water leaks (see Section 3.2) we have concluded that there
is a strong economic case for in-service inspection and
monitoring to reduce the frequency of such events. For most
practical cases the steam generator outage cost caused by
in-service inspection and monitoring is believed to be nil
or negligible. Such inspections may be timed to coincide with

planned outages for statutory steam plant inspections or with
planned outages needed for reasons such as re-fuelling, chemical
cleaning or periodic overhauls of steam generator or turbine
plant. In these cases the reduction in risk of outage costs
due to all types of leakages is greater than anticipated development
costs of the inspection and monitoring techniques described
later in Section 4-2 and possible changes in steam generator
initial cost arising from any design changes necessary to
allow these techniques to be used.

3. Possible failure and deterioration mechanisms

3.1 Core support system and diagrid

The possible deterioration and failure mechanisms that could
occur on these components have been discussed in some detail
in our earlier paper and are summarised in Table 1. It must
be remembered that the data given in Table 1 is not intended
to be exhaustive and is a future projection based on limited
world experience of large IMFBRs and more extensive, but not
wholly applicable, experience of gas and water cooled reactors.
CEGB and other experience 1>">7 has shown that predictions
of the behaviour of structural and pressure part components
during their service life are subject to considerable uncertainty.
It is not unreasonable to conclude that substantial operating
experience must be obtained from a number of similar reactors
before one can be certain that a very large proportion of
the damaging processes can be adequately foreseen and accounted
for during the design process. It is from this general background
experience on existing nuclear and conventional power stations
that the importance of regular and systematic assessment of
reactor component condition during its operational life becomes
evident.

The reliability target given earlier in Section 2 for safety
criteria sets extremely high standards even for structures
with redundancy and/or diversity in a new state at the time
of initial commissioning. For example, data compiled from
UK experience^ on unfired pressurized plant indicates the
following failure rates,

Potentially dangerous (99% upper bound confidence level) -
7.6 x 10~4 p e r vessel year.

upper bound confidence level) - 7.9 x 10~Catastrophic
per vessel year.

Although the sample of plant from which this data was obtained
was constructed to conventional plant standards and practices
in ferritic steel and hence is not fully relevant, this experience
does serve to illustrate the stringent conditions likely to
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Table 1. Core support system and diagrid of a pool type IMF3R - some
possible deterioration and failure mechanisms

Component

1 Primary vessel

2. Strongback and
strongback/
vessel joint.

3. Diagrid

(a)
(i)

(ii)

(iii)

(b)

(i)

(ii)
(iii)
(iv)

(c)

(d)

(e)

(f)

(a

Deterioration mechanisms

Leakage of sodium arising from,
deterioration of manufacture defect or incorrect
materials or incorrect fabrication.
penetration by loose object via fretting
mechanism
long term degradation of material properties
due to environmental conditions and ageing
etc. Long term effects of microstructure of
material and residual elements are uncertain.

Rupture at transition weld and roof joint
arising from,
Mechanical and thermal fatigue, e.g. caused
by insulation/cooling system malfunction
Stress corrosion cracking
As for (iii) above.
Nitriding

Fatigue failure due to acoustic excitation
particularly in regions of high mechanical
and thermal stress concentrations.

Buckling or high local geometry induced strains
due to excess external pressure or non uniform
loading or ratchetting effects due to sodium
level fluctuations.

Deformation due to incorrect materials, incorrect
fabrication, thermal effects, variations in
material properties and stress relaxation,
excessive or impact loading.

Thermal fatigue due to local sodium temper-
ature transients, sodium temperature stratif-
ication and asymmetric conditions.

i); (a ii): (a iii); (c); (e) and (f) given
above

(g)

(a

Fast fracture due to incorrect materials, incorrect
fabrication or degradation of material properties
by irradiation and ageing etc.

i); (a ii); (a iii); (c); (e); (f) and (g).

apply in all of the areas that can affect LMFBR structural
reliability. Very high standards of design, manufacture, quality
assurance and pre-commissioning inspection and test will be
required. Evidence will be required throughout the operating
life of the reactor that adequate levels of reliability are
being maintained.

3.2 Steam generator tube bundles

Despite advances made worldwide in the design, development,
manufacture and operation of nuclear steam generators, tube
failures and water/steam leakages still occur. °j9)10simiXar
experiences occur with modern high pressure conventional boiler
plant11 although in this case the problems linked with radiant
heating and fuel side corrosion or erosion do not apply. However,
the large number of conventional boilers provides an interesting
statistical base; Table 2 below summarises CEGB operational
data over a recent 2 year period for 132 boilers on generating
units of 1OOMW(E) and above.

Table 2. Some causes of conventional boiler tube failures

Cause

Tube supports and attachments.
Overheating, long term and trans-
ient
Defective welds
Internal corrosion
Internal blockage due to oxide
spalling etc.
Mechanical damage
Defective tubes
Operational factors
Miscellaneous reasons

% of total tube failures

14.6

14.1
10.8
4.3

6.0
5.2
4-9
1.0
7-9

Specific tube failure causes mentioned in the LWR boiler tube
surveys"'" are, pitting corrosion, stress corrosion cracking,
fretting, intergranular corrosion, tube denting, tube corrosion
and wastage.

Table 3 lists tube bundle failure and deterioration processes
which', on the basis of CEGB and other overseas Utility exper-
ience, are believed relevant to current LMFBR designs.
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Cause of Leakage

Stress corrosion
cracking due to NaOH
(Sodium or Waterside).

Stress corrosion
cracking due to NaCl
or acid sulphates
(Waterside).

Initial defects in w*ld.

i-iu.tial defects in tnhe.

Erosion/corrosion
(Waterside).

Waterside corrosion
due to local
concentration of
aggressive chemicals*

Th--mal.or mechanical
£ pie.

Fretting and wear at
tube supports.

Tubeplate and tube/
tubeplate weld failure.

Water or steam side
oxide cracking or
detachment <

Conditions to
cause failure

Stress and local

and appropriate
temperature range and
adequate time for crack
initiation and growth.

As above.

Inadequacies in weld
process control, etc.

Faults in tube
manufacture.

Damage may'be greatest
for water temps 120-220 C
Helatively high mass
velocities.
Worsened by reducing
conditions, etc.
pH level is important;

Presence of aggressive
chemical and local
concentration site and
adequate lifetime of
concentration site.

Inadequate design and
test work.
Tube support
deficiencies etc.
Temperature fluctuations.

As above.

SCC, creep and/or
thermal fatigue, thermal
shock, initial defects.

Principally thermal
cycling and shock
effects on the oxide
films. Hay also occur
at the DNB zone

Approximate
probability
of leakage

Higto if all conditions
for Stress corrosion
cracking (SCO) are
present.

As above.

*v Tin 10"^ to 10**5 per
year for new weld
process. « 1 in 10~5
to 10-6 per year for
fully tried process.

Snail leaks* ~ 8. x
1Q-7 leaks/yr. m «
Largo leaks *» 3 x 10"'
to ? x 10"° leaks/yr. m.

Risk greatly reduced
if tests made on
specific geometries and
suitable design changes
made.

High if all the
conditions for
corrosion are present.

Low if adequate test
work was done. Can be
difficult with some
tube geometries.

Lifetime wear estimates
can be extremely
uncertain.

High if the conditions
for SCC are present.
Also high if thermal
fatigue etc.
inadequately assessed
during design stage.

Low if periodic
inspection is
adequately frequent.
Test program should
indicate problem
areas.

Type of hole

Crack-
Can be circumferential
or longitudinal

As above.

Small hole or slit or
crack.

Small or large hole or
slit.

Crack or hole.

Craok, small or large
hole.

Vibration can produce
transverse cracks, can
open to a large hole.
Thermal fatigue can
cause various types of
crack*

Can be a small or large
hole.

Crack or slit.

Tube wall thinning
causing a crack or hold.

Remarks

SCO can also occur in
pure water with some
materials.
Risk normally greatest
at welds but can also
occur in high!/
stressed parts of tube.

As above.

Greater probability of
leaks in first five
years of operation.

As above.

Normally in economiser,
oftaa in or close to
inlet orifice. Risk
greater with carbon and
low Cr content steels.

Concentration sites
are:-

(a) thick porous oxide
« >"5O - 7Qum

at faulty welds
(c) phase separation
(d) at dryout zones.

High risk areas can
often be identified for
vibration or thermal
cycling damage.

Gross tubeplate failure
unlikely due to close
pitching of holes and
if leak detection is
provided.

Can provide debris/
deposits to induce
waterside corrosion or
erosion or blockage
failures.
May require chemical
cleaning to be carried
out.



4- Component surveillance and inspection considered necessary to meet
the reliability targets

In all of the cases considered here, very high standards of design,
development, Quality Assurance, manufacture and pre-service inspect-
ion and test will be necessary to provide sufficient assurance that
the reliability targets given in Section 2 can be achieved on the
plant in the as new state at the time of initial commissioning.

4-1 Core support system and diagrid

It may be possible by various design actions, e.g. incorporation
of redundancy or diversity, to claim at the time of initial
reactor start up that the reliability targets based on safety
criteria can be achieved It is currently very much more difficult
to establish that these reliability levels are retained throughout
subsequent reactor operation.

It can be seen from N.g.1 that for the one structure considered,
at a combined failure probability of 10~4 events per s.y.
there is a reduction in present worth cost of risk of outage
of up to approx. £1 x 10° if a level of in-service inspection
and monitoring is provided which is capable of detecting potentially
dangerous failures before .they progress to catastrophic.
If the majority of the in reactor structures are considered
then the reduction in cost of risk of outage is estimated
to,most probably lie within the range £30 x 10° to' £500 x
10 for each reactor. We conclude on the basis of these figures
that there is a strong economic case for in-service inspection
and monitoring which can detect failures at the potentially
dangerous stage.

At a catastrophic failure probability of 2.75 x 10~3 per s.y.
the present worth cost of risk of outage for all of the in
reactor structures considered is £320 x 10 to £730 x 10 for
one 1300 MW(E) reactor if failures cannot be detected at the
potentially dangerous stage. These very large costs are a
measure of the economic risk of large LMFBRs unless high levels
of structural reliability are achieved.

These estimates of cost of risk of outage and optimum failure
probability are necessarily approximate; for this type of
estimate it would be unreasonable to claim a higher degree
of precision. However, they are believed to be representative
of current UK conditions and to provide an indication of the
probable significance of the costs of structural failure.

12
ASME current proposals are for periodic volumetric inspect-
ion and continuous monitoring of 100% of circumferential dissimilar
welds, together with visual inspection and continuous monitoring
of other welds in a pool type reactor vessel. Volumetric inspection
of 100$ of welds in structural members of a ferritic reactor deck
(or roof) and 33$ of structural welds in the rotating plugs
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is required by ASME at each inspection. ASME also propose
visual inspection (remotely by optical and lighting equipment
or under sodium scanning or remote dimensional gaging) of
the core support structure within the reactor vessel and of
the diagrid. This visual inspection is to cover essentially
100% of these components and has the objective of determining
their general mechanical and structural condition. The presence
of loose parts, debris and loss of integrity at bolted or
welded connections to these components is also to be detectable.
The installed location of each removable or non welded item is
to be verified.

Periodic inspection and surveillance of the type proposed
by ASME has not yet been adequately developed for applica-
tion to pool type IMFBRs (particularly for structures under
sodium and for ultrasonic inspection of thick section austenitic
weldments). However, assuming successful completion of development,
the ASME proposals should allow reliability levels to be achieved
which approach the target values given in Section 2.1 for
both safety and economic criteria.Accordingly we support
the current proposals made by ASME as a minimum capability
for these components, assuming that adequate levels of structural
redundancy and/or diversity are also provided.

This view on the ASME proposals has been formed while
recognising that pther inspection and surveillance techniques
may be developed 1J13J14 g ^ m ay provide an assurance of reliability
equivalent to, or better than, that achievable with the ASME
proposals. Our preference remains for a level of in service
inspection and monitoring and lead materials monitoring etc.
as described in reference 1. It is disappointing that development
work on the procedures and techniques proposed by ASME and
other optional methods is at a low level both in the UK and
overseas. Commercialisation of the IMF3R may be difficult
until reasonably efficient inspection and surveillance
techniques for these and other components are in sight.

4.2 Steam generator tube bundles

It is strongly advised that in-service inspection and
surveillance techniques are used which can detect damaging
processes before they have progressed to leakage initiation.
Some processes such as stress corrosion cracking can occur
in a very short timescale and in this case careful monitor-
ing of the chemical environment on both sides of the tube
will be particularly important. Our studies have shown that
there is an economic case for the use of such in-service inspection
and surveillance techniques.

Consideration of the damaging processes described in Table 3
(the list is not intended to be exhaustive) has led to the
inspection and monitoring proposals given in Table 4- It is
envisaged that only a small fraction of the tubes will be
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periodically inspected. The number and location of tubes
to be inspected will be dependant on the tube bundle design
and on the development work (and relevant operational
experience) carried out to identify the tubes most at risk
for each of the possible damaging processes.

The current ASME proposals*2 are to volumetrically inspect,
during the 1st inspection interval, 3% of the heating surface
of each steam generator together with provisions for sodium/water
leakage detection. 3$ may provide a design guideline until
sufficient specific design and development data is available
on possible failure and deterioration processes which would
then allow a more precise evaluation to be made. It should
be noted from the data in Table 4 that in addition to volumetric
inspection of tube and welds the following inspection capabilities
are necessary; visual and surface NDT of tube and weld bore;
detection of cracks on tube and weld QD; tube bore gauging;
waterside oxide characterisation, eg thickness measurement;
tube wall thickness measurement. Local or complete oxide removal
by chemical cleaning etc may be necessary together with acoustics,
loose parts and chemical environment monitoring.

Our recommendations in Table 4 above are all aimed at sodium/
water reaction prevention and consideration is not given here
to methods of sodium/water reaction detection or leak detection.
We fully endorse however, the need for fast acting and sensitive,
proven methods of detection of water/steam leakage into sodium
and for sodium leaks to atmosphere.The development of efficient,
rapid methods of leak location which provide an unambiguous
identification of the leaking tube or weld is also necessary.
Additional provisions such as lead materials monitoring are
described in reference 1.

5. Conclusions

5.1 Core support system and diagrid

Safety studies2 indicate that design target frequencies for
large scale accidents arising from either core support system
or diagrid failure should be less than 10~? per reactor year.

Investigations by CEGB^ of the possible economic consequences
of structural failure of 13 types of structures within or
part of the primary containment of a 1300 Mtf(E) pool type
IMF3R has shown that their economic optimum catastrophic failure
probability was in the range 10~4 to 10~" per structure year.

TABLE k STEAM GENERATOR TUBE BUNDLES - I t l SERVICE INSPECTION AND MONITORING PROPOSALS

Cause of Leakage

Stress corrosion
cracking due to NaOH
(Sodium or Waterside).

Stress corrosion
cracking due to NaCl
or acid sulphates
(Waterside).

Initial defects in weld.

Erosion/corrosion
('-'•'•erside)-

Waterside corrosion due
to local concentration
of aggressive chemicals.

Thermal or mechanical
fatigue.

Fretting and wear at
tube supports.

Tubeplate and tube/
tubeplate veld failure

Water or steam aide
oxide cracking or
detachment.

Type of in-service
inspection

Visual and surface NDE
of tube and weld bore.
tube and weld O.D. -
methods to be developed.

As above*

Volumetric inspection.

Visual inspection and
gauging (if needed) of
bore side.

Visual inspection of
bore.
Oxide characterisation,
e.g. thickness

Volumetric and surface
inspection.

Tube wall thickness
measurement.

Visual and volumetric
inspection.

Visual inspection.
Oxide characterisation,
e.g. thickness
measurement.

Interval between
inspections +

years

2-3.

As above.

As above.

As above.

As above.

As above.

As above*

As above.

As above.

As above.

Monitoring methods,
addtl. to inspection

Chemical environment to
be monitored on both
sides of tube.

Chemical environment to
be monitored.

*
Chemical environment to
be monitored*

•
Chemical environment to
be monitored.

Acoustics and loose
parts monitoring.

As above.

Kemarks

Presence of sodium will
make inspection of tube
O.D. difficult.

Done for suspect welds
in high risk areas.

As above.

Done for higher risk

Particular attention
paid to welds, bends and
shallowly inclined tubes.

Done for higher risk
tubes and areas.

As above.
Oxide removal or
thickness measurement
may be needAdT

Particular attention
paid to risk areas and
wolda.

Particular attention.
paid to previously
identified problem
areas*

Inspections should be arranged to coincide with planned, shutdowns for other purposes.

Normally done at tube bundle inlet conditions and in relevant parts of feed water system and secondary
sodiura circuit .

Other types of inspection may be necessary for leak location purposes, this is a special purpose usage which
is not included in this table-
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The value of economic optimum failure probability was found
to depend on the type of structure and whether or not failures
could be detected by in-service inspection or monitoring at
the potentially dangerous stage. The investigations also
indicated, see Figure 1, the very severe costs of risk of
outage arising from these 13 types of structures at combined
failure probabilities much greater than 10~3 per structure
year and if the failures were not detected at an early stage
in their development. Following consideration of this data
it is proposed, for most of the structures considered, that
a design target catastrophic failure probability of 10~-> per
structure year is used to meet economic criteria.

On the basis of the economic assessment reported in this paper
it is concluded that there is a strong economic case (£30 x
10" to £500 x 10° saving per reactor) for in-service inspection
and monitoring which can detect failures at the potentially
dangerous stage. If the above design target structural relia-
bilities are not achieved it is shown that, for UK conditions,
very large cost penalties can result.

Possible failure modes and damaging processes are given in
Table 1. Appraisal of these processes in conjunction with
the above reliability criteria and targets has led to the
conclusion that the pre and in-service inspection and monitoring
proposals given in reference 1 remain valid. The pre and in-
service inspection and monitoring proposals currently made
by ASME-^ for IMFSR plant are supported as a minimum advisable
capability. For these inspection and monitoring proposals
to be successfully applied to commercial IMF3R projects, optional
access and sensor transportation routes together with structure
geometries and conditions etc should be evaluated and suitable
provisions made at the design stage.

Based on present information and designs,structural redundancy
or diversity is likely to only partly meet the safety criteria.
For reasons of safety, some means of assessing the degree
of redundancy retained during life and of the operational
behaviour of the structure is believed to be necessary. Depending
on the design of structure the current ASME proposals Tnay
meet the whole or part of this need.

When structural faults occur, the high cost of IMFBR outage
on the UK system will require that the fault is efficiently
and rapidly repaired. This requires a capability for unambig-
uous early diagnosis of the fault by inspection or other means,
and design provisions made for the necessary remedial work
which may involve removal of fuel and sodium. An important
consideration is the determination of acceptable conditions
and work procedures in the reactor vessel during the time
of the repair. Much more work remains to be done in this area.

In both Europe and overseas, large IMF3Rs are either being
built or are in an advanced stage of design and planning.
Despite this high level of activity the progress of work aimed
at the realisation of satisfactory in-service inspection and
monitoring of in reactor structures is disappointingly slow.
The economic investigations reported in this paper show that
commercialisation of LMFBRs may not reasonably be claimed
until practical methods are produced for in-service inspection
and surveillance, fault diagnosis and repair of defective
in reactor structures.

5.2 Steam generator tube bundles

Worldwide experience with conventional and nuclear steam generators
has shown the advisability of water/sodium reaction prevention
or avoidance in addition to the provision of both protective
equipment and rapid, sensitive methods of leakage detection.

Pre and in-service inspection and monitoring of the tube bundles
is a critically important means of reducing the probability
of water/steam and sodium leakages either to each other or
to atmosphere.

Reactor and operator safety criteria are expected to require,
for most designs, that the assumptions used in the design
basis sodium/water reaction for the IHX and steam generator
are shown to remain valid throughout their operating life.
Any claims for removal of decay heat via the steam generators
may also impose reliability requirements on them. To meet
these two requirements the condition of the tube bundles and
any associated protective equipment will require periodic
in-service assessment.

Our investigations also show that there is a strong economic
incentive to provide facilities for in-service inspection
and monitoring of the tube bundles. It is conditional in this
statement that the design allows periodic inspections to be
mostly carried out within the duration of the planned shutdowns
for maintenance etc.

Table 3 provides data on the probability and reasons for occurrence
of various damaging processes that have occurred in UK and
overseas steam generators. Proposals for inspection and monitoring
methods to detect at an early stage such processes are given
in Table 4-

A large proportion of the in-service inspection and monitor-
ing processes referred to in Table 4 have yet to be developed
for many of the current IWF3R steam generator designs. In
practice their ease of application may be considerably
affected by differences in access to the tube bores, fabrication
details and tube geometry.
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The current ASME proposals , i.e. volumetric inspection
of 3^ of heating surface, are supported as an initial guideline.
In our view however, additional monitoring and inspections
are necessary as given in Table 4-
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