UNION OF
CONCERNED
SCIENTISTS

May 5, 2000

Mr. Christopher Grimes, Chief

License Renewal and Standardization Branch
United States Nuclear Regulatory Commission
Washington, DC 20555-0001

SUBJECT: CANDIDATE REFERENCES FOR GENERIC AGING LESSONS LEARNED

Dear Mr. Grimes:

During a December 6, 1999, public meeting on aging management, I contended that the NRC's generic

aging lessons learned (GALL) program did not encompass reports on aging prepared by UCS and others.

You asked me if the subject reports had been submitted to the NRC. I responded by saying that I

expected so, but could not be sure without checking. In any case, I committed to providing you with a list

of these GALL candidate references.

Since December, you have reminded me several times of my commitment and asked me for the
references. I have no valid excuses for the delay, but here is the listing:

H. M. Thomas, Rolls-Royce & Associates, "Pipe and Vessel Failure Probability," Reliability
Engineering, 1981.

Nicholas T. Saltos, Probabilistic Safety Assessment Branch, Nuclear Regulatory Commission, "Risk
Impact of Environmental Qualification Requirements for Electrical Equipment at Operating Nuclear
Power Plants," March 30, 1993.

Robert Pollard, Union of Concerned Scientists, "US Nuclear Plants - Showing Their Age / Case
Study: Core Shroud Cracking," September 1995.

Robert Pollard, Union of Concerned Scientists, "US Nuclear Plants - Showing Their Age / Case
Study: Reactor Pressure Vessel Embrittlement," December 1995.

Robert Pollard, Union of Concerned Scientists, "US Nuclear Plants - Showing Their Age / Case
Study: Steam Generator Corrosion," December 1995.

Copies of these references are enclosed. The three UCS reports are copyrighted. You have our
permission to place copies of these reports in the NRC Public Document Room/ADAMS.

Sincerely,

David A. Loc
Nuclear Safety Engineer

Washington Office: 1616 P Street NW Suite 310 « Washington DC 20036-1495 « 202-332-0900 « FAX: 202-332-0905
Cambridge Headquarters: Two Brattle Square « Cambridge MA 02238-9105 « 617-547-5552 « FAX: 617-864-9405
California Office: 2397 Shattuck Avenue Suite 203 « Berkeley CA 94704-1567 o 510-843-1872 « FAX: 510-843-3785
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This generalised approach to the estimarion of failure probability is hased on a Pore ¢
g pragmatic and sciemtific analysis of actual service failure siatistics. Approximation Vb
" aticles strategies have been devised in order to estimate fuilure probability at the leakage ; [ :
Scussed level P, and for rupture P.. | ._
Editoriel P is estimated from global statistics for leakuge failure by using an observed j !
one correlation that a grumetric proportionality measure of size and shape and weldments b
gives adirect measure of failure probability. This is the most pawerful single influence , .
sould be of all in the determination of P,. but the influence of plant age is alse worth | -
o considering. The estimate may then be scaled for ather factors if their influence is Dol 3
3 krown. .
blication Po may be estimated given a P, estimate, parily by using a fracture mechanics i 3
mode! which gives a carpet of P/ P, curres. Observed siatistics are also used. '
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INTRODUCTION AND OBJECTIVES r:
3 307
: Plant safety and reliability are increasingly being considered in 3 probabilistic way; t
. and there is a growing need to be ablc to make estimates of plant failure probability. n
g Various levls of failure may be identified, as in Table I: together with an. 4. E
i indication of the probability of detection and the consequences. ar
N - 5. T
Do . TABLE | an
R THE LEVILS OF FAILUAK AND THE CONSEOLTNCES re;
P Level of ’ Derection Consequence
I : fallurp probehilite is
S s Minor defect Low Trvial ' br-
’ . . bu
- Serious defect Modest  Potential danger
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PIPE AND VESSEL FAILURE PROBABILITY 85

The probability of a small leakage failure P, and the probability of rupturc P are
both required separately because they have different safety implications. Py is a

highly detectable warning of danger; P.. on the other hand, may be the start of an

accident chain.

This paper describes an approach to estimating P, and P which is different from
the usual mathematically based methods in the litcrature.

The objectives being pursued may be scen in the next section which lists the main
attributes claimed for this modelling system. It may be seen to be pragmatic but
scientific in its objectives and approach conforming with the basic principles of

mathematical modelling. --

The main body of this paper is 2 description of the modelling system and its
possible use. [t is meant to give an overall perspective and the broad strategies used.
Appendices and refercnce material are used to derive and validate various factors:
and to outline the supporting statistical evidence available.

ATTRIAUTES AND OBJECTIVES OF MODELLING SYSTEM

1. P_and P, arc separately identified and the model applies to discrete parts
and fcatures of a plant.

2. It recognises the relative importance of the various factors involved and a
first approximation is bascd on the most significant factor. The input data
required for this is readily available, and all the calculations are casily and
rapidly made by hand.

3. Thc approach is based on observed service failure statistics and recognises
the multiplicity of lailure causcs and modes. The first approximation does
not require the analysis of any particular one, such as fatigue.

4.  FEach factor which is modelled is scaled with a dimensionless ratio or group

and each is scparately amenable to statistical validation.

The whole approach. being modular and flexible, is capabie of continuous

and piccemeal improvement and development. Estimates bascd onitmay be

readily updated with the growing wealth of statistical data.
The approach makes it possible to use all the statistical information which

is available about various aspects of failure probability. It also provides a

broad and comprehensive framework which can incorporate more detailed

but incomplete models.

“»

THE RELATIVE IMPORTANCE OF THE MAIN PACTORS

One of the pre-requisites of a mathematical model is a recognition of the principal
factors involved, their relative importance. and their interrelationships if any.




86 H. M. THOMAS

Magy factors combine to determinc the failure probability of sorue plant. some . T
system. a pipe or just a feature such as a length of weld. Table 2lists the main factors base
involved together with a rough estimate of their relative importance. This is the
number of decadcs of variability of failurc probability, which is generated by the
usual range of variability of that factor as encountered in normal scrvice. These
decade estimates may be deduced from the statistical data referenced later in the

report and appendices. Figt

TABLE 2 . pp

PAILURE PROAABILITY DRTIRMINANTS AND THEIR RELATIVE : prol

IMPORTANCE

. —_— of tl

Facior Decades of ther

influence app

Size and shape 3i failt

Weld zone risks (3 F

Age factors 1 o

Quality factors 2 sim;

Fuilure causes and modes— (F

fatigue, corrosion, ¢rosion. ¢fc. % the
Rupture on leakage e

plat

and

Scveral comments are worth making at this point about the 2ature of the problem
of estimating plant failure probability.

The first point to be made is that the "size and shapc and weld zone' risk factors
must be cvaluated before any meaningful estimate is possible. These are a mcasure of
the total opportunity to fail regardless of failure causcs or modcs. They must appear
as the first term in any evaluation. It will be shown later that they are amenable to
analysis to determinc their risk potential.

1t is also worth noting that age factors exert an inevitable influcnce on failure
probability. Although they are less significant they are also amenable to estimatjon.

The statistical influence of quality factors is less well known as yet. but may prove
to be amenable to modelling in time. The estimated influcnce of two decades is
possibly too high. It is based on limitced factual information.

The two-and-a-half-decade influence for the combined cffects of failure causes
and modes is also based on sparse data. These factors will probably remain as the
most difficult to evaluate statistically; some very sophisticated mathematical
modelling is to be found in the hitcrature. particularly on fatigue failure. In spitc of
this some high technology industrics suffer unexpected crops of fatigue and stress
corrosion cracking failures, etc.. nonc of which were predicted before the event.

These considerations lead one to conclude that there arc severe limitations to the
potential accuracy of any prediction. The state of the art is numerically still in the
order of magnitude phase. Any attempt at probability modelling must recognise
this. Sophisticated detailing must be avoided in favour of 2 *broad brush’
assessmeat.
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PIFF, AND VESSLL FALLURE PROBABILITY 87
The approach to the problem of failure probability modelling which follows, is
based on the forcgoing background.
THE RROAD STRATEGY

Figurc 1 shows a broad approximation strategy which is envisaged in order to
approach the general problem of estimaiing vessel and component failure

probabilities. The probability ot‘cataslrophic'leakage P.isconsidered to bea subset-

of the more general lcakage probability P, : and since it is possible to estimate P Py,
then P may be determined. given an estimate for £, Therc arc many possible
approaches to estimating P, . inciuding the dircct observation of statistics for service
failurcs.

Figurc | shows an approach lor P, which first identifies a global cstimate based
simply on size, shape and weldment factors (Q,) and modified by the influcncc of age
(#). These factors may relate a component 10 some large known data base. @, being
the most powerful factor of all. This global estimate may then be modiiied 10 specific
plant factors including the influence (B) of iearning curves for a given technology
and design: und any failure risk improvement factors duc to quality. More precise

Py Pe the catastrophic rstion
is 2 swoset of the total lesksge
proRaddily M,

L. may be eatimated from global vessel statiatics as ‘ofiews @

MORg
MOOHWD FOA PRECISELY
QLOBAL ESTIMATE ————mwte IPECTIC PLANT wemwee FACTORED
3¢ shape earnng fogsors K]
Pejl weigrien | 29 x| owve | 5 |for cumbty] . "‘,”" d
cuartiied taater tagtor iteconae e
caveee
< < < < <>
[T g fatigue
] model
wPLe Qe * F x B = tacsars | ¥ | (sl
+ athers * ethers

Pe/Py may De etimated (rom freeture mechanics and stetistiasi data fer
teughness cad crack FePertions; and ruature statisties

Then Pczhx%

Fig. 1. The owerall approximation strategy.
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88 H. M. THOMAS

estimates then become feasible by modelling the infiuence of all the known failure
modes such as fatigue. stress corrosion cracking, etc. The modified global estimate
may be factored up or down according to the sum effect of all the factors for the
variousl failure causes. An earlicr fatiguc model (S*N*%) is an example of onc such
factor. .

P/ P_ may be estimatcd by using some statistics for actual rupturc cases: and by
using a fracturc mechanics model. The overail cstimate for P/P, is the sum of
several categories of rupture causes which may be identificd.

The factors identified on Fig. | are each discussed in the following text.

THE GLOBAL ESTIMATE FOR P, —

A first approximation to the leakage failurc probability of a component may be
made by using the tollowing elements:

(@) A quantifier @ which evaluates the change in risk due to size and shape
differenccs.

(5 Applying a x 50 penalty to the quantifier for weld zones.

(¢) A scaling factor F to correct for the influence of plant age.

(d) The averuge or global leakage failure rate for typical plant quantified as
above.

(a), (b) and (c) Give a measure of the total opportunity to fail and (d) gives the failure
rate. Using a ‘weak link’ anaiogy. these opportunities to fail. or risk units, arclike the
links of a chain. Failure probability is directly proportional to their number.

The chosen measure for the influcnces of size and shape on failure risk is Q =
DLi™2. This is a dimensionless quantity which correlates well with failure risk.
Appendices | and 2 fully discuss this choice of quantificr, and show the statstical
justification for it, @, rcfers to parent matcrial. @, refersto weld zonc material. The
weld zone is arbitrarily defined as being 1-75¢, and this definition requires 2 x 50
penalty for the additional failure risk in that zone. This topic is discussed in
Appendix 3,

For components with a mix of parent aad weld zone material the equivalent risk
0, =Q, +50Q,. Leakage failure rates are typically in the range of 1077 to
10" %/Q, Yr. ie. P, ~107%/Q, Ye.

This assumes a constant annuaj failure rate rcgardiess of age, which is not quite
true; but it is a reasopable approximation. Appendix 4 shows that typically the
annual failure rates for plant fall by a factor of about five from the first to the
twentieth year.

Figure 2 gives a typical average curve for the factor F. Fisthe cumulative failure
probability expressed non-dimeasionally as a fraction of the 10 years of age
cumulative failures,
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%0 H. M. THOMAS

More precisely then
P ~10"7Q,F

where Fis read directly from Fig. 2 and P, is the cumulative probability of lcakage
failurc up to that age. Age intervals may be considcred by using the F differentials
(Fig. 3).

The global estimate then simply assumes that the failure rate is average for the
components size. shape, welding and age: and that it is typified by some group of
compoaents with known failure statistics. Other factors may of course make it better
Or WOrse. o .

MODIFYING FSTIMATES FOR SPECIFIC PLANT

The global estimatc may be modified for specific plant. This is partly because of the
influence of lcarning curves as discussed in Appendix 4; and becausc of the overail
effects of differences in quality.

The first learning curve is for the technology as a whole, and it is a longer-term
influence which has little bearing on immediate comparisons. For most purposes it
may be disrcgarded or it may be assumed to be incorporated in the global estimate
statistics. The other learning curve is for the age of the design of a piaat, Very new
designs have higher than average failure rates while old established designs are better

3.0

[

: - {l | Tj

26 | !

1.9

1.7 1§

1.8

1.38

FACTOR B

1.2 ‘
1.1 . I ]

L 1 2 3 ¢ [ [ ? [] [ )
AGE OF OESIGN IN YEARS

Fig. 4. Hypothstical de<ign learning curve.
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PIPE AND VESSEL FAILURE PROBABILITY 91

. " than average. Thc age may be measured from start of servics. Figure 4 is a :
hypothetical curve for B based on sparse data. It must be used with caution.
The influence of quality on failure probability is not yet numerically cvaluated.

:kage Better design, better manufacture, better operation. and better in-service inspection
1als must each yield some improvement over the average. but little data is available now.

) WASH 1318%isan example of one evaluation of quality factors but itis subjective :
r the and not based on statistics. It estimated the factor of improvement for US nuclear !
spof plant over the average quality of commercial plant. to be about 10 to 100 on failure |
etter “probability. -

) Only snippets of hard numerical data are available. Reference 3, for example,
estimates the influence of all methods of defect detection in service to give an
improvement factor of about three over the average for nuclear plant. While this
improvement is not a reduction in the actual failure rate it docs improve the safety of

the plant,
fthe One ploy would be 10 avoid the problem if possible. The EPRI* statistics now
erall available would permit a direct comparison for some nuclear component made to ]

: the same quality.
tcnp |
wes it i
nate FACTORING FOR FAILURE CAUSES i
new ' »l

i
| .

stter If the component being considered is subject to average conditions of stress and

environment, etc., then there is no necd to factor for any dctailed causc of failure. ,

Table 3 typifics the mix of failure causcs to be expected generally. 1t should be |-
sutficicnt to consider this table and to modify it to suit the industry and components :
being evaluated. Some failure causes may be reduced in importance or deleted. and i
! : others added or increased in importance. Actual statistical experience would best b
Justify such changes to the overall perspective given by the table, \
- ' Some components. however, are subject to unusual conditions of environment or
fatigue stress levels, etc., and it may be important to cvaluate the difference in risk
due to some such particular cause of failure.

One must be careful. when doing this, to maintain an overall perspective of all
otber failurc causes. Considering, for example., fatigue failure: some suitable model
3 . might show that the fatigue failurc probability is say 10x or 100 x higher than
average. In that case it may be adequate to simply use the model to factor up. Ifon
the other hand the model shows the fatiguc failure probability to be lower than
zverage, it would be fallacious to conclude. on the strength of that alone, that the
. overall failurc probability is significantly less than average.

d . The following procedure is suggested to aveid this common pitfail:

(1) Establish the modified failure probability as dctermined in the previous Do
sections. b
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Many models are to be found in the literature. for particular failure causes such as

H. M. THOMAS
TABLE 3}
MAIN CAUSSS OF PIPK LEARKAGE AND THAIR AUPTURE PROBABILITY
Main cause of failure 1 2 3
Y% Ageof PP, P. % of
total fecks -total leaks

Wrong and

Manufacture defective
and f{adricavion base

materials 9-6 008 174

Weiding 11-8
Materiad selection 88 803 0-80

iy Yidbraton 43 20 088

Faugue Low cycle 13 003 023
Eapansion and fexibility 7 010 027
Corrosion .
Erosiea 236 002 047
Maloperation 2] 045 093
Thermal and mechanical shock 13 0-20 026
Miscitanevus 70 0-04 0-27
Total 100-0 -— *5-8%

This table is 2 compositc which typrites the siatistical data to be found in refs. 4, 6,
7 and & Tt is not a comprehensive list of failure causes dut it does model about
939, of ail fasiures, and hughlights the main causes of ruptures.

The table is intended for guidance 2nd to provide an overall perapective on various
failure causes. It shouk! be modified to suit circumstances.

Column 1 isexactly representative of ref, § only and is {3irly representative of refs, 7
and 8§ aiso. The EPRJ* stazistics differ ia that they have relauvely fewer Jow-cycle
fatigue failures. ’

* The P P ratio in Column 3 is a0 estimaute based on an appraisal of alf the data in
refs. 4,6, 7and 8. An addidonal component of P,/ P should be included. This may
b¢ determined by the fracture mechanics model in ref., §,

Establish the likely distribution of failure causes from actual failure
statistics. i.c. generatc a perspective table like Table 3.

Apportion the modificd failure probability according to this table.
Factor each portion with a suitzbie model.

Sum the factorcd portions to estimate the overall failurc probability.

fatigue. One by the author! could be used for the fatigue scaling in Stcp 4. Another
by Arnold* also gives u similar sculing for farigue failurc.

Such detailed modelling can only be justified in dealing with problem points, e.g. if
fatigue is 3 panticular problem for a component then a probability model of fatigue
failure is uscful. {t may help to cvaluate and even reduce the probicm. On the other
hund if fatiguc is not & purticular problem there is little purpose in proving some very
low level of failure probability for that one cuuse without also focusing attention on
2ll the others.

Ifet
ma
stat

stat
are
pro
det:

pre
thic

cor
fra




L 38
her

5.if
her,

ery
on

PIPE AND VESSEL FAILURE PROBABILITY 93
ESTIMATING CATASTROPHIC RUPTURE

If the probability of lcakage failure P, is known, then a reasonable estimate may be_
made of the probability of rupture and catastrophic leakage P.. As an overall
statistic, about 5% to 10% of all leaks are ruptures.

Such a global cstimate is, howcver, insensitive to some factors whick are
statistically quantifiablc. Better cstimatcs are possible if more of the data available
arc used. The most obvious refinement is to use the last two columns of Table 3. The
procedure and approach may be just as for the previous section on the factoring for
detailed causes. It can all be done as one cxercisc. The resulting estimate for Pewill
be around 6% of the total P_ which may be slightly optimistic, cspecially for
pressure vessels as opposed to small pipes.

This approach is in fact insensitive to the high rupture risk for highly stressed
thick-walled vessels which may also have low fracture toughness. A further
component of P/ P, should thercfore be added. This may be determined from the
fracture mechanics model given in ref, 9. Figures 5, 6 and 7 arc reproduced here to

PeePyx ;—:

PL may De estimated from tne fatigue based model

;:c may be cstimated &8 P when Py o 1{Leak Point)

| erack | astrophie I1412 —
This leakage crack is cat op YT

Statisticsl K - Literatyre
distridsutions } B - From survey of 100 cases- tee below

|

Astatistical exsrcise wilt then determing the Po/Py curves
Fig. 5. The approaimation strategy for catasirophic failure probability- Pe.
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Fig. 6. P./P,_curves for vessels at an operating temperature of 500°F—RPV case. Input parameters: Fig.
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96 H. M. THOMAS

illustrate the approach used. Alternatives to Figs. 6 and 7 are readily produced for
different circumstances.

This model will make a trivial £./P, contribution for most cases, but in many
cases it will be the overriding factor. Used in addition to Table 3 it provides morc
sensitivity as well as perspective (o the estimating procedure.

APPENDIX |

L. Thi Q CONCEPT—QUANTIFICATION FOR SIZE AND SHAPE
1.1. The need to quantify the size and shape facror
Many fuctors help to determine the level of risk of failurs for a component. The
statistical evidence cited later in this appendix shows that one of the most significant
factors is the size and shape of the component. It follows then that to quantify rigks
in a model it is necessary 1o cvaluate the risk effects of different sizcs and. shapes.

1.2. A logic for quantification

Leakage failure usually means a wall breach at some relatively small zone in the
matcrial plenum. Usually such leaks will have grown from defects and imperfections
in the material.

A logic for quantifying the ‘sizc and shape” influence on failure probability may be
developed from a consideration of the simplest form of pressure vessel,i.c. a typiczal
length of pipe. [ts size and shapc is fi ully defined by the three dimensions oflength L,
diarneter D and wall thickness .

The influence of cach of these on leakage failure probability may be considered
separately as {oilows:

1.3. length influence

It may be postulated that failurc probability increases directly in proportion to
length. For example. a 1000-in length of pipe bears a 10 times greater failure
probability than 2 100-in onc. all else being equal. The fundamental premise behind
this statement is an assumption that failure probability is an inherent property of the
stressed material. and that it is simply proportional to the aumber of ‘weak spots’
and hence the length. Weak spots are bends. junctions. welds, faws. etc.: assumed to
be uniformly distributed.

1.4. Diamerer influence .

All clsc being equal in the material the influencc of diameter is seen to be the same
as length. i.e. it determines the total arca from which a failure point may occur. The
small influence of curvature is ignored. for this order of magnitude study.

The tube may be thought of as being developed from a simple plate of area DL,
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1.3, Thickness factars

Unlike lengthand diameter. the thickness factor hasa morecomplicated influence
on the probability of u lcakage breuch. Considering fatigue failure for example, the
following factors are cuch known to have a potential influcnce on the probability of a
fatigue crack breaching a vessel wall:

(a) Probable maximum size of defect.

{b) Probable number of defects of vdarious sizas,

(€}  Probable crack growth rate(s).

(d) Probable crack proportions. -

Each of these is in turn influenced by many other factors including the wail
thickness. The cumulative effect of these fzctors determines the probability of a
leakage failurc in 2 vessel wall given a specificd fatiguc history: and P, isclearly some
function of 1.

1.6. A general form of quantifier :
Itis not possible. with the data availabic. to theoretically determine preciscly the
overall influence of ¢,

From the foregoing. however. it may be concluded that the following expression
gives the general relationship between failure probability and the "size and shape’
factors.

Px D'LY(r)

The /(1) term may be considered to be generally represented by one of the range of
curves illustrated on Fig. 8. These depict families of feasible curve shapes for the
function f(1) plotted on log- log scales,

All the curves are shown as sloping generally from top left to bottom right. Thisis
for consistency with knowledge about the actual values of x as determined later.

1t is assumed that the log-log plot for f(¢) is a curve of gradually changing slope.
The range of interest for ¢ spans about two decades at the extremes and about onc
decade or Jess for the vast majority of vesscls (say 0-2in to 2:0 in).

1t follows that the appropriate portion of whichcver curve represents f(/) may be
fepresented by a straight linc with little error. in order of magnitude terms. Any such
straight linc on a log-log scale is of the form Px

The influence of size and shape on failure probability may then be approximated
by the following proportionality; .

P’_QLlDl‘. or PLfo‘

A being the developed plate area. Such an index law may be used to provide an
adequate representation overa range of valucs of ¢. While theindices of D and L are
1 the index for ¢ is more complex. If the valuc of x cun be established, then the term
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DLt* becomes the required quantifier. Several statistical evaluations of x arc now
possible and they are all about ~2. Thesc arc given later,

It is interesting to note, however, that a range of discretc-integer x values
corresponds to some of the morc obvious intuitive hypotheses that have been made
and used by various authors. These are listed in Table 4.

It must be cmphasised that all these candidate quantifiers are of the same basic
type as volume. length and area. They are simply measures of physical quantity.
They do not purport to explain any particular failure mechanism such as fatigue or
stress corrosion cracking.

However, the candidate to be chosen should ideally represent the global fajlure
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some charactesistic lengrh,
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h Y
TABLE ¢ ’
. AN TLLUSTRATIVE LIST OF QUANTIFER MYPOTHENS ,
; Hrpotheses Dimensions of risk quaniifier :
That risk is proportional 1o ’
materia) volume Pxvy or  PxDLt :
That risk is proportional to i
surface rea Px¥n or  PxDUio ’.
¢.§. weld lengeh, pipe jeagth Px W or Px DYy~ '
Tkat risk depends on geomesric
. ptoportionality, e.g. per vesscl, -
per nozzie. @ valye ) PzA'"t o pepipn-l
Cieneral form of hypatheses P At or Pz DLl

probability effect of size and shape. The numberit gencrates may then be used in an
e€xact weak link analogy, viz:

Chain failure probability = number of links |
Vesse! failure probability x 0 number I
Generally. for pressure parts the *maximum size of defects' and the ‘number of l

UMIT CF MBX §£CUIVALENT
v ? TO ONE TEST SPECIMEN

now
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1ade
asic e ‘Q’ varsm for the vessel strake i \ .
t'ty the total mmber of osomeic units i, :
ity. . .
eor . TOTAL YOLAE &F wALL : .
’ VOLLME OF & srecngn : Py
OF WALL TMCKMESS te LENOTW of .
lure Fig. 9. The Q value of o vesne! strake,
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such defects’ both depend on geometric proportionality. Thicker walls can and do
have bigger defects but fewer of them. This is an inherent factor in the manufacture
of all compeneats, especially pressure vessel components. Geometric pro-
portionality is therefore 3 logical choice.

Another factor which makes this an attractive choice of quantifier is the fact that it
is a dimensionless number. There are basic scientific reasons why such numbers are
robust correlators of test and field data.

The statistical data which follows also supports this choice of quantifier. Figure 9
illustrates a physical interpretation of geometric proportionality asa quantifier. The
physical proportions of a typical tensile test specimen were taken as an arbitrary
definition of unit risk. This choice was influenced by the availability of statistica]
data on the failure probability of such specimens. However, it must be emphasised
that the arbitrary choice is not germane to the @ concept, neither is the data on
specimens. Both arc nevertheless useful for some purposes,

2. STATISTICAL EVIDENCE SUPPORTING THE @ CONCEPT

2.1. The broad conclusion

Therc arc many sets of statistical data pow available, cach of which alone points to
the merit of the Q concept of geometric quantification for the ‘size and shape’ factor
of risk.

The firstis an extensive set of data on weld defect density. Although this risk is one
stage removed from actual failure. the index determined for x is still of the ordet of
~2. These values of x may be detcrmined from computerised statistical
optimisations which are described later (see Appendix 2).

The next three sets are data on actual failures on BWR pipe welds, again showing
indices in the region of — 2 for x. Whilst almost all of these failures are from stress
corrosion cracking (SCC) it should be noted that the Q concept forwarded in this
paper is not aimed at any one {ailure mode. butis a general quantifier that spans all
modes of failure,

Pipe failure statistics provide further evidence on the value of geometric
quantification. Both tbe Rasmussen study'® and the EPRI statistics reported by
Basin and Burns* on pipe failurcs show that smaller pipcs have a higher failure rate
per upit of length than larger pipes.

The same may be obscrved for several diffcrent pipeline failure statistics. The
Andersen study!! at Bradford University shows the trend clearly for four different
pipelines, with enough data to determine three values of x.

The statistical evidence from ‘Licensee event reports’ on piping systems as
reported by Bush'? also shows that geometric quantification gives better correlation
than length. This applies to the pipe fictings as well as the pipes themselves.

These observations mean that when length (D*L*t~*)is used as a quantifier thea
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ddo the resuits still require to be adjusted for an inverse thickness (2~ *) effect. The overall
ture results indicate that DZ: = 2is a better quantifier of the failure risk. The following are
pro- ) more detailed discussions of the various data sources. ‘
latit 2.2. Weld defect statistical data related 10 the Q concept '
sare Reference 13 gives an analysis of defects in pressure vessel main seams. It reports |
on 599 vessel main scams of a variety of thicknesses giving a total of 2336 m of weids I
ire 9 containing 806 defects. '
The This wealth of statistical data provides a means of testing the validity of the
rary . general quantifier hypothesis listed in Section 3.6, In particular, ref. 11 givesdata on
tical numbers of defects, wall thicknesses and total lengths of weld. It is possible then to
ised establish which is the best quantifier of *defect numbers', i.c. what is the most likely
ton value of x for this purposc. This value wil] give some indication of the x value needed
to quantify failure probubhility. .
Table §is based on data cxtracted from Table ] of ref. 13. It refers specifically to
"eritical defects’, i.e. the ones which have failure potentjal, i
Given the general form of the hypothesis tobe Px 4¢% 3 computer optimisation .
cxcrcise determined the valuc of x to be — 2-46. This means that the torm A¢- 246 jg {
the most likely quantificr of the risk or expectation of having 1 critica! defect in a
tsto weld. The statistical significance !evel of the result is 9977, i.e. there is only a 1 %

ctor Probability that the result was pure chance, without 1 causal relationship.

The result compares well with the Q concept of ref. | which im plies that the term u
onc DLt % (or Ae=?) measures the risk of actual leakage failure.

¥ °:‘ The two terms are of course not directly comparable because they measure
lica
ving TABLE §
ress AN ANALYSIS O ORSERVED CRITICAL DEFECI¥ 1v WRLDS TOEVYALUATEA )
his ’ RISK QUANTIFTER >
thi - . - :
sall Wall Area of  Number of Predicied number of 1o
thickness  weld abserved observed eritical defects : :

. t (mw) A8t x crivieal Jrom law ’ :
Aric engeh} (7)) defects ;
i by 18 64 37 369 : 2.
rate 3 204 67 124 : T

% e % e .
! 11
The o 291 4 &4
rent 100 02 9 43 ) | -
Given the Rypotbesis that A, x 41, 5 com £ exercise deter- i
3 as . mined the optimum value of x to be - 2-46, This indicates the law . A
ticn Leg = 7042417144 for the observed weids, i -
Tﬁ- daw is related to defucts found during lospection apd then s

removed. WhilStit s true that what s of interest is the defects that are S SR
hen not temoved, Lhe gencral trend of 4 decreasing dofoct density can be . .
reud directly across, i LA
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different risks. The ‘defoct incidence’ risk must be modified by sizc and distribution
probabilities and crack growth rates. before it feprescats ‘leakage failure’,

2.3. BWR pipe failure statistics related to the Q concept

Table VIT of ref. 12 provides some statistical data on BWR pipe weld failure rates
duc Lo inter-granular stress corrosion cracking. Some of the data is reproduced in
Table 6.

TABLE ¢
AN ANALYSIS OF URMERVED BWR PtPE WELD FAILURRS TO EVALUATE & MiSK QUANTIFIZR POR XIZE AND SHAPE

Physival data for pipe welds Failure siutisiies for pipe weids in 10~*iweid

—

Nozzle nominal  Estimated

Estimuted  Dresden | BWR mks. | and 3 BWR mks. 3 and <
digmeter weld area  wall thickness  after 157 after 8 years after 4 vears
() (in) (m) years
2 |-47 Q-133 — 305 -—
¢ 588 0-267 s 50-5 2516
6 13-20 0-400 1684 &7 -
8 233 0:533 909 40-2 141
10 367 0-667 -— -— 125
Optimum value of ¥ assuming P, x Ar* =179 - |81 -278
Significance level <%0% 95% 97-5%

Reference 12 does not quote 2l the physical dat for the welds. It simply refers to
pipc nominal diamecters. It was assumed for the purposes of this excreise that ail the
welds were designed for the same pressure; and that the wall thicknesses may be
estimated as D/15. The weld arcas are then 0-367D? based on a weld width of 1.75¢.

Again, as in Section 4.2. it is then possibie to cstablish what quantifier gives the
best prediction for the named event; i.¢. what valuc of x gives the optimal correlation
with thc observed failure rates.

Three separate cxcrcises were carricd out. one for cach of the plant types quoted,
with different service histories.

The resuits and confidence levels are also shown in Table 6. The optimal values of
x are clearly of the right order to support the 0 concept as a crude quantifier, which
implics an x vaiue of -2,

2.4. Rasmussen study data

Appendix IT1 of the Rasmusscn report!? gives the results of 2 comprehensive
study of all the then available pipe failure data. The quantification is based on
length, so that DL ™! & P is implied: and the overall conclusion deawn was that
smallcr pipes ( S 4in) were about 10 to 20 times more likely to fail than larger pipes
{24in). [t may be obscrved that the change in failure rate corresponds roughly to
the change in size, viz. small pipes are typicaily 1~2 in and large pipes are typically
10-201n, say.
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stion It follows that a quantification based on geometric proportionality (DL ?)
would have produced one failure rate for all sizes. viz. ref. | defined the risk
quantifier Q as Q = DL+~? 50 that the various Rasmussen report 9 failure rates af]
correspond roughly to 6-4 x 10 '9/Q year. This refers to the median ‘LOCA

rates Initiating Rupturc Ratcs” per plant year in Table 111 6.9 of the report.'®

&d in

235. EPRI pipe failure staristics
EPRI NP-438* reports on a total of 237 PWR and BWR pipe system failures on
35 power plants up to August 1976, rcpresenting a total of 249 plant years of

Marn operation. This is clearly a significant sample of failure trends.
+d Table 7is based on Table 3.4 of ref. 4, It gives the distribution of failures by pipe
oy size,
s
TABLE 7
—_ DITRIBUTION OF US NUCLEAR PLANT ¥AH.URES BY PIOPE S1Z2
Jize (inm) Not .
(S (>126 (365100 (>100  specified !
A : |
Number of failures !
3 by aatcgory CIT 66 14 9 37 I
pA Number of fuilures
— by haif lengths 143 23 - !
arsto .
dlthe Itisknown'® that a typical plant contains about 16 500 ft of pipe of less than 4in { :
ay be diam. and about 18500 ft of pipe of greater than 4in diam.. making 4 total of [
1-752. 35000 ft. P
s the Roughly speaking then. half the pipe length is in the two smallest sizc categorics :
ation on Table 7 and the other halfis in the largest two size categories. The failure rates per -
foot of length, however, differ by a factor of x 6-2 for the two haives. P
oted. This is again 1 clear indication that gcometric proportionality rather than length ’ .
s 2 more useful measure of failurc risk. The per @ year (ailure rate for all sizes is ;
lesof roughly 6-1 x 16-%, Pl
~hich Only 9-3% of the failures werc pipe rupturcs, giving a rate of 5-7 x 10-° per @ [ )
year. :
Most of the plant are in the first few years of life when the failure rate is known to i
be highcr than the mature plant failure rate, _ Do
nsive A rupture rate of about 2 x 107? per Q year could then be applied to a mature Ve S
d on _ plant based on this data. This comparcs well with the 6 x 10~ 19 figure estimated I SR
that carlier from the Rasmussen report. 19 P )
Jipes It must be cmphasised that the above rough Q valucs coatain a mix of parent and N SN
1y to weld metal, and that weldment metal is typically 50 times more likely to fail than . T
wcally Parent material. The Q values were based on the outside diameters and assuming o PR

) that alf thickncsses were 1/12 of them, s
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2.6. Pipeline statistical data

Andcrsen'! gives failure rates by pipe size for five different pipelines. Four of these
show the lincar reduction with diameter of the failure rates/unit length. The fifth
gives data at only onc diameter range and hence cannot reveal any trend.

One of the pipelines gives only two diamctcr ranges, so that statistical exercises are
not possible. Also they are ill-defined ranges in comparison with the other thrce,

Table 8 gives the results of statistical analyses of the data given for these three
pipelines. As for the prcvious exercises, optimum values of x were determined in
three scparatc cxercises to determine the predictor A%, Wall thicknesses and
diameters are assumed to be linearly related within each class of pipcline.

The results again show x valucs in the region of — 2. which indicates that the non-
dimcnsional geometric quantifier is the most cffcctive predictor of the influence of
size and shape.

TABLE 8
'SIZE AND SHAPE RISK QUANTIFIERS FROM PIPELINK STATISTICS
Data suurce Cptimum Liketihood % Of caration
tclue of of causul explained by
X given relationship predictor
P At %) R? 1exe
il mpelines
(W. Evrope) =203 9s 30-37
Transmssion
s (USA) -19123 95 6254
loterstate

gas (USA) -1-6078 %0 5208

The arithmetic means of the diameter ranges were chosen to represent point data:
together with Poisson means for the failure ratc confidence limits quoted.

The third column in the table gives the probability that x is ‘non-zero’; i.c. the
likelihood that there is 2 causal relationship between the predictor and the observed
results, [t is not the confidence level at which x has been determined.

The last column is an R3? test where

deyo 2. (observed data — predicted data)
(observed data)?
It is the percentage of the observed variations which is explained by the predictor

alone. These percentages are relatively high considering the unavoidable crudity of
some of the assumptions made for the exercise.

R

2.7. Licensee event report siatistics
Bush’? in his Tables [X(a) and TX(b) gives ‘distributions of reported licensee event
repotts in piping systems’. Table [X(a) is for 197075 and (b) is for 1976. The
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‘events’ refer to failures and abnormalities on US nuclear plant pipes and their
fittings. The statistics are broken down by pipe diameter.

Table 9 gives data extracted from these sourcc tables. with all events from 1970 to0
1976 summed. This table also shows the rclative typical lengths of pipes per plant
24in and <4in.

The last column shows the relative cvent rates for the smaller category in rclation
tothe larger. Again, the evidence clearly shows that geometric quantification (4¢~3)

TABLE ¢ -
DISTRIAUTION OF REPORTRD LICINSEE SYANT REPORTS IN PIPING
SYSTEMS, BY PIPE uazx

Pipe size Number of Trpical pipe Relatice event

ceenls length per rate
reported plant (1) amall pipes
large pipes
3l 103
>ig2 9 16400 Q3
>2<4 12
»4g06 2
>658 2
>8<10 8 18500 1
>i0x20 ?
>22 3

2s opposed (0 a ‘per foot' (4¢ ') quantification would have produced one fairly

constant rate for all categories. ‘Surface area’ (41°) would show a poorercorrelation

than length (A417"'). Volume (4¢') would show the poorest correlation of all.
These statistics and those from the EPRI report* clearly have a large common set.

They should not be regarded as entircly additional cvidence; but Sections 2.5and 2.7
are mutually corroborative.

3. DISCUSSION OF THE EVIDENCE AND ARGUMENT

3.1. General application of the approximation ,.

Scction 2.3 showed that the ‘size and shape’ factor of risk is amenable to
mathematical modelling, and that there may be good reasons for a general quantifier
hypothesis of the form P Ar*. While this is most noticeably true for the p1pc shape
used toillustrate the approximation jt must be stressed that it can also be true for any
element of surface area with an associated wall thickness. The pipe-like shape is not
gctmane to the argument. It is equally applicable to head shape and for nozzles or
23y tapering sections. For tapering sections the approximation becomes 2 T4
but this cannot change the value of x unjess the premises of the approximation are
invalid, i.e. unless x is a significant function of ¢.
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Since the basic purpose of any pressure<containing part is to bound some plenum
with areas of material of finite thickness(es) then this approximation (P Y ¢54)
will always apply. Itis fcasible then that onc value of x will apply universally to al]
pressure containing parts given that they are fabricated in the same conventiona]
manner and subject to similar loading conditions and failure modes.

Most. but not all the statistical cvidence available for the dctermination of x,
refcrs to pipes. Three items refer tc-nozzle welds and another includes pipe ‘fittings': y

but these indicate the same value of about — 2 for x as is indicated by the many items 3.3 8
of pipg stadsu‘cs: Table 11 also supports 'the Q concept. This may'infer. thattheQ . The
value is more widely applicable than to just the piping analyffgl in this paper. , 90 % t
statisti
TABLE 10 The
AUMMARY OF STATISTICAL KVIDENCE ON THE @ CONCEPT compl
. . data a
Data tource Optimum  Significance R? fracrion R? assuming la-
X talue of cousel! of varation tm =2 Lis
reiationship explained ie. PcAL-? and sk
(%) for vpf;mm (%)
x(c;.ue 34 A
Weld defects -24 9 8 24 p The
Dresden | nozzles -179 % 73S 71-86 £/an
BWR mks. | and 2 -181 95 97-4 96-4 optim:
BWR mis. }and 4 -2-78 97§ 99-88 91-88 truc vi
Qil pipeiines
(W. Europe) -2:03 95 20-37 79.84 - The
Transmission gas (USA) - 1-G1 95 62-54 394 popuk
Interstate gas (USA)  -1-61 90 5298 27 sets
) : T Itis
failure
3.2. Summary of evidence on x values quant
Tables 10and 11 give a summary of the statistical evidence on the Q concept. They
support the conclusion that the true value of x is in the region of —2. 35 7
The wetght of statistical cvidence now looks impressive, but scveral questions may ) The
be posed: predic
(3) - Whatis the statistical significance of all the evidence in showing that there is ?o pul
. h ; or cac
some causal rclationship between the quantificr At* and observed data? : the las
(b) Given that there is; then what value (or valucs) of x does the data indicate? com p.
(¢) Given this valuc of x, then how well docs the quantifier fit or predict the Thi
observed results (i.c. igroring ail other factors of variability)? becay
(d) How does A~ relatc to the various global failure statistics availablc?
. . . other
(e) Would a quantifier of the form P« A(( + c)* give better correlations? Never
(f) How widcly does the correlation apply? popul

These questions are discussed in the following sub-scctions. : Ho
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TABLE 11
ABDITTUNAL SOURCES OF DATA SUPRORTING
AN X YALLZ GF -2

Rasmussen Resctor safety study!®
EPR) pipe failure statisticy®
Licensee event report statistics’®

3.3. Significance of causal relationship o

Theindividual items of statistics in Table {0 have significance vajues ranging from
90 % 10 99 %;. These show a low pro bability of a chance occurrence of the observed
statistics without a causal relationship with the A* quantificr,

The combined cffect of Tables 10 and 11 is essentially multiplicative but could be
complex to determine rigorously: i.e. giving the weighting to various qualitics of
data and sample sizes.

It is concluded then that there is a causal relationship between the proposed size
and shape quantificr 4:* and the obscrved statistics.

3.4. A typical calue for x

Thesignificance tests show that thereisa strong correlation between the quantifier
At* and the satistics for failure. It may not beinferred, however. that the determined
optimum values arc known to be correct with the same high confidence level. The
true value of x could be significanty different for each case.

The determination of the 95 7 confidence intervals for the value of x for cach data
population, shows that the valuc of — 2 wil] be contained in each interval for all data
scts.

It is concluded that the round number —2 adequately represents x for component
failure. This suggests that the dimensionlcss Q number (DL/t?) is an adequate
quantificr for the effect of size and shape on failure probability,

3.3. The prediction capability of At=? in perspective

The results of the individual excreises summarised in Table 10 show that the
prediction capability of the quantifier 4¢~2 is high given well-dcfined statistical
populations. It may be seen that, given an appropriate constant of proportionality
for each population (group or sub-group). its performance is good. The &2 valuesin
the last column give an indication of this. Table 12 and Fig. 10 give more direct
comparisons. .

This assessment of the performance of Ar~? is inevitably a little pessimistic
because of the naturc of the data used. Even within these weil-defined populations,
other unknown factors of varia bility must have influcnced the results significantly.
Nevertheless, its prediction performance is clearly useful on its own given a defined
Population with known average failure rates.

However, populations and sub-groups are not atways so well defined and
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Fig. 10. Error factor distribution,

Pipe and nozzle weld failure statistics actually
cited.

Ifthe Dresden BWR nozzle welds arcconsidered separately as a subsct theycan be
seen to have failure rates of about 4-8 x 10° Q. Yr. ie, x 160 greater than the
average. based on @, numbers. This difference may be attributed to the influence of
the stress corrosion cracking problems that were blamed for the failuses.

Had the quantification been based on material volume (A1) instead of @, (4™ 1),
with no weid penalty of x 50. then apparcnt differences could be much greater. For
example. a difference factor of x 3-4 x 10® would be abtained by comparing | in? of
4-in BWR nozzle weld with 1 in® of 30-in diam. parent pipe material. The former has
a failure rate of 4 x 10~3/Yr and the latter ~ 1-2 x 10°%Yr.

The following is a break down of the x 3-4 x [0¢ factor

quoted in the various data sources

into the three causative

factors:
Due to weld metal penalty x 50
Duc to size and shape (4:°2)  x422
Due to SCC problems x 160

Even greater differences of about x 107 to x 10° are seen by comparing SG tube
failure rates with pressure vessel failure rates, on a material volume basis. It will be

seen below that they exhibit roughly the same failure rate when quantified in tcrms of
failures/Q, Yr.

3.6. Av°2 related to averall statistics .

It is interesting to compare widely different statistics using geometric size and
shape quantification. Table 13 and Fig. 11 compare the overall average non-
disruptive failure statistics for vessels pipes and tubes mainly 10 ASME designs.
When the statistics are reduced 1o failurcs/Q, Yr they are surprisingly consistent,
being about 2 x 10%Q, Yr. This means that a realistic quality target for auclear
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TABLE 13
FAILURE RATES/Q, YT FOR SOME OVERALL STATISTICS
frem Svurce han-dumpnu Estimated  Failure —F-:g-
referemce  failure ratejYr  average rieiQ, Yr 1t
£ k‘_"
Al vessels us summarised in 2 3051077 33x10*  gxi0% 3
WASH 1318%por vesscl 23x10" 8§x10-*
ASME | and ASME VIil vtsxls-. 2 10 4=10°4 FIx 104 Ixt0* p
per vessel Ix§0°*
EPRI pipe failure statistics i
<6m - per plant 4 082 3Ix107 ~27Tx10%2 .
EPRI pipe failure staristics —
>6in—per plant ] 4 013 §x10% ~22x10* 4
All SG be fulum averaged ;
per plant 4 53 $x10"  Gox10-* ¢
Ay above cxcluding the six plants
with ¢pidemic failures 4 14 8x10* 17xi0°% ¢
]
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Fig. [1. Failure rates/yenr versus @, for sore overall statistics. Key on Tabie 13.
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PIPE AND VESSFL FAJLURE PRUBABILITY {11

plant might be in the region of 10" '°/Q_Yr. This target is needed to give an RPV
(@, ~ 10*) a failure rate of 10 ¢/Yr.

So far. however. the cvidence shows that such a target is not being achieved on the
US power plant.

3.7. Is there a more sensitive guantifier?

In theory the P x 41" approximation could be replaced by more sophisticated
versions which might vield better correlations with the observed data.

Several alternatives were tried. with computer optimisations. but no Significant
improvements were made.

Only onc is worthy of mention. this is the approximation P x A(f + ¢)*. which
would apply if some threshold effect applicd to the wall thickness. When applied to
the variousdata sets the improvement in correlation was marginal and the optimised

x values varicd widely. This defeats the objective. which is to establish onc universal |

correlator which may be used for prediction purposes.

2.& How widely dves the correlarion apply?

It may be concluded at this stage in the devclopment of the model that its use
should be restricted at present to pipework failure probability estimates.

A reason ihat may be advanced for this caveat is that the data base for pressure
vessel failure is much less than that for pipework failure. It may be that there arc
other factors and further statistical data which can be used in due course and after

further work. to justify or refine the model for use in pressurc vessel failure
probability estimation.

APPENDIX 2

THE STATISTICAL OPTIMISATIONS FOR X. DIMENSIONLESS GROUPS AND SCIENTIFIC
METHOLOLOGY

The text of this report refers to several statistical optimisations for the x values in the
quantifier A¢*, Such optimisations are fairly common mathematical techniqucs and
are used extensively in statistical work. The optimisation may be performed
manually but is most accurately and cheaply done by computer.

The purposc of this appeadix is to illustrute the technique to those readers who are
not familiar with it. This appendix also argues the case for using dimensionless

groups, and the scientific methodology.

To illustrate the optimisation for x the statistics on the ‘number of critical defects
i welds' may be treated, for cxample ref, 13,

Very simply a range of experimental x values are tried and for each a correlation
check may be made on Fig. 12. Perfect correlation would be & Jine at 43° passing
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PIPE AND VESSFL FAILURE PROBABILITY 13

through every data point, The assumptions implicit in the successive plots are as
follows:

Number of defects < A¢! (volume)

Number of defects « 4/° (area)

Number of defects x 41! (length)

Number of defects «c 412 (geometric)

Number of defacts cc 47246 (optimum correlation) -
Number of defects oc 412 (beyond optimum)

Number of defects x 47~ (beyond optimum)

Number of defects c 4: "¢ (beyond optimum)

Statistical sprcad due to many factors makes perfect correlation impossible for
the onc factor being considered. i.e. the size and shape factor A¢*. It is. however,
possible 1o see which value of x gives the best correlation. [t ma y then be argued that
this optimum is stausticaily the most likely true value of x.

The optimum x value of ~2-46 for this set of statistics was actually determined by
computer. It may be observed that adjacent graphs for A7 -2 and 4" ? also show
correlations which appear almost as good.

Figure 12 also saows in the centre a plot of } (log of x-axis ezror)? for the various
quantifier hypotheses listed above. This confirms that the optimum and its two
adjacent points (x = —2) and (x = —3)are all aimost equally good as correlators.

The significance of this is that the optimisation curve is flat near the optimum and
that little is lost by rounding off to the most convenieat whole number, which is — 2.
The actual optimum valucs for most of the other cases cited in the report were in fact
closer to —2. These also all referred to actual failure statistics. not defects,

1t shouid be noted that alj the quantifier hypotheses considered are meant to be
simple measures of size and shape. They are in no way intended to explain the
fundamental causes for failure. However, it is now an obscrved fact that the most
sucecssful correlator is the dimensionless number A-3,

This is to be expected, because jt completely excludes the influence of the physical
dimensions that inevitably belp to determine failure probability. All the other
quantifiers listed involve the dimension of leagth to some + index. It may be
observed from the plot on Fig. 15 that increasing this index modulus (regardless of
+ sign) increascs the correlation error drastically and on a logarithmic scale.

This means thatthe dimensionless @ number DL/¢?, could be used to measure the
influence of size and shape. The influence of other factors such as fatigue. stress,
fupture risk, corrosion and quality, etc.. may then be modeiled for scparately in the
System proposed by the author.

Tbe need for a dimensionless group to quantify one effect is statistically illustrated
above: but it may be regarded asa prerequisite for success in modelling any effect. In
the system proposed by the author all the &roups suggested are in fact dimensionless,
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and their product is dimensionless; so is probability, viz:

Probability ratio to unity

DL/? dimensionless quantifier

(Strain ratio)®*—dimensionless

Number (of strain cycles), i.e. many definred events/one event
Dimensionless stress distribution number

Ratio of two numbers

Ratio of probabilities

Leamning curve ratio -

Age factor ratio

ARSI EL LR
B

APPENDIX 3

THE WELD METAL PENALTY

Weld metal and hcat.affected-zone material are more likely to fail than parent
mctal. An evaluation of several different sets of statistical data, summarised in Table
14 shows that a penalty of about x 50 should be 2pplied to weld zones when
estimating the global risk. i.e. P,/P, = 50,

TABLE 14
A SUMMARY GF THE VANIOUS P_i P, ESTIMATES
liem Sowrce P/P,
numher extimare
1 Vesse! fatigue tests k]
2 Pipe fsilure seatistics 30-100
3 UKAFA data 3142
4 Socket weid tosts 3
s Defect incidence 38
[ Nuclear plant abnormal operations 43-90
7 US PWR and BWR uadistics 43
3

Best estimate 0

This aumber is associated with a definition of the weld zone as being 1-75¢ wide,
which is quite typical for most welds, Any other definition would require an
appropriate scaling of the x 50 penalty.

An illustrative cxampie of onc typical P_/P, evaluation is the one based on the
EPRI statistics* for 237 pipe system failures in light water reactors. in its summary
of conclusions it states that 54 %, of all the failures occurred in the welds, including
the heat-affected zones, while 40 % occurred in parent pipe material. Sincea factor of
roughly x 32 has been estimated for the volume proportions (parent metal/weld
2oncs), then it follows that P,/P,is 43-2.
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. APPENDIX 4—THE INFLUENCE OF AGE

) l. TIME RELATED FAILURE DATA FOR PRESSURE VESSEL COMPONENTS

References4.6,7,8. 14, 15and 16 provide datz which relate failure numbers to age.
Each sampic was taken in turn and 2 plot was made of cumulative failures against
age. The general trend is always the same. While therc is an obvious increase in the »
curnulative faijure with age. therc is always a reduction in the failure rate with age. . '
This appears to apply for the first 20 to 30 years of life for pressurc vessels.

The samplces are for varied componcnts with differen: average f{ailure rates. In
many cases that average is not known because while failure numbers and ages are
known the total population to which they refer is not known. Nevertheless. it is
possible to infer the influence of age on the failure rates,

The following ploy was used to separate this onc factor. For each sample the
cumulative failures in the first ten Yyears was taken as unity and the curves were all
replotted as fractions of uni ly against age. This gives a dimensionless measure of the |

parent ' influence of age and the effects as obscrved in the different sampies may then be |
1Table dircetly compared. The results are shown in Fig. 13A-K.
when The choice of 10 vears as the reicrence period was a compromise influenced by the

foilowing conflicting requirements:

(3) The longest time possible is the ideal.
(b)  Extrapolation of data for shorter-term samples must be kept to a minimum.
()  Simplicity requires a round whole number as a standard for reference. '

(d) The rcference period must be at least a significant fraction of the desipn life ;
of typical plant,

The general similarity of trends in Fig. 13A-K is quite unmistakable. There are,
however, differcnces in the shapes of the curves. Some of the reasons for thesc
differences are different age cffect factors and biasses discussed Jater.

In spite of the noticcable differences. an arithmetic meun of aif these curves, as
shown in Fig. 2.is close enough to them all Lo represent the general cffect. The error
factors are not significant com pared with other sources of error in predicting failure

Before proceeding, however. it is worth noting that the samples are cxtremely
Yaried in nature. Oncis for heavy vessels. some for Pipes and somc mixed. Another is

. probability. : 5
 wide. The simplest approach to probability prediction would be to take this curve to be :
e an representative of all the age factors in combination, The tocal cffect of Fand Bcould f
be read from Fig, 2, say. ' :

on the This approach. however, is insensitive to some of the information availuble, |
E"d?? particularly about the influence of new designs: and somc optimistic errors coyld |
stor of‘ result. The f; ollowing' section sjves an appraisal of 4ge related effects which may help i
el to mtcrpret the statistics available. ‘
i
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PIPE AND VESSEL FAILURE PROBABILITY 117

just for nuclear incidents. The definitions of failure for the various samples must
have been different because some included minor defects and others did not.

. In spitc of this the age effccts observed are generally similar and have a similar time
. constant.

Two of the samples. the serious defects and the ruptures, are a composite
extracted from the others to test the hypothesis that the same age effect curve could
be used. They appear to support the hypothesis, so that the approximation strategy
¢ of Fig. 1 is justified in this respect. i.¢. it may not be argued that the average age effect
> is unreprescntative of either P, (serious defests) or P (ruptures).

- 2. THE HIERARCHY OF TIME-RELATED CHANGES IN FAILURE PROBABILITY

The interpretation of the observed data requires an understanding of the nature of
the various components of change which take place with time, Somec of the data sets
are likely to contain more than one component. The following is meant to clarify the
relationships between known cffects.

Time-related changes in component failure probabilities may be catcgorised at
three diffcrent levels. Thesc bear a hierarchical relationship to onc another as
illustrated in Fig. 14,

L LA
4 18 18 20

—————

. Amigl

SHORTER TERAM MPROVEMENTS
N PALURE PROBABILITY FOR
A NEW DEBIGN OF PLANT
CUE TO DE-BUOGGING

BATH TUS CHANGES POR g

Fig 14, A hierarchical categorisation of time-related changss in faiture probebiiity. B
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118 H. M. THOMAS

The most obvious and familiar changes are the observed bathtub distributions
which are described in more detail later.

The failure statistics for 2 population of idcntical componcnts all manufactured at
the same timc will produce such 2 bathtub distribution. This may be regarded as the
lowest level of change in the hicrarchy.

The next level is that due to the learning curve for a new design of component or
plant. New designs inevitably produce ar increase in fajlure probability over and
above the average for cquivalent established designs. The problemsare climinated in
time but with decreasing rapidity. The overall result is a typical learning curve,
Reference 17 illustrates these effects as they arc observed on acro engines,

Refercnce 3 illusteates a learning curve for one particular PWR plant. 1t is,
however, not strictly comparable with ref. 17 because it refers oaly to nove! failurcs
not the totals. Figure 4 is a hypothetical Jearning curve based on this sparse data.

One might speculate that the successive bathtubs for groups of components
would change asillustrated in Fig. 15. The “early in life’ problems will be solved first,
and the front end of the generic new design bathtub is depressed gradually with
development of the design. The overall effect would be 2 learning curve such as Fig. 4,

The last lcvel of change is that due to the long-term improvements that permeate
the whole of a technology. Although each new design may start off poorer than
average in failure rate, lessons are con tinuaily learnt and the average is gradually
imptoving. The Rasmussen'? report cites two examples. Onc is the improvement in
road death statistics over decades, and the other is for aviation accidents.

FARLURE DENGITY

AGE N SERVIDE e
Fig. 15. Learning curve bathiubs.
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itions This hierarchical catcgorisation identifies the basic clements of time-related
changes: but it is incvitably an ov -simplification and an idealisation. Many factors
red at fog the overall pattern,
asthe Nevertheless, the catcgorisation helps to understand the broad trends or
components of change which permeate any set of data on time-related failure
‘at or ) probabilitics.
rand The bathtub front (Fig. 3)is the diffcrential of the average curve shownin Fig. 2. It
ted in is obvious that the main component of change reprasented by these curves is the
urve. bathtub one: but the potential influence of the other levels of change needs to be
It ) probed before Fig. 2 may be taken to represent factor F, —.
t is,
lures
_‘3:;:; 3. INTERPREYATION OF THE PRESSURE VESSEL DATA .
first, The ideal samples to determine the F factor aione would be large groups of
‘Wwith componcnts all made at the same time and to a well-established design, say 1010 15 |
ig. 4. vears old. so that the learning curve is aver. To be of precise current interest it must
cate be today's design and the failure rate must then be observed for about 20 to 30 years,
than during which time al| technological progress must be suspended.
ually These ridiculously impossible but scientific requirements show that perfect data
‘atin

14

|
f
I

FACYON F

10 bz 4 14 19 L =

AGE OF PLANT N YEARS
Fig. 16. Factor F wcnsitivity analysis.
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will never be available and that the best possibic usc must then be made of the data
which are available. The vital question is ‘how truly represcntative is Fig. 2 of factor
F£7T. To what extent is the curve distorted by design learning curves and by general
improvements in the technology as a whole? What are the effects of biasscs which
naturally occur due to growing and diminishing populations?

Sensitivity studies were made to appraise the most important of these factors. The
general approach used was to assume that Figs. 2 and 3 are at least reasonably
representative of factor F and to determine the likely bias effect of various other
factors by integrating numerically over a 10-year period. ’

The results are shown in Fig. 16, Few of the statistics contain the Type (a) bias so
that the averaged !0-vear result is not seriously changed. The same may be said of
the Types (b) and (d) biasses. Also. Types (a). (b) and (d) tend to cancel one another
out.

Type(c) bias, on the other hand. is likely to be present in any longer term statistics
so that the topend of the true curve for £ should be slightly clevated. The erroris not
significant, however, for a period of say 20 ycars.

4. THE PARADOX OF A FAILURE RATE REDUCING WITH AGE

There are many fatigue-based theoretical models in the literature on vessel failure
probability which are apparently in conflict with the factual statistical data in Fig,
13A-K. Also. at first sight it seems paradoxical that the failure probability density
should diminish with age. This section is an appraisal of the problem. but
unavoidably it amounts to an adverse criticism of same of these theoretical models.
Some very extravagant claims have been made on the strength of such models, so
that a more factual appraisal is necessary. Reference 3 by the author gives a brief
appraisal of onc aspect of this probiem.

The theoretical models vary in detail but they usually use the following broad
upproach. They assume that fatigue is the failure mode which dominates and that
fatigue crack growth is then a dominant factor in relating failure probability to age.
They then assume that the accelerating growth of an individual crack reflects the
failure probability of the assumed host vessel. These three assumptions are
structurally important, but they are all dcmonstrably false. .

In many sets of real-iife statistics fatigue failure accounts for a minor fraction of the
total. Furthermore. considering that minor fraction alonc. it may be shown that the
probability of the failure event is dominated by the probability of having a defect at
all and its probabic size. Crack growth ratcs have a trivial influence on most fatigue
mlm probabilitics. It only matters for high-cycle fatigue failures, requiring over
10? cycles.

In reality there are several modes of failure to consider, and each mode has scveral
regimes in which some factor or other may dominate the probability of failure.
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PIPE AND VESSEL FAILURE PROBABILITY 121

Fatigue is just one mode and crack growth dominatcs in one regime. It has a
relevance to some small fraction of all real-life failures, perhaps less than 1%,

These models arc in themsclves useful in that they study the probable progress of
one defect. and that may be very important, especially if it is a real defect in a vessel.
There is no logical rcason. however. to assume that the progress of that one defect in
any way rcflects the general probability of failure of any other vessel or group of
vesscls. Indeed the statistical evidence available shows clearly that during the
working lives of most vessels such a modcl of failure probability cannot apply.

Generally speaking. for all manufactured components. real-life failure causes
may be categorised under three hcadings as follows, regardless of particular modes
of degradation.

(a) Failure due 1o initial defects of manufacture or design. These culminate
carly in life and diminish with age. They may be thought of as infant
mortality or de-bugging. They are congenital defect failures and they
produce more deaths early in life than later. Figure 17 curve (a) shows the
diminution with age of the annual failure rate.

(&) Fuilurcs may also be caused by wear factors like corrosion, fatigue and
crosion. These are usually acceleraling with age and are represented by curve
(b).

()  Another category of failurc cause is external factors which randomly
damage a componeat: such as errors and accidents. Thcy are not dependent
on age and may be represented by curve {<).

The overall failure probability is the sum of these three categorics; which is the
inevitable bathtub curve. This appiies gencerally to all things: but the time scales for
curves (a) and (b) may vary enormously and the absolute levels of (a). (b) and (c) may
also be very different. The variations are so great that the design lifc of a particular
type of component may appear to be dominated by any onc of the four curves, or
parts of them.

It so happens that for most pressure vessels curve (a) scems to dominate. This
means that most failurcs are caused by congenital defects of design and/or
manufacture. not by the wear factors. This shouid be no surprise, because pressure
vessels are deliberatcly intended not to wear out in their working design lives and
usually have a considerable margin for safcty. At the same time it is well known that
design and manufacture may not always achieve that intent in spite of our best
ciforts.

Logically then Fig. 13A-K is the cxpected result of curve {a) and should not be
considered 2 paradox. The theorctical fatigue models on the other band represent
curve (b). They are not so much wrong; they are just irrelevant and insignificant in
the range of intcrest. They are incomplete and lack an overall perspective,

It may be concluded that matkematical models of the curve (b) type are useful for
Certain studies. They are not, however, valid as failure probability models for

— e — —p .
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Fig. 17. The bathtub curve reiated to pressurc vessels,

pressure vesscls in their working life span. The observed bathtub front is more
appropriate.

5. CONCLUSIONS AND RECOMMENDATIONS UN AGE FACTORS

Failure rates for pressure vessels geacrally improve with age. Several
samples of real-life failure data show this clearly.

Threc broad categories of time-refated improvements in failure rates may be
identified. These are long-term changes in a technology, shorter term design
learning curves and typical bathtub curves. These bear a hierarchical
relationship to onc unother.

The front end of the bathtub curves for pressurc vessels spans 20 to 30 years
at lcust.

The principal component of change to be found is the bathtub one. The
other components have a lesser influence on the obscrved statistics for
failure with age.
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S. Statistics for very varied populations may be compared for age effect by
reducing them to 2 non-dimensional ratio based on the total failure aumber
in the first 10 years,

6. In their noun-dimensional form all the differcat age cffect curves have 3
striking similarity. An arithmetic average curve is numerically very close to
each individual curve, and may be taken to be genersily represcntative.

7. The factor F may be taken as this average for all the samples available in -

spite of the disturbing influences of the other factors and biasses to be
expected in general statistics. Sensitivity analyses show these other
influcnces to be marginal in effect. Factor Fis therefore determined with a
reasonable accuracy.

8. Fuactor B, on other hand, may only be roughly estimated from the data
available, A hypothetical curve is offered for consideration, but it should
only be used with caution.

9. Tt may be shown that the general curve for Fapplies also to serious defects
and to rupturcs. so that the approximation strategy suggested in Fig. 1 is
valid inn that respect.

10. Unless one is estimating for a new plant design there is no need to consider
factor B. It may beassumed to be |. New designs may be penalised by acurve
such as the one shown in Fig. 4.

11,  Many theorctical models in the literarure are in conflict with observed facts
in the relationship between age and failure probability. They arc all based on
fatigue and crack growth. They all assume that the progress of an individual
crack somehow represents the overall failure probubility of a vessel. This
assumption is not justified by any theory or fact.
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ABSTRACT

Historically, plants licensed at different times were subject to different guidance and

- requirements for electrical equipment environmental qualification (EQ). Newer plants follow
NUREG-0588 Category I requirements (the EQ rule acceptable standard). A group of older
plants follows NUREG-0588, Category II requirements, whilc the oldest plants follow DO
Guidelines. The latter two groups involve relaxation in EQ requirements such as -
qualification by testing, application of margins and consideration of aging and synergistic
effects. These differences in EQ féquiréments, in conjunction with experience data and
preliminary test results of cables (e.g., Okonite), indicate the existence of unccrtaingggf
associated with qualification methodologies and the reliability of equipment that must
function in accident induced harsh environments. These uncertainties may be risk /7

significant, e

The objective of this preliminary risk analysis is to use probabilistic risk assessment (PRA)
techniques to quantify the risk impact of electrical equipment qualified under the "old® EQ
requirements (i.c., DOR guidelines or NUREG-0588 Category II requirements). However,
limitations in current PRA models and data precluded an accurate quantitauve risk
assessment. Instead, a screening evaluation of the potential risk impact of electrica
equipment that were qualified according to "ol4* EQ requirements was performed. This was
achieved by parametrically reducing the reliabilities of equipment that are supported by
clectrical power and are required to operate in accident-induced harsh environments. These
equipment include electrical components (cables, connectors, and solenoids) that must

- function in accident-induced harsh environments and which could be major-contributors to

core damage.

The scope of this preliminary analysis was limited to core damage prevention (considering
intermal events only) and to in-containment electrical equipment, with emphasis on cables.
This was primarily due to time limitations and to the assumption that in-containment
clectrical equipment c..mponents are the most likely to be exposed to harsh environmen.s.
Although not included in this preliminary analysis, harsh environment reduced reliabilities of
‘components which support accident mitigation equipment (e.g., containment fans and sprays),
could be important to overall plant risk. In ,thjsvggaluau’oq,;tjx}:gmp}la___sjg;_x‘swggc_g_a_ggg _sjﬁ?’é
they are ot routinely. TepIaced; and They Teceive minimal maintenance.

The first step was to identify potentially important accident sequences, for both PWR and
BWR plants, involving harsh environments in the containment. This was followed by the
identification of equipment operations that must be performed during each of these sequences
(e.g., 2 of 2 PORVs must open for fecd and bleed). Next, generic insights from PRAs and
related studies were utilized to select several accident sequences for more detailed evaluation
and eventual inclusion in a parametric (sensilivity) risk study. The results of this scoping
study were used, in conjunction with qualitative assessments of aging of in-containment
clectrical components to assess the potential risk impact of "old” EQ requirements.
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Three plants were selected for quantitative risk analysis. These include two PWRs
(Sequoyah and Surry) and one BWR (Peach Bottom). Resulting plant core damage frequency
increases were found to be between I x 10? and 7 x 10° per reactor year for Sequoyah,
between 8 x 10° and 5 x 10 per reactor year for Surry, and between 1 x 10 and 1 x 10 .
per reactor year for Peach Bottom. Such increases are of comparable magnitude to the core
damage frequencies for these plants reported in the NUREG-1150 PRAs. More details are
presented in Tables 1, 2 and 3 in chapter 3. '

Major conclusiogysﬂj_)jamiifp"r'éliininérymﬁttme fisk impact of *old*-EQ

requirements could be sigiiificant if efectrical component reliabilities are Teduced in the
presence of a harsh environment;” 2) the magnitude of core damage

| n current PRA ‘models?

" ISPV P i v o
X h en ient;  2) the magnitude of core damage frequericy-impact-is-plant
specific; and 3) due to'lack of reliability'daa bases‘and limitations in‘current PRA models
an-accurate assessment of the risk asSociated with harsh_environments is not possible-at-this
g"f aeﬁmmmcndmn*forfuturemd more’ accurate”evaluation of this Tssie are;alsoT
mncilu

i
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1.0 INTRODUCTION

1.1 Background

Nuclear power plant electrical equnpmcm used to pcrform a safety function must be capable
of operating reliably under all service conditions, i.e., normal operation as well as accidents
postulated to occur during the equipment’s installed lec This must be demonstrated by

“environmental qualification® (EQ) of the equipment. Since safety systems rely on redundant
equipment, EQ aims at demonstrating that a common-cause failure will not occur dunng
design basis events. Specific requirements pertaining to EQ of certain electrical equipment
important to safety are contained in 10CFRS0.49.

EQ has evolved gradually over the years in terms of design criteria, technical sophistication,
and licensing requirements. Plants of various vintages are committed to differing NRC EQ
requirements [1]. The EQ rule implies that meeting the provisions.of NUREG-0588
Category I (IEEE 323-1974 and Regulatory Guide 1.89, Revision 1) constitutes compliance
with the rule. It requires that all new and replacement equipment in existing_plants be
qualified 1o its requirements unless there are sound reasons to the contrary. _ However, it 75
does not mandate thatany equipment previously requiring g qualification 1o Tm'—s!andards “’-
(1 e.. NUREG-0588 Category Il or DOR Guxdehnes) be requalified to the rule.This is”
termed as the rule’s. grandfathcnng _provision Grandfathering ‘maintained important
differénces in EQ requireménts for ¢ different’groups of plants. Newer plants follow NUREG-
0588 Category I requirements (the EQ rule acceptable standard). A second group of older
p-ants follows NUREG-0588 Category I requirements, while a third group (the oldest)
follows DOR Guidelines. The latter two groups involve relaxation in EQ requirements such
as qualification by testing, application of margins and consideration of aging and synergistic
effects as well as a reduction in the qualified limits for certain equipment.

There are approximately 84 operating reactors with "old” EQ requirements (i.e., NUREG-
0588 Category 11 and DOR Guidelines). These differencesin”EQ requirements; iy
conjunction with preliminary iesi Tésultsof €ables (e.g., Okonite and other pre-aged cable
testing at Sandia National Laboraloncs) ‘indicate the existence of-uncer{amhcs assocxated
with quahﬁcatlon methodologxes and the rel. xblhty of equxpment that must. function in ha.rs 13
énvironments.§These-uncertainties may be risk significant, in particular for plants quahﬁcd
undér The-DOR guidelines or NUREG-0588 Category 11 requxrcmcnts Therefore,
quantification of the risk impact of electrical equipment qualified using "old* EQ
requircments (i.e., DOR guidelines or NUREG-0588 Category Il requirements) is needed.
This would provide an overall nisk perspective of issues related to "old" EQ requirements.

1.2 Scope and Objectives

A complete analysis of the risk impact of the environmental qualification (EQ) of electrical
equipment should consider equipment in all locations, both in-containment and outside
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containment, where a harsh environment can occur during certain accidents. For each of
these locations, the effect of the harsh environment on the reliadilities of electrical
components, which support equipment that serve either a core damage prevention or an
accident mitigation function, should be assessed.

JThe scope of the present analysis was Umited to core damage “prevension(considering insernal
evenss only) and to in-consainment electrical equipmens, with emphasis on cables. ‘nm
primarily due to time limitations and 1o thé assumption that in-coninment’ electrical -
equipment components are the most likely to be exposed to harsh environments (e.g., during
LOCAs and in-conlainment main steam line breaks). It should be noted, however, that
reduced reliabilities of some electrical equipment located outside the containment, due 1o the
presence of a harsh environment (e.g., high energy pipe breaks and interfacing system
LOCAs), could also have significant risk impact at some plants. Moreover, reduced
reliabilities of electrical components which support equipment used for accident mitigation
(e.g.. containment fans and sprays), during the  presence of a harsh environment, could be
imponant to overall plant risk. The cmphws was on cablés because they are ol m‘ﬂﬁﬁery
repla d-receive only minimal maintenance.~ ,It is‘reccommended that e scope of the
present analysis-be extended in the future 1o include electrical components outside the
containment as weli a, those supporting equipment performing an accident mitigation
function.

The major objectives of this preliminary risk analysis are listed below.

L Identify electrical equipment components, such as cables, connectors, and
-solenoids, that must function in accident-induced harsh environments and
which could be major contributors to core damage.

® Use probabilistic risk assessment (PRA) techniques to conduct a screening
evalua:’on of the potential risk impact of electrical equipment that were
qualified according to “old® (i.e., DOR or NUREG-0588 Category II) EQ

requirements.

it is recommended that the present analysis be extended in the future to include the following
objectives. '

° Obtain a more accurate assessment of the risk associated with EQ issues and
use it to compare the risk impacts of the several EQ requirement standards
(i.e., NUREG-0588 Category 1, Category II and DOR guidelines).

® Identify areas where additional analyses and/or testing may be necessary to
reduce EQ-related uncertainties.

P g RN S S m———
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L Use PRA technique and demonstrate the effecti.eness of measures
for reducing risk (e.g., use of reliability assurance and maintenance rule
tequirements).

1.3 Limitations

As opcrmng plants become older, their nfety-uhted electrical equipment and_components
should maintain their abxhty 1o perform reliably in 8 harsh environment. _Studies have mown
that aging- “refaled degradations, of both active components (e g valves: and pumps) and |
passive components (e.g., cables), could cause se significant risk increases if aging is ot l -
“effectively managed/ Ideally, PRA provides a method 16" assess the importance-of harsh
envxronmcnreqmpmcm reliabilities on risk. Models were dcveloped to quantify the risk due
1o an increase in active sundby component unavailability, passive component failure
probability, and accident i xmuaun;evem frequency. ’l‘llxs‘incmse—:ttsumated—w;—fu_ncum“ -
of €quipment age, equipment aging rate and the quality and effectiveness of the plant ;
maintenance progran. In reality, there are limitations in current PRA ‘models and data that_
precludc an accurate Guantitative assessment of the risk significance of issues associated with
the environmental qualification of safety-related equipment. The most important of these

limitations are summarized below.

L] Lack of reliadility dara bases for equipment in harsh environments. PRAs assume the
same reliabilities in harsh environments as for normal operation. This implies that
environmental qualification assures that equipment reliabilities stay at their normai
operation levels when exposed to harsh environments during accidents. This PRA
assumption, however, has not been validated by experimental evidence. m
some cases, there is evidence 1o the contrary. TT—"

L Lack of models to evaluare the impact of EQ requiremerus on equipmeru reliability.
In particular, there are no models to evaluate the impact of the lower qualification
standards associated with "old” EQ requirements on electrical equipment reliability in
harsh environments.

o Lack of aging-related degradation data. There are no adequate data for aging-related
degradation of electrical components in their normal operation environments. This is
particularly true for passive components, such as cables.

° Lack of correlations berween aging-related degradation of equipment and their ability
to perform under accidens-induced harsh environments. This includes modeling the
potential for common-cause failure of redundant equipment or components, in a harsh
environment, following their aging-related degradation.
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o Lack of the detailed sysiem descripeions required 1o assess the risk significance of EQ
Issues. For example, current PRA models do not contain the level of detail that is
necessary o investigate the operability of the steam generator level transmitters or the
operability of a motor-operated valve control cable.

L Lack of plans status instrumensation models. Instrumentation indications are used by
the operator during an accident to diagnose the status of the plant, make informed
emergency response decisions, and develop appropriate accident mitigation strategies.
For example, containment pressure indications will automatically actuate chemical
sprays. However, in the event that automatic initiation fails, the operator can
manually initizte spray operation if other indications are available. Current PRAs
lack models that relate risk, via the operator interface, to containment pressure’
1ndi.al ™. '

] Insufficient PRA analyses for pipe breaks owside of corsainmens.

L Limited models of post core melt accidecnt management strategies.

Due to the above mentioned limitations, a parametric (scoping) risk analysis was performed.
The reliabilities of equipment that are supported by electrical power and are required to
ope-ate in a harsh environment, were reduced parametrically to simulate the effect of
potential common-cause failures.

1.4 Methodology and Approach

The first step was to identify potentially important accident sequences, for both PWR and
BWR plants, involving harsh environments in the containment. This was followed by the
identification of equipment operations that must be performed during each of these sequences
(e.8., 2 of 2 PORVs must open for feed and bleed). Next, generic insights from PRAs and
related studies were utilized to select several accident sequences for more detailed evaluation
and eventual inclusion in a parametric (sensitivity) risk study. The judgement for this
selection was based on a combination of the following considerations.

L The presence of in-containment electrical components (e.g., cables, instrumentation
and solenoid operators) which support safety equipment operations needed to prevent
or mitigate accidents. ’

o Accident sequences during which these safety equipment operations take place,
including timing and potential for recovery.

L The presence of electrical components for which there are reasons to believe that their
reliability may be reduced during operation in harsh environments.
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Finally, the selected accident sequences were used to perform a scoping risk study by
parametrically reducing equipment reliabilities to simulate the effect of potential common-
cause failures in a harsh environment. The results of this scoping study were used, in
conjunction with qualitative assessmeats of aging of in-containment electrical components and
the limited experience information available, to assess the potential risk impact of *old” EQ

sequirements.
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2.0 INSIGHTS FROM LITERATURE REVIEW

A literature review was conducted to identify information that could be used to assess the
risk impact of EQ requirements for electrical equipment at operating nuclear power plants.
An carly conclusion was that none of the published PRAs have explicitly considered aging
and that no adequate data and models were available to perform a detailed quantitative risk
assessment in the short term. For this reason, it was decided to perform a preliminary risk
scoping study to assess the potential risk impact of "old" EQ requireme-ts. Equipment
reliabilities were reduced parametrizally to simulate the effect of potential common-cause
failures in a harsh environment. Only if this preliminary risk analysis indicates that the risk
impact of "old* EQ requirements is potentially high, will a more detailed analysis be
necessary.

The literature review provided several insights that guided this preliminary risk vscoping study
and could form the framework for a more detailed risk analysis in the future. These insights
were used to achieve the following:

L focus the analysis on electrical equipment components supporting risk important
operations which take place in accident-induced harsh environments (Section 2.1)

L develop a qualitative data base including information related to failures of electrical
equipment components in harsh environments such as failure modes, failure
mechanisms, NRC information notices and industry research test results (Section 2.2)

° identify EQ issues, i.c., "deficiencies® associated with the lower standards of the
“old” EQ requirements such as not considering aging and synergistic effects (Section
2.3)

L identify risk-important electrical equipment components which may have, as a result

of the lower standards of the "old* EQ requirements, reduced reliabilities when
exposed to a harsh environment (Section 2.4)

2.1  FElectrical equipment components supporting risk important operations in harsh
environments

In-containment electrical equipment components whose failure (random or common-cause)
can affect risk important operations were identified {2]. They are summarized below.

PWRs
L Cable systems (e.g., cable, connectors, penetrations, splices)

o PORY solenoid operators
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L PORY block valve motor operators

L Instrumentation (pressurizer pressure and level, SG level detectors, containment
pressure, primary RTDs, hydrogen detectors, and high-range radiation monitors)

° Electrical components providing support to containment isolation valves, containment
fans and spray system (accident mitigation only)

BWRs

L Cable systems (e.g., cable, connectors, penetrations, splices)

° Safety relief valve (SRV) and Main Steam Isolation Valve (MSIV) solenoid operators
o MSIV bypass valve motor operators |

® Low pressure and vessel level sensors, and reference leg detector piping

. High range radiation monitor (provic' ‘s information to the operator 1or accident
management, e.g., offsite evacuation)

Failure of these components can affect safety system operation, as well as operator actions,
in one or more of the following ways:

° Failure to provide motive and control power to components inside containment (e.g.,
1o start and run pumps and fans and open or close motor-operated and solenoid-

operated valves).

° Failure to generate and convey electrical signals from in-containment instrumentation.
for automatic actuation and operation of ESF Systems as well as for control room
displays (e.g., SG level, BWR vessel water level, and containment pressure).

° Likelihood that a failure of an in-containment electrical component (e.g., cable) is = (
spread to components outside containment (e.g., due to failure of protective devices, » (
miscoordination among circuit breakers of different sizes, and erroneous signal). // :

An important factor that affects the reliability of the above-mentioned electrical components

in a harsh environment is the time of exposure to such an environment. Equipment

operations that are required to take place at the beginning of an accident that causes a harsh -
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environment have better chances of success than equipment operations required several hours
into the accident.

2.2 Qualitative fallure data base of electrical equipment components in hersh
environments

Stressors

Service conditions include normal (environmental and operational) as well as harsh
environment conditions. Certain elements or "stressors® of service conditions can affect
equipment condition and performance. Harsh environment stressors, in general more ~ -~7e
than normal (environmental and/or operational) stressors, may cause immediate failures 1n
age-degraded components because of the hxgh intensity or unusual nature of the stressor.

This could defeat system redundancy by incapacitating the two or more paths or trains
available for providing essential safety functions (common-cause failures). EQ programs aim
to prevent such common-cause failures resultingfrom harsh environmental stressors
contributing to aging of electrical components. ¢&Mrmﬂ environmental stressors
are temperature, radiation, moisture, dust and distortion pressure, " Examples of no na
operational stressors contributing to aging of electrical congponcnts are thermal cyclmé
maintenance dxslurban?"(i’g‘?ﬂenﬁ‘g‘oftables)-and-cmeﬂl‘dﬁfﬁﬂa‘g& surges. Exam?fe?

gradnents radiation and chemlcal spgys

Degradation Sites

Normal aging of elect. .cal components could lead to degradations of concern and jeopardize
the required safety performance under either normal or harsh environmental conaitions. The
latter condition is more critical because of the potential for high-risk common-cause failures.
In order to assess the degree of degradation of the various in-containment electrical
components, it is necessary to focus on locations where aging stressors are most severe. If
components in those locations are free of degradation, then similar components in less
stressed locations are likel; - be in good condition.

Considerations that help identify potentially serious degradations sites are: a) maximum
environmental severity during normal plant operation; b) physically demanding installation
configuration; c) potentially susceptible designs; and d) records of experience. Examples of
degradation sites are: 1) electrical peneirations to devices; 2) maximum thermal/radiation
areas; and 3) wet or moist locations. ~Tl& Teview of aging-relited failures dunng normaf
-operation indicales the presence of evcnts in the following categones corrosion, dm
defective connector, Joose connector, shonlgrounded ,_open circuit, cable msulauon
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breakdown, and cable embrittlement. These event categories can be associated with one or
more type of degradation sites.

Aging Mechanlsms

Aging mechanisms describe how stressors affect particular material properties or components
of electrical equipment in ways that may lead 1o several aging-induced failure modes when
exposed 10 a harsh environment. Examples of aging mechanisms for cable systems are listed
below [3].

] Temperature/Radiation/Oxygen-diffusion induced chemical reactions occur over time
in polymcric compounds used as cable insulation and jacket materials. These
reactions inject or leave electrolytes, charged ions, or other molecular debris in the
molecular structure of these compounds. The e effy ect of this is'10 increase the: d':u?L
lcakage currents (lowcr ‘the mSuTat:on resxstancc), zncrease lhc ac Iosses and red ce!

"t the clasncxty (increase bnttr't‘"racture) of the' compound. +When these "Cumalative™
ch?*ocs in"electrical-and mechanical- propemes‘are‘foﬂowed by a rise in temperature,
radiation dose rate and humidity, as during the presence of a harsh environment, the
result is an immediate and substantial increase in leakage currents and ac losses and

susceptidility to moisture induced shorts and grounds.

® Moisture entering cables as a result of breaks in (or diffusion through) the jackets
initiates corrosion of shields. Moisture within cables and seepage through broken
seals of connections may lead to the corrosion of connector contacts. This occurs
over long periods of time leading to random failures during normal service.
However, in a harsh environment, this failure mechanism is accelerated. Sudden
intrusion of water into corrosion-sensitive components can cause the loss of shield
continuity and raise the noise level. The functional failure of the a’fected circuit,
depends on its sensitivity to noise. Such” failures, when combined wnh connectior
failures caused” bT’REldc““l’related" ﬂexmg or vxbranon would become common-cause’

fmlg{g._s_,‘ i i R i % i SR 5 on=

° Cable flexing or vibration can compromise the silicone rubber seals used in cables
with mineral-insulated connectors at cable terminals. This results in a decrease of the
insulation resistance (increases leakage) and functional degradation.

Potential Failure Modes )

Normal operation stressors affect electrical equipment performance by initiating aging
mechauisms which may Jead to degradation and eventual random or common-cause failure if
this equipment is subsequently exposed to harsh eavironment stressors such as those of 2
LOCA. Equipment in locations where stressors are the most severe (degradation sites) is the
most vulnerable. The various modes a particular equipment can fail (i.e., its *failure
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modes”) are coupled with the stressors, failure mechanisms and degradation sites that are
associated with that particular equipment. Examples of potential failure modes for cable
systems are listed below [3].

1. Increased series resistance (an open circuit being the extreme case)

2 Increased leakage current (decrease of insulation resistance)

3. Grounding of a conductor

Short circuit between conductors

>

S Large changes in ac losses or capacitance (impedance change)
6. Spurious signals from electrolyte or thermoelectric effects
7

Increased noise pick up (shielding or grounding problems)
In general, metallic conductor ai.d connector components of cable systems possess )
characteristics that relate to the occurrence of failure modes 1 and 6; characteristics of
insulating components relate to modes 2 through §; and the properties of cable jacket and
shielding components relate to modes S and 7. It is important to note that the sensitivity of
operating electrical circuits to changes and noise in the cable system vary widely depending
on the connected devices and the required accuracy of th-se devices. For this reason, the
assessment of the cable performance in harsh environments must be based upon realistic
circuit tolerance figures.

NRC Initiatives and Test Program

nmw*mc has issued 172 information notices; 41 bullennsm&ii—gencnﬂem;
re%&o EQ of various electrical ‘eqiiipment components. cheral -of these 'NRC-actions ™
involved in-containment components whose failure- affects risk important operations (see
Section 2.1 above). In addiiion, NRC has sponsored several research tests related to
electrical equipment performance in harsh environments. Relevant information for risk-
important electrical components is summarized below [2]. -

Motor Operators. EQ-related deficiencies of Limitorque valve operators (approximately 95%
of motor operators used by the nuclear industry) were found. Deficiencies included the use
of underrated terminal blocks, the use of terminal blocks that lack proper EQ, improper
switch settings, unqualified internal wiring, problems with the similarity analyses, improper
materials selection and assembly, and installation practices different from the tested
configuration.

10




PR%C]SIONAL INFORM?@é - OFFICIAL US;&Y

Sﬂ[mmd_anam Many solencid operators are continuously energized during normal
operation in order 1o fail safely in the event of loss of power. This creates higher internal
temperatures, and can lead to faster aging, than those experienced by non-continuously
energized solenoid operators. Operating prodblems with solenoid operators are mentioned due
to causes such as high temperature ambient conditions, presence of hydrocarbon
conaminants, and chloride contaminants causing open circuits in coils. NRC research testing
of solenoid operators in harsh environments revealed considerable intrusion of water into the
coil housing and a sensitivity to the use of air as a process medium.

Cables: In 1977 Sandia National Laboratories examined 55 cable qualification summary

reports performed by Franklin Research Institute for its customers, typimlly cable

manufacturers. This examination indicated that during harsh accident environments cables

may_fail with probabilities much hizher than those assumed in the PRA. Reccnt Sanaﬁ -
LOCA testing of pre-aged cables ! showed that 18% of cables pre-aged TO"ZO‘ywrtnd !

subscquent!y exposed to a simulated LOCA environment failed. - The “percentage of fulm
increased_to 23 % for cables. pre-aged 10-40 years and to 32% for cables pre-aged to 60 years:™
Another indication of potential reduced reliability of cables in harsh environments is the =~~~
recent Sandia LOCA testing and observed failures of Okonite cables. It is diffictlt to draw
strong conclusions based on the small sample size. These results lack unaged control
samples for comparison. The testing does not approve or disapprove the adequacy of current
qualification practices and requirements. However, these results should be a cause for
concern since all risk-important operations in a harsh environment rely on cable
performance.

Electrical Penetrations: Extensive qualification and research testing has been performed on
electncal penetrations. The results indicated that, depending on the harshness of the
environment, inlegrity can only be insured for time periods of 3 to 24 hours. Thus, failure
probabilities in excess of those used in PRAs would be expected during the latter portions of
exposure to a harsh environment. The major concemn is that in-containment instrumentation
circnits might provide erroneous readings if electrical penetrations have Jow insulation
Jresistances between circuits or to ground. LOCA testing of electrical penetration assemblies
(EPAs) performed at Sandia National Laboratory indicated a low insulation resistance for
approximately 4% of the circuits early in the simulation and for approximately 85% of the’
circuits during post test cooldown. Post-examination of the electrical penetraion
feedthroughs suggcsu—.d that dcgradatxon was aggravatcd by the accelerated :sﬂgxng,cilposure;y
that pr the harsh environmer.t e “posurt./

Terminal Blocks: "NRC inspéctions found use of uinqualified ferminal ‘blocks even thougﬁ“"’;
utilities have replaced terminal blocks used in instrumentation circuits inside. contammcnﬂ In
the presence of condensing steam, ‘terminal block Icakagc is high. Hence, PRA failure
probabilities that are based on normal operation performance of terminal blocks may be
inappropriate to describe performance in harsh environments.
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Trnsmitters: Test results suggest that transmitters may function with less mliability in ha
environments than that assumed in PRAs. There are several NRC notices on transmitter
operability such as installation problems affecting the differential pressure sensing lines an:
transmitter errors caused by thermal instability during the first hour of exposure to a harsh
eavironment. '

2.3 Issues associated with "old® EQ requirements

Plants designed, constructed, and licensed at different times have different guidance and
requirements for the pre-aging, type testing, and documentation of electrical equipment
component qualification. For example, in contrast to guidelines for later plants, guidelines
for earlier plants do not require that samples for LOCA testing be pre-aged before testing.
Also different samples are permissible for demonstrating resistance to aging stresses and
resistance to a LOCA. Absence of voltage breakdown during the LOCA test of cablcs is
cons’ lered acceptable with no examination or_post-environmental test to demonstrate margi
Doc it Atanon required for the electrical equipment qualification of early plants canbasica
Astate t.at the tests were done.] TR

Important issves, associated with "old® EQ requirements whose effect on equipment
reliability in harsh environments needs to be evaluated, are listed below [2,3].

o Not taking into account aging (e.g., due to exposure 10 environmental and operation:
stressors such as temperature, radiation and humidity).

® Not taking into account synergistic effects (e.g, simu.’"neous exposure to radiation
and steam as opposed to sequential exposure).

L Failure to demonstrate margin (to account for normal variations in commercial
production of equipment and reasonable errors in defining satisfacto: y performance)

‘o Qualification by analysis (e.g. to demonstrate functional performance requiremeats of
components). :

o Functional and material similarity between installed and qualified components.

L Not taking into account instaliation practices during qualification (e.g., component

orientation and interfaces).

L Not taking into account potential variations in electrical inputs during qualification
(c.g., degraded v itage).

12 .-
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2.4  Risk-in.portant electrical components with potentially reduced rehabmﬂs io
harsh environments due to Issues associated with ®old* EQ requirements

The following electrical components support risk significant operations in harsh
environments. They also may have, as a result of the lower standards of "old” EQ
requirements, reduced reliabilities when exposed to a harsh environment [2].

PWRs

o W&Mﬁ(GFWRIWmmmW

and valve position indication devices). . Historically, PORV-related operators were 3
included in utility EQ master lists; _have been the focus of NRC information nc:»txc:n:s,;ﬁM
inspection Ti dings-and-research-programs;-and- are«susccpu'blﬂo a‘gmg wh:ch was not TS
considered in plants with ®old". EQ reqmrementsfm IR il B SR

ks "“’""&vm&.d”m»& P NE P DL

° Steam Generator Level Detection Circvuits. Typxca!ly consist of a Gifferential pressure
transmitter and associated connections, splices, cables, and electrical penetrations; and
have been the focus of NRC information notices, inspection findings and research
programs. They are susceplible to thermal degradation of tansmitter electronics and
age degradation of O-ring seal with subsequent moisture intrusion to the transmitter -
electronics.

BWRs

® . Solefcid and Motor Operators (including associaied Lcables *connectors, penetranons
‘Land valve. position_ indication devices ) FrarsiBislns i B2

AL AR e AR A
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3.0 PLANT SPECIFIC RISK ASSESSMENT

Three plants were selected for quantitative risk analysis. These include two PWRs
(Sequoyah and Surry) and one BWR (Peach Bottom). Among the reasons for sclecting these
plants were the availability of PRAs [4], the availability of drawings showing comnonents
inside containment, they are representative of PWR and BWR plant populations, and they
follow *old® EQ requirements. :

Risk-important electrical components with potentially reduced reliabilities when operating in

o A O B e

a harsh environment, common to all PWR plants, are: 1) electricar somponents supporting 7

PORV-and-PORYV-block valve operations: and 2) steam generator level détector circuits.
Similarly,.risk-important-electrical’ componentswith potentially reduced reliabilities when
operating in a harsh environment, common to all BWR plants are: 1) electrical components
supporting Safety Relief Valve (SRV) operations and 2) electrical components supporting

Main Steain Isolation Valve (MSIV) and MSIV bypass operations.

A brief review of nfﬁf?y?umntmlmsﬁmwrmm‘miﬁtmm

components,ifiside the containment, in addition to the common components, méutioned”
-above, which may be important risk contributors if their reliabilitics are re uced when they

. L S e S e s SX PRI g
are.required.to opcrate. in a harsh environment. i Examples are:

L Sequoyah, Surry, and Indian Point; Normally closed MOVs are required to open, at
approximately 15 hours into a large or medium LOCA, to provide hot leg
* recirculation.

® Indian Point 3: Two of the four pumps which are used for emergency core cooling
during the recirculation phase of a LOCA, as well as their associated normally closed
MOVs, are located inside containment. These pumps are required to o; .rite in a
harsh environment for several hours during a LOCA. '

3.1  PWR Plant Specific Risk Assessment

Risk-important core damage sequences, and related in-containment components facing harsh
environments, were identified. This was achieved by combining generic information from
the literature review, presented in chapter 2.0, with plant specific information extracted from
the Sequoyah and Surry PRAs [4]. These sequences, which are the same for both plants, are

listed below.

1. Large and medium LOCASs with failure of hot leg recirculation: Hot leg recirculation

is required at both plants at approximately 15 hours into the LOCA (o prevent flow
blockage due to concentration of boron in the reactor vessel. Affected in-containment

compwnents are:

14
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- At Sequoyah, one normally closed motor-operated valve (MOV) is required to
open, by remote manual actuation, at approximately 15 hours into the accident

to allow low pressure recirculation through the hot legs. If this valve fails to
open, the operator will try to use the safety injection pumps as a back-up.

- At Surry, one of two normally closed MOVs must open at approximately 18
hours into the LOCA, to provide hot leg recirculation.

2. o et . .
bleed® operation: In the event of small break or transient-induced LOCAs, core
cooling is maintained by either high pressure injection and auxiliary feedwater (AFW)
or by “feed and bleed® operation using high pressure injection and pilot-operated
relief valves (PORVs). In-containment components affected by the harsh environment
(for both Sequoyah and Surry) are:

- Steam generator (SG) level detectors: failure to provide correct indication to
the operator, at several hours into the LOCA, will impact A¥W flow and
possibly AFW operation.

- PORYV solenoid and block valve operators: common-cause failure would
prevent PORVs and block valves to open for "feed and bleed” when demanded
at several hours into the LOCA (following failure of AFW)

Current PRAs use normal operation statistics to model both the reliability of the AFW
function and the “feed and bleed” function. However, both of these functions rely on
operation of electrical components that are located in containment and hence subjected to the
harsh environment caused by the small or transient-induced LOCA. The above accident
sequences and associated affected components were used to conduct a screening evaluation of
the potential risk impact of electrical components that were qualified according to *old” (i.e.,
DOR or NUREG-0588 Category IT) EQ requirements. This was achieved by paramelsically
reducing the reliavilities of affected equipment to simulate the effect of potential common-
cause failures in a harsh environment. It was assumed that the probability of AFW failure
following incorrect SG level indications is 0.2. This implies that the operator can use
altermative instrumentation effectively to control AFW flow following the failure of SG level

detectors.

The results of the parametric risk analysis are presented in Table 1 for Sequoyah and Table 2
for Surry. The probability of failure of a single component when demanded, A, was varied
from 0.1 to 0.3. This reflects a subjective assessment of the qualitative information
presented in Chapter 2. The peicentage of all failures affecting single, redundant,
components which are due to common-cause, £, was taken to be either S0% or 100%. This
is consistent with the high probability assumed for single components which implies the
presence of common-cause failure mechanisms. The product of A, and 8 gives the common-
cause failure probability, A,

15 .-
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Table 1. Core Dar. age Frequency (CDF) Increase Due to Common-Cause Failures of
Electrical Components in a Harsh Environment for Sequoyah (Base Case CDF:

1E-4/yr).
Sr=asewey
SINGLE COMPONENT AND
AFFECTED . AFFECTED COMMON-CAUSE CDF
SEQUENCES COMPONENTS FAILURE PROBABILITIES | INCREASE
(per year)
o | B® | ae | ¥
Large and Hot log recirculation 0.1 - - 2E-5
Medium MOV (fails to open) 0.2 - - 4E-6
LOCAs 0.3 - - 6E-6
Small LOCAs PORY solenoid 0.1 50 0.05 1E-§
operators; PORV 0.2 50 0.1 2E-5
block valve motor 0.2 100 0.2 4E-5
operators; SG level 0.3 100 0.3 6E-5
H detectors
Transient- PORY solenoid 0.1 50 0.05 1E-7
Induced LOCAs | operators; PORV 0.2 50 - 0.1 2E-7
block valve motor 0.2 100 0.2 4E-7
operators; SG level 0.3 100 0.3 6E-7
detectors
‘Al affected Hot leg recir- 0.1 50 0.05 1E-S
sequences culation MOV; 0.2 50 . 0.1 2E-S
PORYV solenoid 0.2 100 0.2 4E-5
operators; PORV 0.3 100 0.3 7E-5
block valve motor
operators; SG level
detectors
16 )
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Table 2. Core Damage Frequency (CDF) Increase Due to Common-Cause Failures of

Electrical Components in a Harsh Environment for Su

rry (Base Case CDF:

2.5E-5/yr).
SINGLE COMPONENT AND
AFFECTED AFFECTED COMMON-CAUSE CDF
SEQUENCES COMPONENTS FAILURE PROBABILITIES | ™NCREASE
' oo | B | A | EerYe0
Large and The two hot leg 0.1 50 0.05 SE-5
Medium recirculation MOVs 0.2 50 0.1 1E4
LOCAs (fail to open) 0.2 1007 0.2 2E4
0.3 100 0.3 3E4
PORY solenoid
Small LOCAs operators; PORV 0.1 50 0.05 1E-5
block valve motor 0.2 50 0.1 2E-§
operators; SG level 0.2 100 0.2 "4E-5
detectors 0.3 100 03 6E-S
Transient- PORY solencid 0.1 50 0.05 2E-5
Induced LOCAs | operators; PORV 0.2 50 0.1 4E-5
block valve motor 0.2 100 0.2 8E-5
operators; SG level 0.3 100 0.3 1E-4
detectors
H All affected Hot leg recir- 0.1 50 0.05 8E-5
* sequences culation MOVs; 0.2 50 0.1 2E4
PORY solenoid 0.2 100 0.2 3E4
operators; PORV 0.3 100 0.3 SE4
bluck valve motor
operators; SG level
detectors

17
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for redundant components (such as PORYV solenoid operators and SG level detectors).,
Resulting plant core damage frequency increases vary from 1 x 10%/year to 7 x 10-%/year for
Sequoyah and from 8 x 10*%/year to 5 x 10*/year for Surry. &W‘, which are
comparable_with NUREG-1150.estimates of base case core damage frequency for these
plants, indicate that the risk impact of "old* EQ requirements can be sighificant if efecirical j
component re iabilities are reducafaﬁeto the presence of a harsh eavironment. 7 7

2 T A i A ML

3.2 BWR Plant Specific Risk Assessment

Risk-important core damage sequences, and related in-containment components facing harsh
environments, were identified. This was achieved by combining generic information from
the literature review, presented in chapter 2.0, with plant specific information extracted from
the Peach Bottom PRA [4]. These sequences, are listed below.

1. iat m .4 ' igh pressure coolant
injection (HP mon- j he saf; lief valv Vs) t
in a harsh environment: Opening of SRVs is required to depressurize the primary

system so that low pressure coolant injection (LPCI) systems can be used o cool the
core. Affected in-containment components are SRV solenoid operators whose failure
will prevent SRVs to open when demanded, possibly at several hours into the LOCA.

2. Transient with Joss of ressi li W mmon-

_suppression pool cooling followed by common-cause failures of
SRVs and MSIVs in a harsh environment (TW_sequence): The MSIVs must open, in

a harsh environment, to restore the power conversion system and thus avoid further
heat-up of the suppression pool. Failure of the MSTVs would lead to failure of the
HPCI/RCIC pumps (due to seal failure) and need to use the SRVs to depressurize and
continue core cooling by low pressure injection. Failure of the SRVs to open in a
harsh environment leads to core damage. Affected in-containment components are
SRV and *{SIV solenoid operators and MSIV bypass valve motor operators. SRV
operation could be required for approximately 22 hours during the accident.
Operation of MSIVs may be demanded any time before core melt.

The above accident sequences and associated affected components were used to conduct a
screening evaluztion of the potential risk impact of electrical components that were qualified
according to "old" (i.e., DOR or NUREG-0588 Category 1) EQ requirements. This was
achieved by parametrically reducing the reliabilities of affected equipment to simulate the
effect of potential common-cause failures in a harsh environment.

The results of the parametric risk analysis are presented in Table 3. The probability of
failure of a single component when demanded, A,, was varied from 0.1 to 0.3. This reflects
a subjective assessment of the qualitative information presented in Chapter 2. The
percentage of failures affecting single, redundant, components that are due to common-cause,
B, was taken to be either S0% or 100%. This is consistent with the high probability assumed
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for single componerits whict implizs ihie pr=sence of comasn-sause failure mechanisms.
The product of A, and § gives the common-cause fatlure probability, A, for redundant
components (such as SRV solenoid operators, MSIV solenoid operators, and MSIV bypass
valve motor operators). Resulting plant core damage frequency increase estimates vary from
1 x 107%/year to 1 x 10*/year. Such increases, which are comparable with the NUREG-1150
estimate of base case core damage frequency for Peach Bottom, indicate that the risk impact
of *old® EQ requirements can be significant if electrical component reliabilities are reduced
due to the presence of a harsh environment.

Table 3. Core Damage Frequency (CDF) Increase Due to Common-Cause Failures of
Electrical Components in a Harsh Environment for Peach Bottom (Base Case
CDF: 8E-6/yr). o
SINGLE COMPONENT AND
AFFECTED AFFECTED COMMON-CAUSE CDF
SEQUENCES COMPONENTS FATLURE PROBABILITIES | INCREASE
r year)
o | B® | A | P
Intermediate SRV solenoid 0.1 50 0.05 3E-6
and Small operators 0.2 50 0.1 6E-6
LOCAs 0.2 100 0.2 1E-S
0.3 100 0.3 2E-5
Transient with SRV and MSIV 0.1 50 0.05 1E-S
loss of solenoid operators 0.2 50 0.1 2E-5
suppression and MSIV bypass 0.2 100 0.2 4E-5
pool cooling valve motor 0.3 100 0.3 6E-5
(TW sequence) | operators
All affected SRV and MSIV 0.1 50 0.05 1E-5
sequences solenoid operators 0.2 50 0.1 3E-S
and MSIV bypass 0.2 100 0.2 SE-§
valve motor 0.3 100 0.3 1E4
operators
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4.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

The major conclusions from this preliminary risk analysis are summarized below.

o Core damage frequency estimates for both PWR and BWR plants could increase
significantly if electrical equipment reliabilities are reduced due to the presence of a
harsh environment.

®  Current PRA perceptions regarding important risk contributors could change if
electrical equipment reliabilities are reduced due to the presence of a harsh
environment. )

®  The magnitude of core damage frequency impact is plant specific

‘o

St iy RS

e Due to the lack of reliability data bases and the limitations in current PRA models, an
accurate assessment of the risk associated with harsh eavironments is not possible at
this time.

The following future work is recommended.

® Identify potential failure modes of aged in-containment electrical equipment required
to be able to function in harsh environments.

L Devise a grouping scheme for electrical equipment in harsh environments to guide the
selection of failure probabilities for the several failure modes. Such a scheme could
be based on expert elicitation using available information (e.g., failure modes and
associated stressors, failure mechanisms, and degradation sites as well as other
available qualitauve information on "old® EQ requirements and specific component
vulnerabilities) and substituted for the lack of reliability data bases.

L Assess the likelihood that a failure of an in-containment electrical component is
propagated to components outside containment (e.g., due to failure of protective
devices, miscoordination among circuit breakers of different sizes, erroneous signals,

etc.). )

L Assess the need for human reliadility analysis which takes into account the presence
of erroneous indications, failure of required automatic actuations as well as the

presence of undesirable actuations.

® Use the above mentioned information in accident scenarios associated with harsh
environmental conditions to obtain more realistic estimates of the increases in core
damage frequency and better insights regarding the risk significance of electrical

equipment EQ issues.
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Abstract

As more nuclear power plants approach middle age, it is becoming increasingly clear that a wide
variety of degradation mechanisms pose significant economic and safety risks. Since the Nuclear
Regulatory Commission (NRC) confirmed that age-related degradation in boiling water reactors
(BWRs) will damage or destroy vital internal components well before the standard 40-year BWR
license expires, federal regulators must now seriously address the future safety and engineering
implications of multiple component failures in BWRs. State regulators must also take a long-
range view and reexamine the cost-effectiveness of their current response to the aging-reactor
crisis—a response that favors a piecemeal, fix-or-replace-at-any-cost strategy. And they must put
in place the necessary financial incentives to minimize future costs to their customers without
compromising nuclear plant operating safety standards.

This paper focuses on just one age-related problem confronting the nuclear power industry:
degradation of the internal components in BWR pressure vessels. This study found that the
nuclear industry—the regulated and the regulators alike—is not prepared to deal with the grave
age-related problems that lie ahead. Prudent officials at all levels of government need to adopt a
broad-gauged management plan to meet current and future engineering and economic challenges.
A piecemeal, one-component-at-a-time approach may have been appropriate in the past, but it is
simply no longer in the public interest, nor in the interest of the nuclear industry, to continue in
this manner. '



Introduction

Since 1978 no new nuclear reactors have been ordered in the United States, and plant
orders placed between 1973 and 1978 have been canceled. Today, the US nuclear power
industry is trying to survive by finding ways to extend the useful life of existing nuclear
power plants another 20 years beyond their initial 40-year license period. This is an
outdated strategy, and one that the Nuclear Regulatory Commission’s own nuclear plant
aging research program severely discredits.

Research has shown that a multitude of both large and small nuclear plant compo-
nents are susceptible to a staggering variety of aging mechanisms. Reactor vessels,
steam generators, piping, valves, heat exchangers, pumps, motors, instrumentation,
electrical cables, seals, and supports are all degraded by erosion, fatigue, corrosion,
radiation and thermal embrittlement, and vibration.

Studies have also demonstrated that some types of degradation cannot be detected
using the established methods of periodic testing and inspection. Furthermore, in some
cases no known methods exist for detecting the degradation. In-service failures in
BWRs are thus inevitable.

To date, the single most significant finding resulting from the NRC’s research
program is that the essential conditions that produce stress corrosion cracking—includ-
ing corrosion-susceptible materials, a corrosive environment, and tensile stresses—are
all present in BWRs. So far, most of the documented cracking has been found in one
component, the core shroud. But 18 other BWR internal components are also known to
be susceptible to stress corrosion cracking. In all, 21 major BWR internal components
are susceptible to corrosion, fatigue, creep, embrittlement, and erosion, or to a combina-
tion of these degradative mechanisms.

Other worrisome NRC findings include the following:

s Most BWRs experience core shroud cracking after only 20 years of operation—not
40 or 60

e The synergistic effects of multiple degraded components is still a largely unexplored
but critical aspect of the BWR aging cycle

The Genesis of the Problem

In a January 4, 1994, internal memorandum (cited on page 1 of the attachment to
SECY-94-276, dated Nov. 10, 1994), the NRC declared core shroud cracking in BWRs
to be “an emerging technical issue.” Since that date, the NRC has focused on core
shroud cracking as a safety issue, and industry officials have busied themselves looking
for reliable ways to find the cracks and then develop a technical fix for the problem.
This approach, however, is not so much wrong as it is seriously incomplete.



By placing top priority on the more immediate safety implications associated with
cracks in the core shroud—a legitimate concern given the NRC’s charter—industry and
NRC officials have implicitly elected to follow a piecemeal strategy for dealing witha
broad range of age-related BWR issues. The industry and its regulators appear to be
deliberately avoiding a comprehensive, systemwide, long-range approach.

On two counts, this is a dangerous precedent. First, once removed from its larger
context, the true significance of the failure of any one component will be greatly under-
estimated, as will the synergistic effects that are likely when two or more components
simultaneously experience a failure.

Second, a piecemeal approach can only treat the symptoms of a problem, not the
problem itself. The root problem facing the BWR industry is not cracks in the core
shroud or degradation in any of the other two dozen internal components of the reactor
vessel known to be susceptible to stress corrosion cracking, creep, fatigue, embrittle-
ment, and erosion; nor is it any one of the multiple valves, motors, pipes, seals, sup-
ports, and electrical wires that are experiencing age-related degradation. The real—and
thus far neglected—problem facing federal and state-level regulators is that they don’t
have a detailed picture of the long-term cost-effectiveness and reliability implications of
the nation’s aging BWR plants. Only when regulators have such a picture can they
make sense of what cracks in the core shroud and other aging problems really mean to
utilities and their customers—and only then can they make enlightened decisions in the
public interest.

'l'échnical Background

The Core Shroud

As shown in figure 1, the core shroud is a 360-degree stainless steel cylinder surround-
ing the BWR core. Typically, a core shroud will measure 20 feet in height, 14 to 17 feet
in diameter, and 1.5 to 2.0 inches in thickness. The core shroud performs three primary
functions. First, it directs the incoming feedwater down and along the reactor vessel’s
wall, and then up through the reactor’s core. Second, in addition to supporting the
reactor’s top guide and core plate, the core shroud also maintains the reactor’s core
geometry under normal operations. Finally, the shroud provides a refloodable space that
could help protect the core from damage during an accident.!

Core Shroud Cracking

Table 1 is a compilation of core shroud inspection data received by the NRC from BWR
operators. The primary locations for intergranular stress corrosion cracking in the core
shroud are along the nine circumferential weld lines shown in figure 2. Figure 3 demon-
strates that cracks in the core shroud are directly linked to the aging process. In BWRs
in commercial operation for fewer than 20 years, core shroud cracking is rare. After 20
years, moderate to extensive cracking is the rule rather than the exception.

1 For further details on the role of the core shroud and other BWR inter nal components, see Nuclear Regulatory
Commission, Boiling-Water Reactor Internals Aging Degradation Study, NUREG/CR-5754, September 1993.
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Table 1

SUMMARY OF NRC DATA ON CORE SHROUD CRACKING

Commercial Last

Brunswick 2 MK 1 11/3/75 5/94 Inspection found extensive cracking.
BWR-4 Repairs have been implemented.

Peach Bottom 3 MK 1 12/23/74 11/93 Minor circumferential and axial
BWR-4 cracking found.

Vermont Yankee MK 1 11/30/72 10/93 Inspection found no cracking.
BWR-4

Hatch 2 MK 1 12/31/75 4/94 inspection found moderate cracking.
BWR-4

Dresden 3 MK 1 11/16/71 4/94 Inspection found extensive cracking.
BWR-3 A safety evaluation justified contin-
ued operation for 15 months without
repair.

Fermi 2 MK 1 1/23/88 6/94 Inspection found minor axial crack-
BWR-4 ing.

Duane Arnold MK 1 2/01/75 9/93 . Inspection found no cracking.
BWR-4

LaSalle 1 MK 2 1/01/84 5/94 - Inspection found no cracking.
BWR-5 :

Susquehanna 1 MK 2 2/12/85 12/93 Inspection found no cracking.
BWR-4

Source: NRC Report to Congress on Abnormal Occurrences for October-December 1994, March 1995
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Figure 2

CORE SHROUD WELD LOCATIONS
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Figure 3

SUMMARY OF NRC DATA ON CORE SHROUD CRACKING
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The Core Shroud in Context

In its March 15, 1995, Report to Congress on Abnormal Occurrences for October—
December 1994, the NRC called BWR core shroud cracking “the most significant
concern related to potential failure of reactor internals reported during 1993 and 1994.”
Although cracks in the core shroud have deservedly received a good deal of attention in
recent years, it is crucial to keep a systemwide perspective. Core shroud cracking is
indeed a very serious problem but, more important, it is a harbinger of even more
widespread future crises. As the BWR fleet continues to age, component failures will
become more and more commonplace. The current core shroud crisis should be thought
of as a wake-up call rather than an opportunity to find and apply a technological quick
fix. ‘

Table 2 (on page 8) puts the core shroud into a far more meaningful context. Since
the core shroud is but one internal component among many that will fail with the
passage of time, this table underscores the dangers associated with addressing the core



shroud apart from its larger BWR context. The core shroud may be the first internal
failure to come to the attention of state, NRC, and industry officials, but it will surely
not be the last.

As shown in table 2, 19 of the 21 BWR internal components listed are susceptible to
stress corrosion cracking, including irradiation-assisted intergranular stress corrosion
cracking. In addition, eight components are vulnerable to fatigue failures.
Embrittlement is a potential aging-related degradation mechanism for four components,
and erosion causes degradation in two components. Finally, five internal components
are susceptible to the effects of creep.

Synergistic Effects

Significantly, in addition to the core shroud, 10 other internal components listed in table
2 are susceptible to two or more aging-related degradation mechanisms. In the past two
years, NRC and industry officials have worked long and hard to accumulate a spattering
of data concerning how and why the core shroud is cracking, and what to do about it.
But to date, little is known for sure about the synergistic effects of the degradation and
failure of one internal component as it interacts with others. Rather conservative specu-
lation, however, would raise the following domino-like risks:

e The force of escaping water from a ruptured pipe could cause a nearby, previously
cracked component—such as a top guide—to fail and thereby prevent the insertion
of control rods, which in turn would stop the reactor’s shutdown

e The failure of any component listed in table 2 could very well block the flow of
water within the core, resulting in a localized melting of the reactor’s fuel

Even under ideal conditions, detecting damaged internal components is an uncertain
task. Access to the components is limited, and inspection techmques, visual and ultra-
sonic alike, are not 100 percent accurate. What is certain, however, is that with the
passage of time the five degradation mechanisms and the 21 internal components listed
in table 2 will interact with one another in surprising and unpredictable ways.

Reactor Repairs: The State of the Art

The Core Shroud

What does it take to repair a cracked core shroud in terms of cost, plant down time, and

technology availability? According to the February 6, 1995, issue of Inside NRC, MPR
- _Associates, based in Alexandria, Virginia, has developed a recently patented core

shroud repair method, which consists of a series of 10 vertically mounted tie-rods

applying axial compression to a cracked shroud. MPR charges between $500,000 and

$1 million to inspect a core shroud, and $3 million to $4 million to install the tie-rods.

The repair reportedly takes about 10 days.



‘sjusuodiuod [eusaiul

HMg usyeam ueo mojy pinbyl e ui sjejdosp pue sajqanq Jo SOaYe SAISRIGE 8] "U0ISOIFe
-Bupoeld 0} S|qeIsUINA puUE SjlilIq SJoW |eusiew

e oyew (jJuswaRUqWS uoHeIpRI) SEXNY uosnau ise} o) ainsodx pabuojoid pue (juswspuque
[euuisyy) sasmeredwayl ybiy o} sjusuoduwiod [ewsiul Jo ainsodx3 “JuswBIRUqWIp

‘sjusuodwiod jeuwsajul

HME urenso ui dojeasp syoelo Speoj olweuAp o} asuodsas uj S8jeIqIA 8injonuis e sy ‘anbiieds

‘de910 SB UMOU)| S| SS1}S JUBISUOD JOpun SINJons B Jo uoijewlojep anssaiboud ey “desudq

‘lensiew
BulpunoLINS 8y YIM SUOIOEa] [E01WAYD04108[0 AQ PasNED UCIjBIousIap JO 8snedsq Jusuodwod
[BINJOMNIS [EWaIU! HAG € JO Bulussjeam ay) 0} S18J91 OOS "BUD{ORID UOISOLI0) SSallSe

£661 lequeides :ygl_g-uo/saunN “Apms uonepeibeq buiby sjeulejuf joeey Jejep-buiog :edinog

® eulj Buisues duind Jor

Buisnoy a4

qni ep!
® ® Joyuol Xnjj UoNNBU 8109-U|

| ] L ® dwnd jep

Jebreds Aeids 810D

® oeld e109

o ® pnoiys 10

epinb doi.

] ® ) Jojesedes weelg

uojsoly Juswemuquy onbpeq dee1d 9IS jusuodwon

SINSINVHOI NOILLYAvYdY3Ia a3lviad-ONIDV

TVILNILOd ANV SLNINOdINOD TVNHIALNI HME

ZojqeL




Other Internal Components

The readiness of the industry to meet projected maintenance and repair challenges that
lie ahead is unclear. A rough measure of the nuclear industry’s level of readiness to
manage the full range of problems associated with aging BWRs is found in a June 1994
report of the Boiling Water Reactor Owners Group. As indicated in table 3, more than
half of the internal components in a BWR are classified as readily repairable. But, for
12 of 29 components (bolded below), repair methodologies were still in the conceptual
phase of development. "

Table 3

OTHER REACTOR INTERNALS REPAIR OPTIONS

Component Repair Capability

In-core housing

Core spray line Y

Core spray sparger

Reactor Vessel Attachments

Surveillance capsule holder bracket N

Y = local repair or replacement available

N = no repair developed to date

R = replaceable component

C = conceptual repair {design of hardware and installation tooling not complete)
X = hands-on repair possible after lowering vessel water

Source: NRC/BWROG meeting materials, June 28, 1994



Looking Toward the Future
Faced with long-term economic and technological uncertainty, the BWR community—

owners, suppliers, and regulators at all levels of government—can no longer afford a
myopic, short-term view of the future. Indeed, Ivan Selin, then-departing chairman of
the NRC, warned in a May 9, 1995, address that reactor aging will require a major,
continuous effort by industry officials to anticipate emerging aging-related problems
and to resolve them before they become a crisis.

A comprehensive analysis of the BWR aging problem, taken as a whole, is a good
place to start. Such a plan must include:

e acomplete technical feasibility study of the life-cycle of each and every BWR
internal component subject to failure. Knowing that 60 percent of the components
can be repaired, given the state of the art, is not good enough;

¢ a detailed, component-level economic strategy to guide state regulatory decisions
about when a BWR is economically repairable, and when it is beyond repair.

The nuclear industry can no longer afford, technically or financially, to muddle
forward into the 21st century. The most important way for the BWR community to
begin today to make better decisions tomorrow is to deal with the whole problem of

aging-related degradation.
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Abstract

As more nuclear power plants approach middle age, it is becoming increasingly clear
that a wide variety of degradation mechanisms pose significant economic and safety
risks. One such mechanism, radiation-induced embrittlement of the reactor pressure
vessel, affects all US nuclear power plants and becomes progressively more severe the
longer a reactor is operated. More than a decade after the US Nuclear Regulatory
Commission (NRC) expressed confidence that the vessel embrittlement problem was
well understood, operating experience and new information show the opposite. State
regulators should plan for the possibility that vessel embrittlement may cause more
plants to close permanently before expiration of their 40-year operating licenses and is
likely to preclude extending the operating licenses of other plants.

'Economic implications aside, embrittlement of reactor pressure vessels also poses
serious safety risks. It could lead to rupture of a reactor vessel—an accident more
severe than safety systems are designed to mitigate. Although some plants have taken
steps to slow the rate of embrittlement, the problem has not been eliminated. The NRC
must discontinue its practice of relaxing safety requirements or ignoring violations of
its regulations. Public safety requires strict enforcement of the rules governing inspec-
tions of reactor vessels for cracks and those governing the maximum permissible vessel
embrittlement. State regulators should recognize that methods to counteract the effects
of embrittlement are unproven and that vessel embrittlement may require early decom-
missioning of nuclear plants. Thus, before authorizing major expenditures for repairs or
plant modifications unrelated to vessel embrittlement, regulators must consider whether
permanent closure of the plant is the better economic choice for electricity consumers.



Introduction

In 1992, embrittlement of the reactor pressure vessel beyond safety limits led to the
permanent shutdown of the Yankee Rowe plant in western Massachusetts after 31 years
of operation—at the time, the longest that any US nuclear power plant had operated.
Today, it is uncertain whether reactor vessel embrittlement or some other age-related
mechanism will make the remainder of America’s aging nuclear power plants too
dangerous or too costly to continue operation. What is certain is that degradation of
reactor pressure vessels will become more severe as our nuclear power plants age.
Federal and state regulators must face this reality if they are to act in the best interests
of the public.

Embrittlement of reactor pressure vessels is a particularly serious safety problem
because no safety systems are capable of protecting the public against the consequences
of vessel failure. The emergency core cooling systems are designed to prevent a melt-
down if an accident involves a break in a pipe connected to the reactor. But these
systems were not designed to prevent a meltdown if the reactor vessel ruptures. Further-
more, the containment building housing the reactor is not designed to remain intact in
the event of a reactor meltdown. Thus, failure of a reactor pressure vessel could result
in off-site releases of radiation as large as, or larger than, the releases estimated to have
occurred at Chernobyl.

Determining the magnitude of the risk posed by vessel embrittlement is an uncer-
tain process. The rate of embrittlement varies widely from plant to plant. Small varia-
tions in the chemical composition of vessel materials, the operating temperature of the
reactor, the distribution of uranium in the reactor core, and the distance between the
core and the vessel wall all have an effect on the rate of degradation. Further, the lack
of an inexpensive and reliable method to locate and determine the size of cracks or
other flaws in the reactor vessel undermines the reliability of calculations to determine
the probability of vessel failure. Measuring the amount of embrittlement requires
destructive testing of vessel materials, but some plants do not have representative
samples of the vessel materials needed for such testing. Thus, a plant-specific analysis
is needed to evaluate the magnitude of the safety hazard posed by embrittlement of the
reactor pressure vessel and to estimate the remaining useful life of the nuclear power
plant.

A variety of techniques can be employed to reduce the rate of vessel embrittlement
and, theoretically, some effects of the radiation damage could be reduced. These tech-
niques are, however, either of limited value or their efficacy and cost are unknown. In
particular, the nuclear industry and the Nuclear Regulatory Commission (NRC) have
claimed that heating the reactor vessel far above its normal operating temperature could
restore the reactor vessel to near its pre-irradiated condition. Heat treatment of a reactor
vessel has never been attempted on a US plant, however, and thus its cost and effective-
ness remain unknown. :



Technical Background

The Reactor Pressure Vessel

This paper focuses on embrittlement of the reactor pressure vessels in pressurized water
reactors (PWRs)—the type of reactor used in 73 of the 110 licensed US nuclear power
plants. Although the reactor vessels in plants using boiling water reactors also become
embrittled, the problem is, in general, less severe in those plants.

The typical reactor pressure vessel used for pressurized water reactors is a massive
steel container about 40 feet tall and 15 feet in diameter, as shown in figure 1. It is
constructed of steel plates about 8 inches thick, which are held together by circumferen-
tial and axial welds. The inside surface is clad with stainless steel to reduce corrosion.

The reactor pressure vessel in a PWR is normally completely filled with water to
keep the fuel core covered. The reactor and the piping connected to it form the reactor
coolant pressure boundary, containing the reactor cooling water under a pressure of
about 2,200 pounds per square inch.

Reactor Vessel Embrittlement :

The reactor pressure vessel becomes embrittled by exposure to neutron radiation from
the fission process in the core. The portion of the vessel walls and welds directly oppo-
site the reactor core—the vessel beltline region—receives the highest level of radiation
exposure. Vessel embrittlement occurs when long exposure to radiation reduces the
ability of the vessel materials to give, or stretch. As the vessel’s steel plates and welds
become brittle, they are more likely to fracture.

The chemical composition of the vessel materials is a key factor affecting the extent
to which the vessel becomes embrittled by the neutron radiation. The presence of small
amounts of copper and nickel in the irradiated material—less than 1 percent by
weight—can have a marked effect on the magnitude of embrittlement degradation. For
example, increasing the amount of copper in the vessel welds by just a few hundredths
of a percent can reduce the time to reach embrittlement limits by several years.

Another factor that affects the rate of vessel embrittlement is the temperature at
which the reactor operates. For a given radiation exposure, a vessel will become
embrittled at a faster rate if it operates at a lower temperature. Thus, if reactors are
operated at a lower temperature in an attempt to slow the rate of corrosion in other
components, such as steam generator tubes, the result is more embrittlement.

Reference Temperature

The characteristics of the vessel materials change as the reactor vessel is heated. The
temperature at which this change in material properties occurs is known as the refer-
ence temperature. At temperatures below the reference temperature, the steel plates and
welds are brittle and subject to cracking, like glass. Above the reference temperature,
the materials are ductile and are able to stretch when subjected to stress. The effects of
temperature and neutron radiation on the reactor vessel are shown in figure 2 below.
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Figure 1

Typical PWR Reactor Pressure Vessel
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Figure 2

Effects of Radiation on Reactor Pressure Vessel
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In a new vessel, the reference temperature is in the range of 0 to 40 degrees Fahren-
heit. As the vessel materials are bombarded by high energy neutrons during the life of
the plant, however, the reference temperature gradually increases. This aging process
reduces the safety margin between the temperature at which the vessel exhibits brittle
characteristics and the temperature to which the vessel will be cooled in the event of an
accident. Thus, the longer the reactor operates, the higher the reference temperature
becomes and the more susceptible the vessel is to fracture in the event of an accident.

Current NRC regulations limit the reference temperature to less than 270 degrees
Fahrenheit for the vessel’s steel plates and axial welds, and to less than 300 degrees
Fahrenheit for the vessel’s circumferential welds.

Fracture Toughness

In addition to the increase in the reference temperature, neutron irradiation causes a
reduction in the reactor pressure vessel’s “fracture toughness”—the ability of the steel
and weld materials to resist fracture—even at the normal operating temperature of 550
degrees Fahrenheit. Over time, as the damage from the neutron radiation accumulates,
the vessel’s resistance to fracture decreases.

Fracture toughness is determined by measuring the energy required to break
samples of the steel plates and welds originally used in the fabrication of the reactor
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vessel. Samples of the original materials are supposed to be saved and hung inside the
reactor vessel so that they are exposed to the level of radiation reaching the vessel wall.
As the plant ages, the samples are periodically removed and tested to determine the
extent to which the vessel has become embrittled.

Current NRC regulations specify that reactor vessel plates and welds must have an
initial fracture toughness of at least 75 foot-pounds and must maintain a fracture tough-
ness of no less than 50 foot-pounds throughout the life of the reactor pressure vessel.

Pressurized Thermal Shock

During normal operation, the pressure vessel is heated to approximately 550 degrees
Fahrenheit, the operating temperature of the reactor cooling system. In the event of
accident, however, the emergency core cooling systems inject relatively cold water—
less than about 100 degrees Fahrenheit—into the reactor vessel. If the accident involves
a small pipe break or steam generator tube leak, the emergency cooling systems will
also rapidly repressurize the reactor to a pressure of about 2,500 pounds per square
inch. This combination of rapid cooling and pressurization is referred to as “pressurized
thermal shock” of the reactor pressure vessel, which can cause cracking or rupture of an
embrittled vessel. Vessel failure is even more likely if a small crack or some other flaw
is present.

For most nuclear plant accidents, the NRC employs a “defense-in-depth” strategy
for protecting the health and safety of the public. Redundant safety systems are pro-
vided so that if one system fails, another may be available. No such backup is available
for the pressure vessel, however. If it fails, there is no means of cooling the core and
avoiding a meltdown because the emergency cooling water escapes from the vessel
without reaching the core. Since the containment building is not designed to withstand
a meltdown, such an event would probably lead to a release of intensely radioactive
material from the molten core into the environment.

Crack Detection

To ensure the structural integrity of a reactor pressure vessel, it is essential that it be
inspected to determine the location, size, and orientation of any flaws, such as cracks.
NRC regulations require that such inspections be performed about once every 10 years.
The ultrasonic testing methods used for these inspections are not particularly reliable,
however, and some portions of the vessel wall cannot be inspected at all because of
physical obstructions. The NRC’s Regulatory Guide 1.150 on ultrasonic testing of
reactor vessels notes that the “lack of reliability of UT [ultrasonic testing] examination
results is partly due to the reporting of ambiguous results, such as reporting the length
of flaws to be shorter during subsequent examinations.” Given such limitations, it is
difficult to make an accurate determination of whether cracks are present in the vessel
or, if so, the rate at which the cracks are growing.



History of NRC Regulations and Enforcement

Because no safety system exists to protect the public in the event of pressure vessel
failure, the NRC issued regulations intended to ensure that the probability of failure of
the reactor pressure vessel is and remains extremely low. To achieve this goal, the NRC
envisioned both (1) early detection of flaws or cracks developing in the vessel wall, and
(2) periodic measurements of the extent to which the material used to fabricate the
vessel is becoming embrittled. These regulations were developed in order to prevent the
deadly consequences of pressure vessel embrittlement and rupture and constitute the
NRC’s minimum standards that plants must meet to provide reasonable assurance of
public safety.

Lax Enforcement of NRC Regulations

The NRC adopted regulations that became effective in August 1973 and remained in
effect until the mid-1980s, when they were amended. The 1973 regulations stated that
the vessel’s maximum reference temperature at the end of a plant’s life should be less
than 200 degrees Fahrenheit. If the reference temperature was predicted to exceed 200
degrees Fahrenheit, the plant was required to be designed to permit heat treatment of
the vessel at a sufficiently high temperature to recover material toughness properties. In
1981, the NRC staff informed the NRC chair that the owners of certain plants—those
licensed before August 1973 in which the predicted end-of-life reference temperature
was greater than 200 degrees Fahrenheit—claimed that they had the capability to
perform such a heat treatment. In reality, neither the nuclear industry nor the NRC
performed more than superficial evaluation of the feasibility and effectiveness of heat
treating the reactor pressure vessel, regardless of the date the plants were licensed.

After the plants were licensed for operation, the reactor vessels became embrittled
faster than had been predicted. In addition, evaluations of accidents at operating plants
involving pressurized thermal shock of the vessel showed that if those accidents were
repeated at an older plant with an embrittled reactor pressure vessel, there was a high
probability that the vessel would rupture.

In July 1981, the NRC ordered 44 operating plants to determine the condition of
their reactor vessels. The results of these evaluations, published in November 1982 as
NRC Staff Evaluation of Pressurized Thermal Shock, showed that the reference tem-
perature of the vessels at 15 operating plants (see table 1) exceeded 200 degrees Fahr-
enheit. Most of the those plants had operated for less than 10 years (and three—Rancho
Seco, San Onofre 1, and Yankee Rowe—are no longer in operation).

The NRC did not order these 15 plants shut down to perform a heat treatment of the
vessel. Instead, in February 1984, the agency published a proposed rule to establish
new limits on reference temperature—270 degrees Fahrenheit for the vessel plates and
axial welds and 300 degrees Fahrenheit for the circumferential welds (49 Fed. Reg.
4500). The Commission proposed these higher temperature limits despite an NRC
contractor’s report that said it would be “unwise” to do so. The NRC portrayed the
proposed rule changes as “intended, if adopted, to produce an improvement in the



Table 1

Plant Location Max. Ref. Temp Began Operation
{as of 12/81) {year)
Cook 1 Mich. 200 °F 1974
Fort Cathoun Nebr. 242 °F 1973
Ginna N.Y. 213 °F 1969
Indian Point 3 N.Y. 212 °F 1976
Oconee 2 S.C. 231 °F 1973
Point Beach 1 Wis., 210 °F 1970
Point Beach 2 Wis. 215 °F 1971
Rancho Seco Calif. 207 °F 1974
Robinson 2 S.C. 281 °F 1970
San Onofre 1 Calif. 229 °F 1967
Surry 1 Va. 200 °F 1972
TMI-1 Pa. 204 °F ' 1974
Turkey Point 3 Fla. 259 °F 1972
Turkey Point 4 Fla. 259 °F 1973
Yankee Rowe Mass. 212 °F 1960

safety of PWR vessels,” rather than what they actually were—a relaxation of the safety
requirements.

In 1976, when responding to charges that the potential for reactor vessel rupture had
serious safety implications, the NRC stated: “In-place annealing of reactor vessels has
been demonstrated to be an effective means of restoring the material properties” (Inves-
tigation of Charges Relating to Nuclear Reactor Safety, Joint Committee on Atomic
Energy, hearing record, 1192.). In contrast, the NRC’s 1984 notice of its proposed rule
contained the following factual statement: “Thermal annealing has never been at-
tempted on a commercial reactor, let alone shown to be practical.”

In July 1991, the Union of Concerned Scientists (UCS) and the New England
Coalition on Nuclear Pollution (NECNP) took legal action against the NRC because the
Yankee Rowe plant was operating in violation of the regulations on vessel
embrittlement. At the time, the Yankee Rowe plant was the nuclear industry’s leading
candidate for an extension of its 40-year operating hcense—whlch may have accounted
for the NRC’s lack of enforcement of its regulations.

In 1990, the NRC had estimated that the reference temperature for the vessel’s
plates was 355 degrees Fahrenheit and the reference temperature for the circumferential
welds was in the range of 330 to 370 degrees Fahrenheit, far above the limits of 270
degrees Fahrenheit and 300 degrees Fahrenheit, respectively. In addition, a consultant
retained by the NRC estimated that the vessel’s fracture toughness could be less than 30
foot-pounds, well below the 50 foot-pound limit.



The reason that the reference temperature and fracture toughness had to be esti-
mated was that Yankee Rowe did not have samples of the vessel material that could be
tested to measure the extent of embrittlement. The NRC was also aware that the reactor
vessel had not been inspected for cracks even once during the 30 years the plant had
been operating. Despite knowing that the plant was operating in violation of the NRC’s
own safety requirements, the NRC initially opposed the request by UCS and NECNP
that the plant be shut down until it was in compliance with the regulations. The plant
was closed in the fall of 1991, however, and never reopened. The utility claimed that
the plant was safe to operate, but that it would cost too much to prove that hypothesis.

NRC’s Current Assessment of Embrittlement

After embrittlement of the reactor vessel closed the Yankee Rowe plant for good, the
NRC began to treat the embrittlement problem more seriously. In 1992, the NRC staff
asked the utilities to determine whether pressurized water reactors and boiling water
reactors would exceed vessel embrittlement limits prior to the expiration of their cur-
rent operating licenses. The NRC’s summary of those analyses was published in the
report Status of Reactor Pressure Vessel Issues on October 28, 1994 (SECY-94-267).

The NRC concluded that for all except two of the plants, the reference temperatures
of the reactor pressure vessels would remain below the 270 degrees Fahrenheit and 300
degrees Fahrenheit limits at the end of their current operating licenses. The Beaver
Valley 1 plant in Pennsylvania and the Palisades plant in Michigan were predicted to
exceed these limits in 2012 and 2004, respectively—before the expiration of their
operating licenses in 2016 and 2007.

The NRC was unable to conclude that the fracture toughness of the vessel materials
would remain above 50 foot-pounds throughout their operating life, citing “limitations
in the available data” as the basis for being unable to reach a reliable conclusion. The
NRC claimed that “generic” rather than plant-specific analyses had been performed,
which supported a conclusion that all pressurized water reactors and boiling water
reactors could have a fracture toughness of less than 50 foot-pounds and still have an
adequate safety margin throughout their current operating licenses.

In the same report (SECY-94-267) to the NRC commissioners, however, the NRC
staff hedged their conclusions on two counts. First, the memo cautions that “it is impor-
tant to note that these results are based on the information currently reported by the
licensees and are subject to change” and that “the assessment of RPV [reactor pressure
vessel] integrity must be a continuing, proactive effort.”

On May 8, 1995, the NRC issued an update to Status of Reactor Pressure Vessel
Issues (SECY-95-119) based on new information that the NRC staff had obtained. In
the fall of 1994, the owner of the Palisades plant had performed tests and chemistry
analyses on the welds in its steam generators. The Palisades plant does not have irradi-



ated samples of the vessel welds, and the owners substituted weld samples from the old
steam generators that had been replaced. The owners claimed that the results of tests
and analyses on the steam generator welds were applicable to the reactor pressure welds
because the former were fabricated using the same procedures and weld material as
those in the reactor vessel. The steam generator welds, however, were not exposed to
neutron radiation received by the vessel welds.

Nevertheless, the tests and analyses indicated that the degree of embrittlement of
the Palisades reactor pressure vessel could be higher than previously calculated. Tests
determined that the copper and nickel concentration within the weld material varied
greatly and that this variability could be three times greater than previous estimates.
Using this new data, the NRC estimated that the vessel could exceed the allowable
reference temperature in 1999 rather than 2004—five years earlier than the NRC had
estimated only the year before.

AMay 15, 1995, article in Inside NRC reported that William Russell, director of the
NRC’s Office of Nuclear Reactor Regulation, said that the chemical variability could
substantially reduce the time before plants reach the reference temperature limits and
that “there aren’t going to be many reactors at all (with high copper content welds) that
are going to make it” though an extended operating license period without heat treat-
ment of the vessel. He also said that the number of plants that might not make it
through the end of their currently licensed period could increase as well.

The same article reported that another NRC official identified nine plants that are
potentially affected with shorter operating periods before reaching the reference tem-
perature limits. The plants are Palisades in Michigan, Kewaunee in Wisconsin, Ginna in
New York, Beaver Valley 1 in Pennsylvania, Point Beach 2 in Wisconsin, Turkey Point
Units 3 and 4 in Florida, Robinson 2 in South Carolina, and Salem 2 in New Jersey.

The NRC reviewed other data previously withheld as “proprietary information” by
the reactor vessel’s manufacturer, Asea Brown Boveri/Combustion Engineering. The
data indicated that the amount of embrittlement of the vessel welds in the Kewaunee
plant in Wisconsin could be greater than previously calculated and that there was a
large variability in the reported amount of copper and nickel in the welds.

The NRC staff informed the commissioners that the large variability observed in the
chemical composition of the welds in the Palisades and Kewaunee reactor vessels could
be applicable to other reactor pressure vessels and could significantly affect their
embrittlement evaluations. The NRC also expressed concern that additional data not
previously considered by the plant operators could affect the predicted time for reach-
ing vessel embrittlement limits. Therefore, on May 19, 1995, the NRC required the
owners of both pressurized water reactors and boiling water reactors to submit a written
report providing any new data and assessing the impact of this data on vessel integrity.
The NRC gave the utilities six months to submit their reports.



Dealing with Embrittiement

Officials have proposed a variety of means for dealing with the embrittlement of reactor
pressure vessels; some have been implemented. One idea was to heat water stored in
tanks that supply the emergency core cooling systems, in order to reduce the thermal
shock to the reactor vessel in an accident. This technique is of limited value in reducing
the probability of vessel rupture, however, and it reduces the effectiveness of the emer-
gency core cooling systems.

One method used by many plants to slow the rate of vessel embrittlement is to
redistribute the uranium in the reactor fuel. Reducing the concentration of uranium in
the fuel assemblies at the periphery of the core reduces the radiation exposure to the
vessel. In order to compensate for the lower power generation in the outer fuel assem-
blies, the power density in the center of the core must be increased if the plant’s full
power output is to be maintained. This decreases the safety margin against fuel melting
in the event of an accident, however, because the center of the core operates at a higher
temperature. In any event, this technique only slows the rate of vessel embrittlement; it
does not stop it.

Heat Treatment of Reactor Vessels

In the years ahead, it appears likely that the nuclear industry and the NRC will promote
heat treatment of the reactor vessel as a promising cure-all for embrittled reactor ves-
sels. Thermal annealing of reactor pressure vessels, as this heat-treatment process is
called, has never been attempted—Iet alone shown to be practical and effective—at a
commercial US nuclear power plant, and a large number of practical and technical
problems remain to be solved.

There are basically two potential ways to anneal a vessel in place. One is to use the
reactor coolant pumps to heat the reactor cooling water above the normal operating
temperature. This so-called wet annealing process would also heat the entire reactor
cooling system, which is a major drawback: raising the temperature high enough to
heat-treat the vessel could damage the reactor-cooling piping. In the other method,
“dry” annealing, the fuel would be removed from the vessel, which would then be
drained. Electrical heaters would be attached to the vessel and then be used to raise the
temperature higher than could be safely used in a wet annealing process. The reactor
vessel would have to be heated to the range of 800 to 900 degrees Fahrenheit and held
at that temperature for about a week to achieve significant reversal of the effects of
embrittlement,

_ The extent to which the reference temperature is reduced and the fracture toughness
increased by the annealing process can be reliably determined only by destructive
testing of samples of the vessel plates and welds before and after the heat treatment. If
representative samples that have been exposed to the same radiation as the vessel are
not available, the safety of continued operation will remain uncertain. The heating of
the vessel must be uniform and applied for the correct length of time and at the correct
heat-up and cool-down rate. Since only the vessel beltline will be heated, a difference
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of several hundred degrees could develop between the vessel wall and the lower head
of the vessel. The resulting stress has the potential for causing crack growth after the
plant resumes operation. Some evidence also exists that the vessel may reembrittle at a
rate faster than its original embrittlement. Because reembrittlement is highly dependent
on the material composition and the actual conditions used in annealing, it is necessary
to have a reliable method for determining the condition of the vessel after annealing is
completed and operation resumes.

In sum, although thermal annealing has the theoretical potential to restore some of
the original properties of the reactor pressure vessel, its cost and effectiveness remain
unknown.

Where to from Here?

Since embrittlement of reactor pressure vessels is an inevitable age-related hazard,
more accurate, plant-specific data is essential if the NRC is to make a reliable judgment
on the safety of continued plant operation. The NRC must cease its practice of either
ignoring violations of the safety limits on vessel embrittlement or relaxing those re-
quirements in order to allow continued operation of plants that become more dangerous
the longer they operate.

State regulators are faced with the dilemma that they cannot rely on a utility’s
prediction of the time when the reactor will become too dangerous to continue operat-
ing without attempting an annealing process with uncertain effectiveness and unknown
costs. When faced with the need to consider the prudence of some unrelated major
expenditure by the utility, however, regulators would be wise to consider the potential
for vessel embrittlement and the other age-related degradation mechanisms plaguing
the nuclear industry. Regulators must set standards for deciding when further expendi-
tures to repair an aging nuclear power plant are no longer in the best economic interests
of electricity consumers.
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Appendix

Commercial Pressurized Water Reactors Licensed for Operation

As of 12/11/95

Alabama
Farley 1 & 2

Arkansas
Arkansas 1 & 2

Arizona
PaloVerde 1,2& 3

California

Diablo Canyon 1 & 2

San Onofre2 & 3

Connecticut
Haddam Neck
Millstone 2 & 3

Florida

Crystal River 3

St. Lucie 1 & 2
Turkey Point 3 & 4

Georgia
Vogtie 1 & 2

Illinois
Braidwood 1 & 2
Byron 1 & 2
Zion1&2

Kansas
Wolf Creek

Louisiana
Waterford 3

Maine
Maine Yankee

Maryland
Calvert Cliffs 1 & 2

Michigan
Cook 1 &2
Palisades

Minnesota
Prairie Island 1 & 2

12

Missouri
Callaway

Nebraska
Fort Calhoun

New Hampshire
Seabrook

New Jersey
Salem1&2

New York
Ginna
Indian Point2 & 3

North Carolina
Harris

McGuire 1 & 2
Ohio
Davis-Besse

Pennsylvania

Beaver Valiey 1 & 2
Three Mile Island 1

South Carolina
Catawba 1 & 2

. Oconee 1,2& 3

Robinson 2
Summer

Tennessee
Sequoyah 1 & 2
Watts Bar 1

Texas

Comanche Peak 1 & 2
South Texas 1 & 2
Virginia

North Anna 1 & 2
Surry 1 &2

Wisconsin
Kewaunee :
PointBeach 1 & 2
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Abstract

As more nuclear power plants approach middle age, it is becoming increasingly clear that
a wide variety of degradation mechanisms pose significant economic and safety risks.
The degradation of steam generators in pressurized water reactors (PWRs) is among the
more perplexing problems confronting the nuclear power industry and its state and
federal regulators. Since decades of effort have failed to control the problem, the US
Nuclear Regulatory Commission should reconsider its practice of allowing PWRs to
continue operating at full power with ever-increasing levels of steam generator
degradation. State regulators should anticipate the inevitable costs of steam generator
degradation and replace the current fix-or-replace-at-any-cost practice with a process for
making cost-effective decisions before the steam generators become unfit for continued
service.

This study focused on just one age-related problem and found that the nuclear
industry and its regulators are not confronting the increasing risk of reactor accidents or
the economic costs arising from the continuing degradation of PWR steam generators.
Prudent officials at all levels of government need to adopt management plans based upon
a recognition that there are limited options for meeting current and future challenges
posed by steam generator degradation. It is simply not in the public interest to wait until a
crisis develops to determine whether steam generator repair, steam generator replacement,
or permanent plant shutdown is the preferable choice.



Introduction

Most complex technologies, nuclear and nonnuclear alike, experience technical prob-
lems and failures. With study and the application of new knowledge, however, these
problems are typically corrected. Steam generator degradation in pressurized water
reactors (PWRs) is an exception to this rule.

Thirty years ago nuclear technology was widely hailed as a panacea, a promising
new source of electric power to satisfy the growing demands of an expanding, modern
society. In reality, however, nuclear technology has actually created a host of tough new
technical problems. Some of these problems—in particular, degradation of PWR steam
generator tubes—have been unrelenting, and technical remedies remain out of reach
despite many years of effort. To this day, the 73 PWRs (out of 110 licensed US nuclear
power plants) are vulnerable to several forms of stcam generator degradation.

Experience shows that tube degradation is inevitable with age and is manifested in a
wide variety of forms, each requiring a unique solution. Over the years, as one form of
tube degradation was brought under control, another appeared to take its place. This
problem is continuing today, and it is growing worse rather than improving. Unfortu-
nately, it is difficult to inspect and accurately assess damages to PWR steam generator
tubes. ' :

When plants were new, damaged tubes could be removed from service with little or
no impact on the plant’s maximum power output. But since the number of degraded
tubes keeps increasing, plants are facing rising repair or replacement costs and lengthy,
unscheduled outages—both of which threaten the economic viability of continued plant
operation. In addition, new forms of corrosion raise the specter of bigger leaks and an
increasing risk of reactor meltdown. Even more troublesome, undetected cracks in
steam generator tubes pose an exceptionally high risk of radioactive contamination of
the environment. In other words, PWRs pose a threat to both the health and the pocket-
" books of millions of Americans. '

For the sake of both economics and safety, federal regulators should acknowledge
that the long search for a technical solution for aging steam generator tubes has failed.
Indeed, with the appearance of new types of corrosion with unknown causes, the
exceptionally high safety risk posed by aging steam generator tubes can be ignored no
longer. It is time to defuse these nuclear time-bombs as quickly as possible.

The Nuclear Regulatory Commission (NRC)should cease its practice of relaxing
the repair criteria for degraded steam generator tubes. This “let’s-play-chicken” policy
has increased the risk of nuclear accidents due to ruptured tubes. Since years of effort
have not produced a way to stop tube degradation, continued federal relaxation of the
tube repair criteria is not a defensible public policy.

State regulators, on the other hand, must develop a strategy for dealing with the
inevitable—increasingly more frequent, unscheduled shutdowns of PWR plants in the



years to come, and the need to promulgate standards for deciding between early plant
decommissioning or steam generator replacement.

How a PWR Nuclear Power Plant Works

Figure 1 is a simplified diagram of a nuclear plant utilizing a pressurized water reactor.
There are three principal cooling water circuits: the primary reactor cooling system; the
secondary steam, condensate, and feedwater systems; and the condenser cooling sys-
tem.

Figure 1
PRESSURIZED WATER REACTOR PLANT
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The primary cooling system contains water pressurized to about 2,200 pounds per
square inch (psi), which is pumped through the reactor, where it is heated to an average
temperature of about 550 degrees Fahrenheit. This hot water, contaminated with radio-
active material, then flows through the metal tubes of the steam generator. Heat con-
ducted through the tube walls boils a secondary water supply surrounding the outside of
the tubes. The primary reactor coolant is then pumped back to the reactor to be re-
heated.

The secondary system operates at a much lower pressure than the primary system,
producing steam at a pressure of about 1,000 psi, which is used to drive the plant’s
turbine-generator. Steam exhaust from the turbine enters the condenser, where itis
cooled to liquid condensate, which is then pumped back to the steam generators as
feedwater.

The condenser cooling system pumps water from a natural body of water or a
cooling tower through tubes in the condenser, and the water flows back to its source.
About two-thirds of the energy produced by the reactor is released to the environment
by the condenser cooling system, and only one-third is converted into electricity in the
turbine-generator.

PWR Steam Generators

Figure 2 illustrates a typical steam generator used in PWR plants. A stcam generator
weighs a few hundred tons and is taller than the reactor itself. Each plant has from two
to four steam generators, depending on the plant’s size and design. Each steam genera-
tor contains 3,000 to 15,000 tubes, each about 70 feet long and three-quarters to seven-
eighths of an inch in diameter and with a wall thickness of one-twentieth of an inch.
The thin tube walls form the only barrier separating the radioactive water in the primary
reactor cooling system from the “clean” water in the secondary steam, condensate, and
feedwater systems.

Safety Hazards of Steam Generator Leaks

Although the reactor, the primary cooling system, and the steam generators are located
within a containment building, the secondary steam, condensate, and feedwater systems
are located outside. Because the reactor operates at a much higher pressure than the
steam system, any leaks or ruptures in the steam generator tubes allow the radioactive
water to escape into the secondary systems and then into the environment.

The most serious safety hazard is the simultaneous rupture of several cracked
tubes—a situation that could lead to a meltdown accident. The reactor’s emergency
core cooling systems (ECCS) were designed on the questionable assumption that the
worst accident involving steam generator tubes would be the rupture of one tube in one
steam generator. The probability of multiple tube ruptures was viewed as so low that
the ECCS were not designed for that possibility.
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The continuing corrosion of steam generator tubes, however, and the unreliable
methods of detecting the corrosion have resulted in plants operating with an unknown
number of cracked tubes. This is exactly the situation described by NRC Commissioner
Kenneth C. Rogers in an August 30, 1988, speech to the International Symposium on
Nuclear Power Plant Aging:

- The concern is not a single tube leaking or even failing. The concern is
with sudden multiple tube failures—common mode failures. For ex-
ample, such failures could come about by having essentially uniform
degradation of the tubes. Degradation would decrease the safety margins
so that, in essence, we have a “loaded gun,” an accident waiting to
happen. Under those conditions, a pressure transient or a seismic event
could rupture many tubes simultaneously. That could allow primary
coolant to enter the secondary system and the resulting high pressure to
lift the relief valves that are outside containment on the steam line, thus
permitting primary water to bypass containment and communicate with
the atmosphere directly, resulting in a LOCA [loss-of-coolant accident].

Because reactor pressure is more than 1,000 psi higher than the steam system
pressure, the rupture of one tube results in the loss of reactor-cooling water at an initial
rate of about 600 to 700 gallons per minute. If several tubes rupture, the pressure on the
secondary side of the steam generators rises rapidly, opening the steam generator
pressure-relief valves, which discharge directly into the atmosphere outside the contain-
ment building. The loss of so much water could render the ECCS ineffective. The
subsequent melting of the reactor fuel would release the intensely radioactive fission
products, which could then escape through the broken tubes and out the steam genera-
tor relief valves into the environment.

Even small leaks through the steam generator tubes can have safety and economic
consequences. Radioactive gases carried with the steam to the condenser are discharged
into the atmosphere by the condenser air ejector, increasing the radiation dose to the
public. In addition, tube leaks can contaminate the secondary systems, increasing both
the radiation exposure to plant workers and the costs of repairing and maintaining those
systems.

Degradation in PWR Steam Generators

Figure 3 illustrates some of the internal components and the locations of tube degrada-
tion in steam generators used in PWRs designed by Westinghouse and Combustion
Engineering. The seven PWRs designed by Babcock & Wilcox use steam generators of
a different design, but these reactors, t00, have experienced similar types of degrada-
tion.

The tubes are made of Inconel 600, an alloy developed by the International Nickel
Company that consists primarily of nickel, chromium, and iron. Tubes in the shape of



an inverted “U” are anchored in a “tube sheet,” about two feet thick, near the bottom of
the steam generator. During steam generator fabrication, the tubes are mechanically
“rolled” or otherwise expanded firmly against the tube sheet holes and then welded on
the bottom face of the tube sheet. The expansion process leaves internal stresses within
the tube wall that have proven to be the site of stress corrosion cracking, initiated on
both the inside and outside of the tube. Residual stress from forming the U-bend in the
tubes and the antivibration bars at the U-bend region of the tubes have also been the site
of stress corrosion cracking and “fretting,” or wear of the tube walls.

Several tube support plates, about three-quarters of an inch thick, are used along the
length of the tubes to maintain the spacing between the long slender tubes. The section
of the tubes where they pass through the tube support plates has been the site of tube
wall thinning and tube denting. Corrosion products building up in the space between
the tube and the tube support plate dent the tube and increase its susceptibility to stress
corrosion cracking.

One form of degradation that is becoming more prevalent is circumferential crack-
ing of the tubes in the so-called freespan lengths of tubes between the tube support
plates (earlier forms of degradation resulted in cracking along the length of the tubes).
Cracks around the tube circumference increase the chance of a tube pulling apart,
allowing reactor coolant to escape from both ends of the rupture. Such circunferential
cracking caused the two most recent tube ruptures, at McGuire Unit 1 in North Carolina
(a Westinghouse PWR) and the Palo Verde Unit 2 plant in Arizona (a Combustion
Engineering PWR). The NRC has stated that “experience shows that tubes with circum-
ferential cracking may become vulnerable to rupture without significant precursor
leakage.”

Currently, the intergranular attack and stress corrosion cracking that began appear-
ing in the late 1970s are the most prevalent types of degradation affecting steam genera-
tors. Such corrosion tends to follow the grain boundaries in the metal. Intergranular
attack is characterized by uniform degradation of the grain boundaries at the surface
and occurs if the metal is not under significant stress. If the metal is subject to higher
stresses from construction methods or operating conditions, the cracks penetrate into
the metal along the grain boundaries. To date, no method has been identified to stop this
type of corrosion in existing steam generators, and it threatens to limit the remaining
life of several plants unless steam generator replacement is an economical option.

Past Attempts to Halt Steam Generator Degradation

As early as the 1970s, the seesaw campaign to understand the causes of and develop
remedies for steam generator degradation processes was well established. With the rise
of each new steam generator problem (see figure 4), the nuclear industry reacted by
forming a study group to find a technical fix. Early on the method appeared to work,
and the problems plaguing steam generators in the 1970s were virtually eliminated. But
the efforts proved less than successful as earlier “solutions” actually caused additional
problems and new forms of steam generator degradation kept appearing.
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Figure 3

CORROSION LOCATIONS

U-Bend Region Antivibration Bar

N

7~
swss carmoson cracing | JMNMIL

Corrosion
Tube
Support : Tube
Plate t Support
L . } Plate
41 ’ { - Corrosion
\__./
Tube Denting Stress Corrosion Cracking
%
/
L )} Y
mlililali]m [ Corrosion Sludge Pile
J- _ :
/"‘\
L
\—/
Circumferential Cracking Thinning, Pitting, Stress
Corrosion Cracking, &
Intergranular Attack




In the 1970s, for example, sodium phosphates were used in the secondary feedwater
to control acidity and corrosion in the steam generators. The phosphates concentrated in
crevices, however, and actually led to corrosion and a generalized thinning referred to
as wastage. By the mid-1970s, some steam generators—which are supposed to last for
the 40-year life of a plant—had deteriorated to the point that they had to be replaced
after less than 10 years of operation.

The strategy then changed to using all volatile chemicals, such as ammonia, in
highly purified secondary water. The change in chemistry, however, led to rapid corro-
sion of the tube support plates that were fabricated from carbon steel. The buildup of
corrosion products in tube support plate holes caused pinching or denting of the tubes,
which created metal stress that increased corrosion rates.

In the 1980s, the extensive use of copper in secondary system components was
believed to be responsible for pitting on the outside of the tubes. In addition, leaks in
condenser tubes allowed impurities to enter the secondary water; these impurities then
concentrated in the steam generators. The corrosion products from the secondary
systems and within the steam generator built up as a sludge pile on the tube sheet
covering the outside of the tubes and contributed to pitting on the tubes. To eliminate
some of the sources of copper and condenser impurities, condensers and other heat
exchangers in secondary systems of some plants were replaced with tubes of other
materials, such as stainless steel or titanium, although sometimes this was done only in
conjunction with replacement of the steam generators.

An important aspect of the data in figure 4 is the continued prevalence of “un-
known” as the cause of steam generator corrosion. From the late 1970s through the
1980s, 10 to 20 percent of the tube degradation resulted from unknown causes. The
NRC reports that in recent years, 30 to 40 percent of the tube degradation has resulted
from unknown causes. After two decades of attempting to understand and correct the
causes of steam generator tube degradation, it is time to acknowledge that this aging
problem is out of control and is likely to continue to worsen in the future.

Detecting Steam Generator Tube Degradation

The NRC is well aware of the unreliability of the methods used to detect degradauon of
the steam generator tubes. In a May 26, 1993, internal staff report (Operating Reactors
Events Briefing 93-19), the NRC reported that “there have been widespread deficien-
cies in [steam generator] inspection programs throughout the industry.” The NRC
concluded that cracks penetrating 40 percent through the tube wall “cannot be reliably
detected.” This was an important finding, because the NRC’s safety standard requires
 that a tube be repaired or removed from service if cracks 40 percent through the tube
wall are detected. Significantly, then, the nuclear industry cannot even determine
whether it meets this NRC safety standard.



Figure 4
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The steam generator tubes can only be inspected for corrosion and cracks when the
plant is shut down. Thus, the rate at which the tubes are corroding is unknown during
the 12 to 24 months between scheduled shutdowns for reactor refueling. Furthermore,
the NRC does not require that all tubes be inspected for their entire length during each
inspection. Even when the tubes are inspected, a number of uncertainties remain.

The standard tube inspection method is called eddy current testing. An electrical
probe is passed through the tube, and an alternating current applied to the probe induces
a secondary, or “eddy,” current in the tube wall. The amount and configuration of the
metal surrounding the probe influence the electrical signals that are detected. If cor-
rectly interpreted, the signals can indicate the location of cracking or other degradation
of the tubes, but the type of degradation and the length and depth of any cracking are
difficult to determine. For example, different forms of corrosion produce similar signals
in the eddy current probe. Thus, the relationship between the voltage signal from the
eddy current probe and the actual physical condition of the tube is uncertain.




Another source of uncertainty derives from the fact that other parts of the stcam
generators affect the eddy current signal. If, for example, the tubes are cracked or
degraded in locations where other metal components, such as the tube support plates,
are close to the tube walls, the tube cracks can be masked by the metal outside the tube.

If analysis of the data from eddy current inspections does not disclose tube degrada-
tion before tube integrity is impaired, leaks of reactor cooling water into the secondary
systems might be detected by an increase in radiation before a tube rupture accident
occurs. Some plants have installed radiation detectors on the main steam pipes that
carry steam from the steam generators to the turbine-generator. These detectors give the
reactor operator a prompt indication of a steam generator tube leak and also identify the
leaking steam generator. This may give the reactor operators sufficient time to shut
down the plant before a small tube leak turns into a tube rupture accident. Some plants
do not have such detectors, however, because the NRC has not required their installa-
tion. For these plants, detection of steam generator leaks is delayed, and the leak rate is
generally higher before it is detected. The NRC-allowed rate of leakage through steam
generator tubes varies from plant to plant, depending primarily on whether the NRC has
allowed continued plant operation despite the existence of cracks more than 40 percent
through the tube walls. Allowable leak rates range from a few gallons per minute to
about one-tenth of a gallon per minute.

The lower allowable leak rate is imposed on plants that have received NRC permis-
sion to continue operating despite the presence of deep tube cracks. For many years,
utilities generally accepted the NRC’s requirement that tubes with cracks deeper than
40 percent of the tube wall had to be repaired or removed from service. As steam
generator degradation continued to worsen, however, the number of tubes requiring
repair or removal threatened to reduce the power output of the plant or to require either
replacement of the steam generators or early permanent closure of the plant. The utili-
ties argued that the 40 percent through-wall standard was too conservative. The NRC
responded by approving the use of a repair criterion based on voltage signals from the
eddy current inspections. Tubes that would have had to be repaired under the depth-
based criterion are allowed to remain in service, unrepaired, under the voltage-based
criterion. In an attempt to compensate for the increased risk posed by operation with
deep cracks, the allowable leak rate during normal operation is reduced. Under accident
conditions, however, the tubes with deeper cracks are more likely to fail.

Steam Generator Repair Options _

With detection of degradation more severe than the NRC permits, only two alternatives
are available for repairing steam generator tubes. A tube can either be removed from
service by plugging both ends, or a metal sleeve can be inserted inside the tube and
welded in place, bridging the defective area of the tube. The only other course of action
is to replace the steam generators or decommission the plant.
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Plugging of tubes reduces the heat transfer area in the steam generators, lowers the
flow rate in the reactor cooling water system, and costs a few hundred dollars per tube.
Sleeving, on the other hand, has little effect on the heat transfer capability of the steam
generators and, compared to plugging, has a smaller effect on reactor coolant flow rate.
About 10 to 20 tubes can be sleeved before the reduction in reactor cooling flow is
equal to that caused by plugging one tube. At a cost several thousand dollars per sleeve,
however, it is much more expensive, and, unlike plugging, sleeving is not a permanent
repair. Both the welding itself and the process of expanding the sleeve against the
ongmal tube wall create stresses within the weld and tube wall that result in continuing
corrosion. The installed sleeve also prevents installation of another sleeve if tube
degradation occurs at another location above the sleeve. Finally, since sleeving reduces
the tube’s inside diameter, a smaller eddy current probe must be used, which compli-
cates interpretation of the eddy current signal.

The reductions in steam generator heat transfer area and reactor cooling water flow
have several effects. If the maximum power output of the plant is to remain the same,
the temperature of the water leaving the reactor and entering the steam generator must
be increased in order to transfer the same amount of heat to the secondary system. This,
in turn, means that the reactor fuel temperature must be increased, reducing the safety
margin to fuel melting in the event of an accident. The increased temperature also
accelerates corrosion in the tubes remaining in service. On the other hand, if the reactor
temperature is reduced in an attempt to slow further steam generator degradation, the
rate of radiation embrittlement of the reactor vessel increases, and the plant’s power
output decreases.

Some tubes can be plugged.or sleeved without reducing the plant’s power output.
Aside from the economic considerations, however, the number of tubes that can be
plugged and sleeved is also limited by safety considerations. PWRs are required to be
designed to withstand a break of any pipe in the reactor cooling system. In a such a so-
called loss-of-coolant accident, the hot pressurized water gushes out of the reactor, and
some of the water is assumed to flow through the steam generator tubes to the location
of the pipe break. If too many tubes are plugged or sleeved, the escaping water will
meet more resistance, and the pressure in the reactor will not be reduced as quickly.
This will delay water from the emergency core cooling system reaching the reactor
core. A delay of even a few seconds can result in the core reaching a much higher
temperature. Thus, a plant-specific analysis of the design basis loss-of-coolant accident
is needed to determine how many steam generator tubes can be sleeved or plugged.

Typically, once a PWR reaches its plugging limit, the utility claims that the original
analysis of emergency core cooling capability was overly conservative, and the NRC
increases the plugging limit. In some cases, a plant’s plugging limit has been increased
more than once. Although the NRC claims that the revised analyses still meet the safety
criteria, there can be no dispute that the safety margin for coping with loss-of-coolant
accidents has been much reduced by the degradation and subsequent plugging and
- sleeving of steam generator tubes.
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Economic Impact of Steam Generator Degradation

Both the history of steam generator degradation and the future implications of continu-
ing tube corrosion paint a bleak economic picture. Two decades of trial-and-error
attempts to control steam generator degradation have been ineffective and costly.

The problems are not unique to US plants; they affect PWRs worldwide. In June
1992, an NRC team visited France, Sweden, and the United Kingdom and attended an
international meeting on steam generator problems. In its official trip report dated
November 10, 1992—which the NRC intended to withhold from the public but which
UCS obtained—the NRC reported that

» there is general acceptance around the world that steam generator tube ruptures are
unavoidable given the inherent limitations of the alloy used and the shortcomings of
the tube inspection techniques;

 the United States lags behind major European countries in terms of the scope of
steam generator tube inspection programs;

» the maximum tube leak rate allowed during normal operation is much lower in
European countries than the NRC permits in US PWRs; and

» much broader use of radiation detectors on steam lines to detect tube leaks occurs in
Europe than in the United States.

The following year, in a May 26, 1993, “Operating Reactors Events Briefing,” the
NRC summarized the experience with PWR steam generators in the United States:

“Steam generator tube degradation problems are widespread throughout the industry.”
As support, the NRC cited

« seven steam generator tube rupture “events” (accidents);
« numerous forced plant shutdowns;
» extensive tube repairs and extensions of scheduled shutdowns;

» steam generator replacements at 11 plants, an average of one plant per year between
1980 and 1993; and

 significant radiation exposure to workers.

With an eye toward the future, the NRC compiled a list of recent trends of concern,
with stress corrosion cracking appearing as the dominant mechanism affecting steam
generators and circumferential cracking becoming more prevalent. The NRC concluded
that “there is no end in sight to these problems for plants operating with their original
steam generators.”
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The NRC’s gloomy outlook did not improve with the passage of time. At the May
9--10, 1995, Regulatory Information Conference, the NRC reported again on the trends
in steam generator degradation: forms of degradation have changed; older US steam
generators are experiencing an increasing amount of degradation; and degradation of
previously sleeved tubes may be an emerging problem. The NRC’s assessment of the
economic implications for the nuclear industry was for more of the same: increased
forced outages; increased plugging, sleeving, and associated costs; a potential for power
reductions as steam generator plugging increases; and shortened operating life of steam
generators, with continued plant viability becoming a major concern.

The NRC also assessed the regulatory implications of this situation, reporting that
the NRC staff was regulating on an ad hoc basis in an “unstable regulatory environ-
ment”’—a result of the drain on NRC staff resources caused by increasing requests for
license amendments to relax the tube repair criteria. This situation is destined to prevail
in the future, since the industry has estimated that up to 30 proposals for different tube
repair standards will be submitted to the NRC for approval within the next one to two
years.

In its public pronouncements, the nuclear industry portrays a more optimistic
outlook but acknowledges the continuing nature of steam generator degradation. An
article in the May/June 1995 issue of the Electric Power Research Institute’s EPRI
Journal, “Solutions for Steam Generators,” describes improvements in the materials
and design of replacement steam generators, which have so far had experienced less
degradation. For plants operating with their original steam generators, however, EPRI
reports that some degradation mechanisms have not yet been controlled and thus
threaten to limit the useful life of many steam generators.

Replacing a plant’s steam generators costs about $100 million to $200 million, plus
the cost of replacement power while the plant is out of service. With experience, the
time needed to replace steam generators has been reduced, thus decreasing the cost of
buying replacement electrical power. It also appears, so far, that changes in design (to
eliminate areas of low flow where corrosion products are deposited as sludge) and use
of a different alloy and new heat treatment processes during fabrication of the tubes
have reduced the rate of tube degradation in replacement steam generators.

Looking Toward the Future

After two decades of effort, the nuclear industry and the NRC should confront the fact
- that the hunt for a technical remedy to steam generator degradation has failed. The
NRC should cease its policy of relaxing repair standards in order to allow plant opera-
tion to continue despite an increasing number of degraded tubes with deeper cracks.
This policy provides no safety benefit to the public. On the contrary, it only increases
the risk of a major reactor accident.
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State regulators should recognize that since the number of degraded tubes and the
severity of the tube degradation continue to increase, it is only a matter of time until a
crisis develops. The nuclear industry faces increasing plant outages, rising repair costs,
reduced power output, and either replacement of the steam generators or permanent
closure of affected plants. State regulators should develop and promulgate standards for
deciding which option is in the best interest of the ratepayers. It is not necessary to wait
until steam generator degradation forces an unscheduled plant outage to determine
whether extensive steam generator repairs and steam generator replacements are viable
economic options. In fact, delaying a decision on steam generator replacement not only
makes an accident more likely, but it also makes it more likely that replacement will not
be economically viable because of the shorter time remaining until the plant’s operating
license expires.
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Appendix

Commercial Pressurized Water Reactors Licensed for Operation

As of 12/11/95

Alabama
Farley 1 & 2

Arkansas
Arkansas 1 & 2

Arizona
Palo Verde 1,2 & 3

California

Diablo Canyon 1 & 2

San Onofre 2 & 3

Connecticut
Haddam Neck
Millstone 2 & 3

Florida

Crystal River 3

St. Lucie1 &2
Turkey Point 3 & 4

Georgia
Vogtle 1 & 2

Hlinois
Braidwood 1 & 2
Byron1 & 2
Zion1&2

Kansas
Wolf Creek

Louisiana
Waterford 3

Maine
Maine Yankee

Maryland
Calvert Cliffs 1 & 2

Michigan
Cook 1 &2
Palisades

Minnesota
Prairie Island 1 & 2

Missouri
Callaway

Nebraska
Fort Calhoun

New Hampshire
Seabrook

New Jersey
Salem1 &2

New York
Ginna
Indian Point2 & 3

North Carolina
Harris

McGuire 1 & 2
Ohio
Davis-Besse

Pennsylvania
Beaver Valley 1 & 2
Three Mile Island 1

South Carolina
Catawba 1 & 2
Oconee 1,2& 3
Robinson 2
Summer

Tennessee
Sequoyah 1 & 2
Watts Bar 1

Texas

Comanche Peak 1 & 2
South Texas 1 & 2
Virginia

North Anna1 & 2
Surry 1 &2

Wisconsin
Kewaunee
Point Beach 1 & 2°
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