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ABSTRACT

In this report an assessment is provided of the Research and
Development required to establish the licensability of a CANDU-type
reactor in the United States. It is shown that the bulk of the
Research and Development effort would have to te devoted to
establishing the integrity of the pressure tubes and the effects of a
pressure tube failure on the remainder of the system.

Three possible options which could form the basis of the Research
and Development program in relation to the pressure tube are defined and
discussed; it is concluded that one of these opticns is likely to
require less Research and Development than the other two. The principle
underlying this option is that the pressure tubes would be shown to have
a moderately low probability of sudden, gross failure and that the
effects of a single failure would not Tead to unacceptable consequences.

In the other areas where Research and Development work would be
necessary, more of the problems would be similar to those encountered
in LWRs, however, two novel problems are ide,:ified, viz:

(a) investigation of the effectiveness of the moderator as an
alternative emergency cooling system in partial and total LOCA;

(b) the effect of the difference in reactor configuration (horizontal
heat source) on natural circulation.

Overall, it is concluded that a relatively small amount of
additional Research and Development work should be sufficient to support

a license application to build a CANDU-type reactor in the United States.
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SUMMARY

In assessing the Research and Development required to establish
the licensability of a CANDU-type reactor in the United States, the
main problems encountered relate to the integrity of the pressure
tubes. There is a noticeable lack of precision in published statements
on *this aspect of the safety of the CANDU reactors. In order to make a
comparison with the integrity of the primary circuits of the LWRs, it
has been necessary to make specific assumptions concerning the importance
of pressure circuit integrity in the design of a CANOCuU-type reactor.
Three sets of assumptions have been used, which are referred to in the
text as Options I, II and III; all three are based on a risy-allocation
anal,sis for the reactor system. Options I and II represent the extreme
conditions. In Option I pressure tube integrity is assumed to be all-
important, so that the probability of gross failure must be shown to be
below some specified value. In Option II a high probability ¢ € gross
f.ilure of one pressure tube is assumed “o0 be permissable, but the
probability of fuel meltdown in that channel or propagation to another
pressure tube is made very low.

As might be expected, these extreme sets of assumptions lead to
Research and Development programs which appear to present considerable
difficulties. Option III was therefore formulated; it is defined as
follows: "The probability of gross failure of a pressure tube is not to
exceed 10'3 per reactor year and in the event of such a failure, the

probability of propagation to more than nine other pressure tubes sha.l



not exceed 1073 per reactor year." It should be noted that this

definition implies that limited failure of pressure tubés can be

accepted; beyond that limited number, the situation would be no more
acceptable than catastrophic failure of an LWR pressure vessel and has

to be shown to be equally improbable.

From the definition of the requirements for pressure tube integrity,
the reliability required fiom the pressure tubes themselves, from those
support systeiis which are directly relevant to pressure tube integrity
(e.g., the leak dete-tion system) and from those systems in which faults
could lead to pressure tube failure, can be defined. The adoption of a
specific set of assumptions also leads to some clarification of the
performance required from some of the systems. Given this particular
set of assumptions, it is also possible to establish the relative
priorities of the principal items of Research and Development work which
is required in relation to pressure tube integrity, so far as it affects
safety. These are as follows:

(a) demonstration of a sufficiently Tow probability of "break-before-
leak" type gross failures (10’6 per tube year);

(b) demonstration that the probability of propagation of gross failures
is sufficiently low [Note: it is shown that cuite high probabilities
of propagation to one tube (about 0.5) are acceptable];

(c) demonstration that the ejection of fuel bundles, ‘vom failed tubes
into a full calandria, would not cause any further damage by
their fission-product heat;

(d) investigation of the probability ard effects of channel

stagnation; and
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(e) development of methods for the detection of channel blockage.

This set of priorities is based on the set of assumptions defined
in Option III, as above. Clearly winy different sets of assumptions
could be defined, these might require Research and Development work in
other areas, or a change in the rriorities.

Other results obtained in the risk-allocation analysis for the
reactor system have been used to define the reliability required from
the reactor protection systems (i.e., shutdown systems and decay heat
removal systems). By comparison with established LWR practice, by
consideration of the reliability requirements, and by some consideration
of the difficulties known to have been encountered in the development
of other pressure tube reactor systems..some additional items of
Research and Development work (in areas other than those relating to
pressure tube integrity) have been identified. These are as follows:
(a) adequacy of performance of the emergency cooling systems in

LOCAs, without stagnation;

(b) effectiveness of moderator as an alternative emergency cooling
system in partial and total LOCAs;

(c) adequacy of the emergency cooling system for LOCAs in which
stagnation in one or mere channels could occur;

(d) adequacy of natural circulation, including situations in which
fuel cladding is temporarily overheated;

(e) development of alternative sensors to increase the diversity of
the reactor shutdown systems; and

(f) reliability analysis to confirm that the designs of the shutdown

and resiadual heat removal systems which are proposed \@i11 be adeguate.
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A safety advantage of the CANDU-type reactor, relative to the
LWRs, stems from the use of on-load refueling. This necessitates a
much smaller amount of surplus reactivity in normal »>eration, about

one percent as compared with seven percent. Consequently, the

potential hazards from reactivity accidents are substantially smaller.

Overall, it is concluded that a relatively small amount of
additional Research and Development work would be required to support
a license application for a CANDU-type of reactor, similar in design
to that proposed by CE, to be built in the United States, providing
that the approach to safety embodied in the choice of Option III as a
basis for design is acceptane for licensing power reactors in the
United States. If this approach is not acceptable, the amount of
Research and Development required would be substantially increased
but it is doubtful whether Option I (probability of gross failure of
pressure tubes so low that it can be ignored) is a viable basis for

design.
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| I INTRODUCTION

Some firming-up of US reactor vendor views on the likely design features
of a CANDU-type reactor suitable for construction in the US has been provided
by the recent Combustion Engineering design study. The main features of this
design are described in Ref. 1, and the PSID, but little information is avail-
able about the transient behavior of the reactor.

The next important step, so far as NRC is concerned, is an evaluation
of the extent of the R and D which would be required to demonstrate the
suitability of the system for licensing in the U.S. It would, of course, be
preferable to await more information about the transient behavior if time
permitted, before attempting to define the R and D requirements. However,
it is understcod that this is not possible (Ref. ?).* Consequently this paper
has had to be prepared on the basis of rather limited data; it has been
necessary therefore to derive the R and D requirements in rather broad terms
from considerations of general principles.

The acceptability of the main features of a CANDU-type reactor, for
licensing in the Ug. have been discussed in a previous UCLA paper (Ref. 3).
In that paper it was pointed out that it was desirable to define as closely
as possible the standard of safety which had to be met. However, on the
time scale now required, this is clearly impossible. A simple comparative
approach has therefore been adopted in this paper, as described in the

ing section.

*
Private communication, Dr, T, P, Speis (NRC) - L. Cave (UCLA), January 17, 197v.



The main outcome of the study described in this paper is to add
emphasis to the need for R and D work to resolve the questions of the role of
pressure-tube integrity in relation to the safety of this type of reactor.

A major difficulty which has been considered in this evaluation is
that there has been no definitive statement concerning the possible effects
of a pressure tube failure in either a CANDU reactor or in the CE design
for a CANDU-type reactor. Two possible options, which represent the opposite
extremes in the treatment of pressure tube integrity, have therefore been
identified and the R and D requirements to meet each of these have been
examined. These two options are as follows:

Option I. To show that the probability of gross failure of a pressure
tube can be made so low that the consequences of such an
event can be ignored.

Option II. To show that gross failure of a pressure tube is so unlikely
to lead to meltdown of fuel in the parent channel, or to
failure of other pressure tubes, that a relatively high
probability of gross failure of a single tube would be
acceptable.

Adoption of either of these extreme options would require extensive R and D
work, If Option I were adopted, the work would have to include extensive
seismic analysis of the pressure tubes. In practice, some compromise
between these two options is likely to be desirable, and a possible approach
ic identified which is 1ikely to require less R & D work than either I or

Il alone.

By comparison with the pressure-tube problem, the other potential
causes of licensing difficulties identified in the previous UCLA work
(Ref 3) shoulc require relatively little R and D work; although they could
have a significant effect on the economic viability of the reactor system

in the U.S.



& SUITABILITY OF THE CANDU-TYPE REACTOR SYSTEM FOR LICENSING IN THE US
2.1 Basis of Evaluation
Given that the overall objective is that CANDU should not be less
safe than LWR's, the most satisfactory approach would be to evaluate the
safety of a representative unit of the CANDU-type relative to the LWR, by
means of quantitative risk assessments on the lines of WASH-1400 (Ref. 4).
However, two difficulties wovlZ arise if this approach were adopted at the
present time, viz: -
(a; There is not a sufficiently well-described CANDU, or CANDU-type
design, available in the U.S. to provide the necessary
basis for a risk assessment,
(b) At the present time (mid-1979) there is a controversy as to
the feasibility of estimating reactor risks, in absolute terms,
with a sufficiently high degree of certainty for the results to
be meaningful. Although a relative assessment should reduce the
importance of some of the uncertainties, it is not clear that the
remaining uncertainty would be small enough to satisfy the
critics of this approach.
In these circumstances, the best a.ternative apr-ars to be a comparison on
a system-by-system basis, considering the major potential faults associated
with each. From this comparison it should be possible, on the basis of
subjective judgment, to decide whether the potential advantages which the
CANDU-type might have in some respects are sufficient to offset possible
disadvantages in others.
In some areas of the design, as described below, it is possible to
make the comparison, at 2 system level, on a semi-quantitative basis. To
facilitate the comparison the reliabilities required from the various

protection systems of the CANDU-type reactor have been estimated by means of

a "risk allocation analysis", which is described in Appendix 1.
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In the CANDU-type of reactor, the proximity of the fuel to the
pressure circuit is an additional potential source of failure of the
primary coolant loop; due to this proximity, a transient leading to
local overheating of the fuel could cause failure of the associated
pressure tube, with its potentially serious consequences to the
reactor as a whole, whereas the same incident in an LWR would be much
more likely to remain localized. Thus errors in the prediction of
transient behavior are likely to be more serious than in an LWR.

2.2 Comparison of Systems

The comparison at the system level has been made by considering
the following aspects of LWRs and CANDU-type reactors:

(a) Structural integrity of primary coolant circuit

(b) Response of reactor to loss of primary coolant-flow accidents

(c) Response of reactor to loss of primary coolant accidents

(d) Reliability of shut-down systems, in relation to relative

frequency of demand, and response to ATWS

(e) Response of reactor to secondary coolant faults

(f) Effects of fuel handling faults.

In general, for the items in the above list, there are major differences
between the reactor types only in relation to items (a) and (f). For the
others it is possible to visualize designs in which the effectiveness and
reliability of the safety systems for the CANDU-type reactor match those
currently required for LWR's in the US; in fact the CE design addresses
this aspect. However, without the aid of detailed fault studies it is not
possible to decide whether the performance of the various systems in the
CE design, as presently visualized, would be adequate. For example, the
positive void coefficient of the CANDU leads to a less favorable initial

response in the early stages of a large LOCA; in order to meet the current



US criteria this might necessitate a quicker-acting shutdown system and/or
a more powerful injection system. These additional requirements should not
present feasibility problems, but they could add significantly to the cost
of the system. Moreover, additional R & D requirements could ar.ise, such as
the development of more powerful computer codes than those used for CANDU
and experimental work (e.g., blowdown and re-flood tests) on models which
sizulate the CE design to support the codes.

In the case of Item (a), structural integrity of primary coolant circuit -
the evaluation of the relative safety of the pressure vessel of the LWR and
the pressure tubes of the CANDU-type presents considerable difficulty. Conse-
quently the greater part of this report is directed to this aspect of the
comparison. This evaluation does, however, involve some consideraltion of the
reactor's transient behavior.

2.3 Effect of Lack of Data on Comparative Study of Primary Pressure

Circuit Integrity

As noted above, the absence of detailed fault studies leads to diffi-
culties, even in a qualitative comparison of the systems. One of the major
difficulties encountered is the lack of information about the subsequent
sequence of events following the sudden failure of a pressure tube. This
aspect of the design is central to the evaluation but it has not been
possible to find a definitive statement, supported by detailed argument, as
to the significanre of pressure-tube failures in ~elation tn safety. In
a relatively recent paper (Ref. 5) which reviewed the significance of the
pressure-tube leakages in the Pickering reactors (see Sec. 4.3 below) the
following statement appears:

" SAFETY IMPLICATIONS

The CANDU r~eactor has been designed so that the failure of a pressure
tube will not endanger plant staff or the public. An exhaustive
investigation intoc the development of these cracks has given us confi-
dence that they will not cause a pressure tube to rupture before it



leaks. In all cases, the leakage from cracked pressure tubes has been

confined within the annulus gas system, and has been quickly detected.

Therefore, we do not anticipate even the limited consequences of a

single tube failure."

In a more recent paper (Ref. 6), which provides a seemingly. definitive
review of the %afety of pressure tube reactors, it is stated that “"experiments..
have shown that pressure tube failures will not propagate to other tubes nor
compromise overall calandria integrity."”

However, as discussed in Section 6.1 below, the available evidence
does not appear to support these statements sufficiently to ignore the possi-
bility of severe sequential damage.

In these circumstances it has been necessary, therfore, to proceed on
the basis that either "Option I" or Option II", as defined in Sec. I, above,
might be adopted. Alternatively, the difficulties arising from the apparent
lack of data might be overcome more readily (e.g., in terms of lower R and D
costs) by a compromise solution. This possibilitv has also been examined
and has, in fact, been found to be a more satisfactory approach to the
problem.

. COMPARISON OF THE STRUCTURAL INTEGRITY OF A CANDU-TYPE PRESSURE

CIRCUIT WITH THAT OF LWRs.

So far as the pipework outside the vessel of an LWR and that outside the
core region of a CANDU-type is concerned, there is no need for a detailed
comparison, since both reactor types are designed on the premise that
failure of any pipe must be catered for.

The probability of catastrophic failure of LWR pressure vessels is

6

widely believed to be in the range 107 to 1077 per reactor year (Ref. 7).

Thus in order to adopt Option I, as defined above, it would be necessary to

show that the probability of a gross failure in the set of pressure tubes

6

was also in the range 107" to 10'7 per reactor year.



However, in the case of the CE design for a 1200 MW(e) reactor, there
arc anproximately 700 pressure tubes: Thus, for faults which originate from
the tubes themselves, the maximum acceptable failure rate per tube year must

be less than 10”2

,» to meet the proposec target. This aspect is discussed in
more detail in App. I. Even for the simplest pressure-retaining envelope, in
a well-defined and well-understood environment, it would be a formidable
problem to show that this degree of reliability was attainable, e.qg., for
carbon steel pipe work an approximate rule-of-thumb suggests a failure rate
of 10'7 per ft. run. As the CANDU-type pressure tubes are about 20 ft. long,
it is necessary to demonstrate a failure rate which is better than that for
conventional pipe work by a factor of 104, or more. For reactor vessels, on
the other hand, the factor of improvement over conventional vessels which
is required is between 102 and 103.

The possibility of demonstrating adequate reliability in the pressure-
tubes is discussed in the following Section and it is shown that it could
be a difficult task. Thus, although Option I provides an attractive and
easily understood basis for design, it is desirable at this stage to examine
the possible alternatives. Option II, as defined in Sec. 1, above, might be
regarded as a "counsel of perfection" since it should result in a negligible
release of activity to the environment, even though it might lead to a
prolonged shutdown of the reactor. However, this approach presents two
main difficulties, viz:

. Firstly, it is difficult to predict the behavior of the reactor
subsequent to a gross failure of a pressure tube; there is no
analysis of such an event, for a CANDU reactor, in the published
lTiterature nor is it discussed in the PSID fof the CE design.

. Secondly, it is difficult to estimate with confidence the probability

that the initial failure would not propagate to adjacent tubes.



Taken together these two sources of uncertainty would probably necessitate
an R & D program comparable in scope and difficulty to that which would be
necessary to demonstrate the viability of Option I. However, since the
fundamental requirement is to establish that the CANDU-type reactor is at least
as safe as PWR's, it is possible to consider an alternative option, which is
based on the premise that at some low level of probability, meltdown of a few
channels, if fully contained, would not be an unacceptabie accident for a
reactor sited in the US. .. might be considered that in the aftermath of
3 Mile Island, this approach would not be feasible. However, tle general
concept of “"comparability cf safety" should still apply. Thus, providing that
it could be demonstrated that the consequences of such an accident were no
greater than those due to gross failure of an LWR vessel, then it should be
sufficient to show that the probability of this type of accident in the CANDU-
type reactor was no greater than that of gross failure of an LWR pressure
vessel.

If this option were viable and were adopted it would then be necessary
to determine the effect of failure of several pressure tubes, instead of
only one, as required in Option II. However, it would not be necessary to
show that the probability of propagation of failure to even a single addi-
tional tube was extremely low since, as shown quantitatively in Appendix 2,
it is a characteristic of an array of pressure tubes that,if the probability
of propagation to a single tube is a little less than unity, the probability
of propagation to a large number of tubes is extremely low. Consequently
this alternative option should require much less R and D work (- relation to
propagation than would Option II, and the amount of R and D work needed in
relation to the effects of tube failure on the fuel in the affected channels
might be little more than that required on the same problem in Option II.

Clearly, if this were the case, the total amount cf R and D work required



would be diminished.

Before continuing to explore the possibilities of this alternative
option, which will be refered to subsequently in this paper as Option III,
it is desirable to examine in more detail the problems associated with adopt-
ing Option I or Option II. in order to define the bounds. These problems are
discussed in Secs 4, 5 and 6 below.
4. THE PROBLEM OF DEMONSTRATING ADEQUATE PRESSURE TUBE INTEGRITY FOR OPTION I

4.1 The Importance of the "leak-before-break” concept

For the CANDU reactors, the approcch adopted has been that gross
failure of a pressure-tube would be preceded by leakage, which could be
detected in ample time to shut the reactor down, so that the defective tube
could be replaced as envisaged in the overall design of the reactor. fn
implicit assumption is also made that gross failures could only occur as a
result of some slowly-developing defect, e.g., a crack overlooked in manu-
facture. It could be argued that with care in manufacture, including the
inspection phase, and with some measure of in-service inspection, the prob-
ability of any particular tube developing a leak which would terminate in a
gross failure should not exceed 10'5 per tube year. With this premise,
together with the assumption that all potential gross failures would be
preceded by a leaking phase, it would then be sufficient to provide a

4 per demand, in

leakage detection system with a failure rate lower than 10~
order to meet the overall target of 10"9 per tube year which was suggested
in the previous section. However, as shown in Sec. 4.2 and 4.3 below, the
maximum permissible failure rate may be substantially less than this.
Nevertheless, putting this difficulty aside tempcrarily, the leak-before-
break approach is open to criticism on four other grounde, yiz:

(a) The reliability required from the leak detection system may be

difficult to attain, particularly as some measure of operator



action would probably be necessary (see Section 4.2 below).

(b) The operating record to date for reactors embodying zirconium
prassure tubes does not justify the assumption that the incidence
of leaks capable of terminating in gross failure is as low as
107° per tube year. (see Section 4.3 below)

(c) The premise that gross failure (due to an inherent defect) would
always be preceded by a detectable leak is only valid if:

(i) The fracture mechanics analysis is valid for all the loading
conditions and initiating defects which can be expected.

(ii) The properties of the material are adequately known, taking
into account all foreseeable environmental effects, such as
irradiation damage and hydride formation, singly and in
combination.

From the information currently available, it is not possible to judge
definitely whether or not these requirements are met, but on general grounds,
there are reasons for disbelief. (see Section 4.4 below)

(d) There are conceivable mechanisms which could Tead to pressure

tube failure in service, irrespective of the quality of the tubes

themselves. In this context, any situation which could lead to

local overheating of a pressure-tube should be regarded as a

potential cause of tube failure.

For example:

(i) partial blockage of the tube

(ii) local distortion, or more general collapse, of a fuel "bundle"
due to defects in the bundle concerned (see Section 4.5 below)
(iii) sagging of pressure tubes and/or dictortion of fuel bundlec

due to reactor transients (see Section 4.5 below).

10



In the case of these failure mechanisms also, there is little infor-
mation of a formal nature available but there are some data in the open
literature and by private communicatior. It should be noted that in cases
where the initiating event is not attributable to the tubes themselves,
the acceptable probability of that event is, as a rule, independent of
the number of tubes (see App. 1). Nevertheless, in view of the extremely
low probability of failure which s admissible, it is doubtful whether
the information currently available about these "external™ causes of
failure is sufficient. (see Section 4.5 below)

The inter-relation between the various modes of failure is shown in
the fault tree of Fig. 1. Some indicative values for the maximum accept-
able probabilities of failure are also shown in the Figure, which would
be compatible with an overall prcbaoility of gross, and unexpected,
failure of 10°° per reactor year.

4.2 Reliability required from the leak detection system

In general terms the reliability required from the leak detection
system, u, can be defined as a failure rate per demand not exceeding

a PT (Target allocated to "leak-before-break" faiiure)

—  , or
- fF (Number of tubes) (freq. of "leak-before-break" failures)

where

"PT"is the maximum acceptable probability of gross failure per
reactor year due to all causes,

"a" is the fraction of "PT" allocated to gross failures due to causes
which should give "leak-before-break' indications

"fF" is the expected frequency of incipient gross failures, due to
latent or inherent defects, which lead to a “leak-before-break" situation

“n" is the number of pressure tubes, (n - 133 -
Thus, if a value of 1x10'6 per reactor year is assumed for PT, as discussed

in Sec. 3 above, and 10 percent of this value were allocated to "leak-

before-break" failures as discussed in Anpendix I, we would have
1"
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Figure 1. Fault Tree for Sudden, Gross Failure of Pressure Tube
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As discussed in Sec. 4.1 above, it can be argued that fF should be

5 but, for the

about 1 x 107° per year, so that 'u' would be 1 x 107
reasons outlined below, this assumption may be difficult to validate in
practice. However, the assumption is retained in the following discussion
of the reliability required from the leak detection system.

With these assumptions, we need to consider the feasibility of
providing a detection system which has a failure rate of about 1 x 10'5
per demand to deal with random defects in the tubes. The problems intro-
duced by type-faults (i.e., those due to errors in design or fabrication
which effect a large proportion of the tubes) are discussed in the next
section.

It is understood (Ref. 8) that in the parent CANDU design, a single
moisture detection system is provided for routine operation which is used
once per 8-hour-shift during the early years of service operation but may
be used less frequently in later year:z.* The system consists of a manifolded
arrangement which enables the operator to examine all the pressure-tube/
calandria-tube interspaces for moisture in a single operation. If indi-
cations of moisture content above some pre-determined level are obtained,

a complete scan of the individual channels is carried out. It is under-
stood (Ref. 9) that during refuelling an acoustic monitor is also used
in the channel being refuelled, and that gross leaks should be detected
by a rise in the radioactivity of the gas in the space between the
pressure and calandria tubes. **

Without details of the design of the moisture detection system, it
is difficult to comment on the feasibility of attaining a reliability in
the range deduced above, but there are some obvious difficulties, if

*
'*Private communication, Or. J. Long (NRC) - L. Cave (UCLA), January 26, 1979.
Private communication, Dr. J. Van Erp (ANL) - L. Cave (UCLA), January 19, 1979.
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detection depends mainly on a single system. For example:

(a) Both the sensing and indicating parts of the system may be subject
to unsafe failures which are not readily detected by the operator.

(b) The pipe-run to the bulk-sample manifold may be routed so that,in
the event of failure, a sample of air is drawn in from a region in
which the air is usually dry.

(c) The reliability is dependent partly on the operator. At the prob-
ability level which is of interest, operator errors could range from
incorrect procedures in carrying out the test, or in interpretation
of the information obtained, to ignoring results indicative of a
leak or omitting the test altogether.

However, since Canada has been one of the pioneers in the application
of reliability analysis, it is 1ikely that the moisture detection system,
together with the possible backup system, has been thoroughly examined from
the reliability point of view, possibly with a similar maximum acceptable
failure rate in mind, and that the system and method of operation have
been shown to be satisfactory.

Thus an important part of the next phase of evaluation would be the
review of any existing reliability analysis of the leak detection system,
including the effect of possible operator errors, in the light of the
reliability requirements identified above, if Option I were adopted.

If the assumptions stated above are correct, an important factor in
this reliability analysis would be the rate of crack growth after a
through-crack (i.e., one leading to a detectable leak) had developed,
since this would determine the time available to detect the leak before
the crack reached a critical length, e.g., if this were several weeks,
there should be a good chance that unrevealed defects in the monitoring

equipment would be remedied in the course of routine maintenance. The
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rate of growth should be predictable, subject to certain reservations
discussed in Section 4.4 below, from fracture mechanics analysis.

It should be noted that, if it can be shown that pressure tube
failure would not lead to any significant damage to the rest of the core,
the need for a detailed reliability analysis of the leak detection system
would be reduced greatly. In these circumstances the reliability required
would be determined mainly by economic considerations. However, if a very
high reliability for leak detection were required, it might prove necessary
to develop a diverse backup system. e.g., a system capable of detecting
the sound (at audible or ultra sonic frequency) produced by the escape of
high pressure steam from the leak, against backgrcund noises (e.g., the
coolant circulating pumps).

4.3 Reliability of Zr Pressure Tubes as Indicated by Operating

Experience

The accumulated operating experience with Zr pressure tubes in the
Canadian HWR, amounts to about 10,000 pressure tube years, but no tubes
have been operating un.er representative conditions for more than 10
years and some 80 percent of the operating experience has been gained
with tubes which have been in service for less than 8 years; no tubes made
from Zr, 2's Nb have been in service for more than 8 years.

In this population there have been no sudden, gross failures of
pressure tubes. Thus a simplistic interpretation of the data is that
the probability of such a failure is less than 1 x 10'4 per tube year,
at the 50 percent confidence 1imit However, it would be more realistic
to qualify this interpretation by the rider that this rate has only been
demonstrated for tubes in the first 8 years of 1ife. The corresponding

4

99 percent confidence limit is about 6 x 107 per tube year.

The operating experience has been less favorable in terms of the
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development of defects which have been detected and rectified before they
could reach a potentially dancerous size but which, it appears, required
the leak detection system to function correctly. The principal defect
of this type which has been reported is that of cracking at the rolled
joints between the Zr, 2% Nb pressure tubes and the end-fittings in the
Pickering reactors. These failures have been described in the open
literature (Ref. 5 and 10). Although they have not yet been explained
fully in metallurgical terms (see Sec. 4.4 below) it can reasonably be
argued that the failures were due to a combination of high . ‘sidual
stresses in the material (stemming from an error in fabr.cacion) and the
inherent properties of the material.

It is not entirely clear from the information currently available
whether it can be argued that a crack in a pressure tube at the rolled
joint would not propagate in a potentially dangerous manner. As described
in the next section, the difficulties of predicting the behavior of a
crack in this region appear to be very much greater than in the plain
section of the tube. Consequently, any general argument to show that
cracks in this region would rot be potentially dangerous would be of
considerable help in formulating a satisfactory safety case. For
example, as argued in Ref. 10, it is possible that local design details
would make the defects innocuous. Nevertheless, in that argument, the
possibility of the crack "running"” into the plain portion of the pressure
tube is not discussed.

However, it is necessary at this stage to take the conservative view
that cracks in the region of the rolled joint are a potential cause of
faults which could escalate to core meltdown. It is necessary to consider,
therefore, how type-faults of this nature should be treated when estimating

the significance of the operating experience in relation to a probabilistic
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analysis of safety. The problem is discussed in Appendix 1, where it is
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attainable in commercial practice. Moreover these types of defects would
be much more difficult to detect after fabrication than would over-size

initiating flaws.

During service, the main factors which could effect the fracture

toughness of the material are:

(i) Irradiation

(1) Excessive hydrogen pick-up
(i11) Other contaminants in the coolant or in the annular space gas
(e.g., radiolytic oxygen, trace impurities in primary coolant
or annular space gas).

Therc ~.e also possibilities of synergistic effects between these
three factors. It should be noted also that there is a possibility of
stress corrosion in zirconium alloys, which could lead to a radically
different type of initiiting flaw.

Reference 5 provide. some indication of the practical difficulties
of controlling factors of this type in relation to delayed hydrogen crack-
ing which were revealed by the investigation of the cracks in the Pickering
tubes. For example, it is stated (p. 6) that the "back" ends of the
pressure tube extrusions "have a finer grain structure and higher strength
and are apparently more susceptible to delayed hydrogen cracking" and
later (p. 8) the following statement appears:

"MANUFACTURING BATCH EFFECI

[t has become apparent that some batches of tubes have a greater
tendency to crack than others. Statistical analysis of the results
indicates that this is related to the ingot, and intensive investi-
gations have been carried out to determine the actual cause. At
the time of writing this report, it is believed that variations

in the oxygen content of the tube is a major contributing factor.
Our objective is to isolate the basic cause of this hatch effect,
to eliminate it from rew tubes now being produced, and to reiect
any existing tubes with this deficiency."
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and the authors conclude (p 8)

"In this paper we have reviewed our current knowledge of this problem.

Many programs are now proceeding and we expect to understand this

phernomenon more closely in several years."

In addition to the metallurgical factors noted above, the stress levels in
the tube are of importance; in Ref. 5 it is stated (p 7) that

“Improper alignment between the tube wall and the end fitting bore

also causes high stresses. Such misalignment may be due to machining

tolerances or distortion of the reactor end shields, by improper
alignment of the rolling bench used in preassembling one end fitting
and the pressure tube, or by component variations (particularly the
straightness of the tube end). Tooling is being developed to check
and correct this alignment."

Thus, with care in fabrication, this difficulty can be avoided but it
must represent a further potential source of trouble, particularly as the
critical crack length tends to diminish with increasing stress. Clearly,
to quantify the uncertainties of the type described above, is virtually
impossible in our present state of knowledge, but the existence of these
uncertainties emphasizes the practical difficulties which would be encountered
if Option I were adopted.

Potential defects were also found in the ends of the Fugen pressure
tubes, which are fitted with rclled-joint end pieces similar to those in
CANDU. 1In the Fugen case, after a special inspection undertaken because of
the Pickering experience, it was found that the residual stresses in the
lower rolled joints were higher than expected by a factor of 2.5. (35 tons
per sq. in., instead of 14 t.p.s.i.), although it is stated "rolling operations
(had) progressed at the factory, under highest quality control”. (Ref 12)

The difficulties presented by the uncertainties in the materials data
in estimating theoretically the probability of pressure vessel failure are
discussed in Ref. 13. In the analysis of a PWR vessel which is described

in that paper, various simplifying assumptions have had to be made in order

to ubtain a solution.
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The incompl ‘“eness of the available knowledge about the pressure tube
material is also illustrated by Ref. 5; in discussing the problems presented
by the Pickering failures it is stated (p 14) that:

"It should be noted that the cracking of cold-worked Zr2.5 wt Nb

tubes does not occur easily. Although cracking by delayed hydrogen

embrittiement has been reproduced in small test specimens, numerous

att mpts to reproduce the cracking and leaking of over-extended joints

in the laboratory have failed. The right combination of stress,

metallurgical factors and operating conditions has not yet been found"
....and yet this combination occurred accidentally in the Pickerina reactors.

Lastly, it should be noted that the unexpectedly high rates of axial
and diametral growth of the pressure tubes in Pickering & Bruce, referred
to in Sec. 4.3 above, are indicative of additional uncertainties about the
effects of age and environment on the material properties which detract
from the validity of the "leak-before-break" concept and thus make it still
more difficult to adopt Option I.

4.5 Effect of Reactor Transient Behavior on the Integrity of the Pressure

Tubes.

It is necessary to consider three different types of effect, viz.,

(a) Increase in stress levels generally, due for example to overpressuri-
zation, thermal effects and seismic disturbances, (b) Local overheating of
pressure tubes and (c) High 19cal stresses in special circumstances, such
as the effect of seismic forces on a pressure tube which is beina refuelled.

The tirst type of effect represents the addition of a limited number
of large, low-cycle, fatigue stresses which may be of considerable impor-
tance in relation to the rate of crack-growth. This should only proceed
slowly in response to the high cycle, low strain, situation usually encountered
in normal operation but it would be accelerated substantially by a few high
stress cycles.

In the extreme case, of course, a single large cycle could precipitate

failure, but unless this occurs there would be an opportunity for the operator
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to detect a leak and to take remedial action.

At the Tow levels of failure probability which would be required if
Option I were adopted, it is likely that the second type of effect would be
of greater importance since, owing to the proximity of the fuel to the
pressure boundary, there is the possibility that the temperature of the
pressure wall inay increase sufficientl: to reduce the ultimate stress of
the material to a level at which ductile failure occurs.

In this respect, two broad classes of transient must be considered:

(i) Those in which only one, or a few, channels are affected

(ii) Those which affect the reactor as a whole.

In the first class of transients, the following possibilities would
need to be considered.

Break up of fuel bundle, leading to a concentration of fuel rods in

close proximity to the channel wall

Blockage of a channel by debris

Presence of a bundle with incorrect enrichment

Asymmetric reactivity faults.

To date the experience with CANDU fuel has been good (about 0.03%
defective rods in a population of some 3x106) and the majority of the
defects are readily explainable (Ref. 14). Nevertheless, at the level of
probability which would be of interest, it would be necessary to consider
the effects of highly unlikely failures, such as failure of the end-plate
welds due to manufacturing defects, which could lead to the collapse of a
fuel bundle. Whether or not this could lead to failure of a pressure tube
before the operator could become aware of the condition is not clear.

Blockage of channels has been recognized as a potential source of
hazard in many types of reactors, and precautions are taken in design to

prevent it, e.g., by the provision of "lantern" features at the inlcts to
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channels. In the case o’ a pressure tube reactor the effects of channel
blockage are potentially more serious than in a vessel type, but the scope
for design features .o prevent it would seem to be more limited, since each
channel is fed directly from a manifold, via a separate "feeder" pipe,instead
of from a size>>'e plenum chamber. Thus, although in the CE design the
rquivalent of a "lantern" is proposed tc protect the channel inlet, there
appeas to be less protection against blockage of its 'feeder" pipe by

le .. ieces of debris left in the circuit during maintenance.

It is understood (Ref. 7) that in the CANDU design there is sufficient
instrumentation in each channel to detect a potentially dangerous blockage
(2 continuously monitored temperature detectors and channel pressure drop,
on demand). Since there have already been at least 3 incidents of channe®
blockage leading to core meltdown in commercial or demonstration power
reactors (Fermi 1 (US); St. Laurent 1 (France) and Chapel Cross 4 (UK)); the
frequency of such events cannot be assumed to be extremely small. Conse-
quently detailed reliability analysis of the system for detecting blockage,
in time to prevent damage to the pressure tube, would be necessary if
Option I were adopted.

At the Tevel of failure probability which wvould be of interest if
Option I were adopted, seemingly bizarre events, such as the fabrication
of fuel bundles with excessive enrichment, cannot be excluded. It is not
clear that the instrumentation would necessarily detect the preserce of
such a bundle; it seems more likely that the channel ra*‘ uld be lowered
slightly by the automatic control system. However, in a ever2 transient
the "rogue” bundle could experience a much larger rise in clad temperature
than the rest. Further investigation is necessary to determine whether
this type of event presents a significant problem.

In a reactor system such as CANDU, the possibility of xenon
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instabilities, together with the provision of a sector control system to
combat them, introduces the possibility of quite severe asymmetric reactivity
faults. These have been a cause of considerable concern in the UK magnox
reactors and have necessitated the provision of additional sensors for the
reactor shutdewn systems. It is not known whether the CANDU reactors are
adequately protected against faults of this type.

In the case of transients which affect the whole of the core (or one
half ir the case of LOCA,) the situation seems to be potentially more serious
for a CANDU type reactor than for an LWR, since a fault which could :=ad
to clad melting and "slumping" of the more highly rated fuel bundles appoars
to present a direct threat to the integrity of the pressure boundary, where-
as this would not be the case in an LaR unless the fault escalated to a
level at which a substantial proportion of the fuel melted, in addition to
the cladding. This aspect is discussed further ir Lectionr 6 below; it is
sufficient for our present purpose to note that this class rf transient
may also be a significant contributor to the probability of gross failure
of pressure tubes and that it may be difficult to reduce their contribution
to a level at which it would be possible to ac-nt OptionI.

The possible effects of reactor tra sients, originating elsewhere in
the system, on the integrity of the pressure tubes demonstrate the greater
vulnerability of the pressure-tube reactor in this respect, as compared
with pressure vessel reactors. As discussed in Sec. 6, below, the horizontal
arrangement of the pressure tubes in the CANDU-type reactors, combined with
vertical tubes for other purposes,appears to increase slightly the depen-
dence of the system's safety on the continued integrity of the pressure-
tubes, as compared with an arrangement in which all the tubes are vertical.

In the CANDU-type of reactor, refuelling is carried out on load and

necessitates connecting the ends of the pressure tube being refuelled to
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large, heavy charge and discharge machines, which are not otherwise connacted
to the reactor vault or calandria. Thus the integrity of the pressure
tube/machine connections in <.:smic conditions presents special problems.
These are discussed in Sec. 6.4.

4.6 An Interpretation of Canadian Experience with Zr Pressure Tubes in

Commercial Reactors.

Since the CANDU reactors are designed so that defective pressure tubes
can be replaced at any time during the reactor's life, it c.n be argued
that the incidence of failures encountered so far is acceptable on cconomic
grounds. Morecver, in view of the relatively limited experience with
zirconium n this application, particularly with Zr-2 1/2 Nb, it is nct
surprising that some difficulties have arisen, but with further experience
the incidence of failures should decrease. However, the extracts from the
Canadian papers quoted above, together with the reference to Japanese
experience, demonstrate that a large amount of R and D is still required to
obtain sufficient understanding of the behavior of Zr-2 1/2 Nb, in a reactor
environment, to ensure that all the factors in manufacture and operation
which could lead to failure are adequately controlled.

Nevertheless, it could be argued on the basis of CANDU experience
that, if economic considerations alone had to be considered, it would be
possible to embark on a program of commercial CANDU-type reactors in the
US at the present time. However, it would appear to be over-optimistic to
assume that the reactors could be demonstrated to be adequately safe on
the basis of an "Option I" type of argument.

The extent of the R&D on pressure tube technology required to proceed
on the basis of Option I is outlined in the next section but a considerable

amount of subjective judgement would be required in deciding whether or not
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the requirements had been met. Further discussion of the R and D required
to support the adoption of Option I is also contained in Sec. 6.2 below.
8. OUTLINE OF R AND D REQUIRED ON PRESSURE TUBE TECHNOLOGY TO SUPPORT

OPTION I.

5.1 Review of Previous Work

A substantial amcunt of work on zirconium alloys (include Zr 2 and
Zr-2 1/2 Nb) was carried out in the U.S. prior to 1968 and in the UK up
to 1976; some work continues in Italy and Japan. However, presumably
considerably more has been done in Canada than elsewhere. It would there-
fore be desirable to develop a collaborative program with Canada in order
to avoid unnecessary duplication.

A collaborative program could presumably provide access to all the
Canadian work on pressure tubes. Thus the first step in the U.S. program
could be a complete review of previous work in Canada, U.S. 2.d, if
possible, in other countries, such as Italy, Japan and UK. A review of this
nature, if carried out in a critical fashion, might show how errors in
interpretation of experimental data had occurred that led to the incorrect
estimate of growth in the Pickering and Bruce reactor tubes, referred to
above.

5.2 Material Properties

It appears inevitable that extensive additional work would be required
on material properties of selected Zirconium alloys in the following areas:

(i) Effects of ingot manufacturing methods and fabrication methods.

(ii) Effects of initial hydrogen content and pick-up of hydrogen in
servi~e,
(iii) Effect of initia! oxygen content and of pick-up in service.
(iv) Effects of irradiction.

(v) Effects of contaminants likely to be encountered in service.
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(vi) Combined effect of creep and fatigue.
(.i1) Synergistic effect of (i) through (vi).
5.3 Fracture Mechanics

As a means of bounding the materials R and D work, the fracture
mechanics analyses could usefully be extended to determine the effects of
uncertainty in the materials data on the probability of "break-before-leak"
and of the numbers of "service" cycles of various types between "leak" and
"break", for situations in which "leak-before-break" type of failure is
expected.

This work should also include the effects of uncertainties in stress,
particularly in complicated sections such as the rolled joints, and of flaw
size and shape.

5.4 Effects of Conditions to be Expected in Service

The effects of possible operational conditions, such as local over-
heating of a tube, can be examined on a generic basis in the first instance,
both theoretically and experimentally. As conceptual designs are develuped,
the effects of a complete range of operating conditions can then be preaicted
with more certainty.

This part of the work should include the effects of seismic forces
and should extend to cover situations in which one pressure tube is
connected to the charge and discharge machines at the time of the earthquake.

A further aspect of a generic nature in this area is the effect of
improving, to U.S. standards, the protection against pipe-whip in the large
runs of relatively small pipes. There may be a fundamental difficulty in
providing sufficient restraint for this purpose and yet accommodating the
thermal movements of the pressure tubes, ana other pipework, in transient
conditions. If the thermal stresses become excessive this could effect the

prediction of critical crack lenath and of crack growth.
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5.5 Development of Inspection Methou.

In order to meet the reliability requirements implicit in the adoption
of Option I, improvements in methods of inspecting pressure tubes for incipient
cracks rould be desirable, particularly for use in In-Service Inspection
procedures.

5.6 Leak Detection Methods

It follows from the previous discussion (Secs. 4.2 and 4.3 above) that
a review of the reliability of methods already in use in the CANDU reactors
would be necessary. )

It is likely that the development of alternative systems would also
be desirable, if not essential, in order to improve reliability by increased
diversity.

5.7 Transient Behavior of Reactor

The transient behavior of ths CANDU-type reactor is a possible cause
of pressure tube failure. Discussion of the R and D work required to confirm
the theoretical transient analyses is deferred to a later part »f this paper
(Sec. B), as it is necessary to examine the major differences between LWR
and CANDU-type reactors in this respect.

5.8 Depth of R and D Work Required

Tn assessing the cost of the R and D work required to support the
adoption of Option I, it is necessary to consider not only the scope but
the depth of the R and D work that would be required. In this context it
must be borne in mind that the cost of the on-going R and D work in relation
to the safety of LWR in the U.S. alone is about $60 m per year and world-
wide it is probably about $100 m per year (Ref. 15).

Since the LWRs have already been built, or are being constructed in
large numbers, this continuing expenditure must be interpreted as an effort

to increase the depth of understanding of the underlying phenomena.
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Consequently, if the CANDU-type reactor is to be acceptable for licensing

in the US, a comparable depth of understanding of safety-related phenomena
is likely to be required. Thus, in the context of the possibility of adopt-
ing Option I in relation to pressure tube failure, it seems unlikely that
this would be an acceptable basis whilst the uncertainties referred to in
Sec 4.4, above, still exist,

The nature and extent of the R and D work which would be required to
Justify adoption of Option I, Option II or Option III, is discussed in more
quantitative terms in subsequent sections.

5.9  Further Development of R and D Program on Pressure Tube Integrity

The preceding Sections have provided a qualitative description of the
R and D work which is 1ikely to be required in relation to pressure tube
integrity, if Option I were adopted. However, they do not provide a quanti-
tative indication of the degree of assurance that would be required in the
results of the R and D work, nor do they provide an indication of the
relative priorities which should be given to each item. It is also necessary
to consider how the choice of other design options would affect the extent
of the [. and D program on pressure-tube integrity.

In order to clarify these points,a closer examiration of the possit.2
design options is necessary. This is provided in the next Section, together
with an examination of the possible effects of gross failures of pressure
tubes.

6. FURTHER DEFINITION OF R AND D REQUIREMENTS IN RE'ATION TO PRESSURE

TUBE TECHNOLOGY
6.1 The Potential Consequences of Gross Pressure-Tube Failure

6.1.1 Experimental Evidence

6.1.1.1 Evidence from Operational Experience
In the relatively limited operating experience with pressure

tube reactors, two cases have been reported in the open literature in which
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a pressure tube has suffered a sudden and severe failure.

These cases were:

(i) Lucens research reactor, Switzerland.

(i) Plutonium re-cycle test reactor (PRTR), U.S.

It is not known whether any similar failures have been experienced in
the USSR commercial pressure tube reactors. Although relatively little
information has been published as yet about the accident to the Lucens
reactor, it appears (Ref. 16) that failure of one pressure tube led to severe
damage to almost all the calandria tubes and to the calandria itself. How-
ever, only the one fuel element in which the fault was initiated was sericusly
damaved. It is not clear whether there was any damage to the other pressure
tubes which, in this reactor, form part of the fuel assemblies. The damage
to the calandria led to the loss of all the heavy water. It is not known
when a more complete account of this accident will be published.

The accident to the PRTR is described briefly in Ref. 17. According
to this source, the failure was of Timited extent (it was not a critical
crack propagation type of failure) and it was recovered from without a
significantly greater effort than was required for a gross fuel element
failure. A complete account of the investigation is given in Ref. 18. The
information in this Reference illustrates the potential threat to pressure-
tube integrity which is presented by local over-heating of the fuel. However,
as indicated above, the failure was not disruptive but was in the form of
a simple hole, about 0.5 in. in diameter; the calandria tube did not fail.

Thus we can only conclude from the operating experience that pressure
tube failure is a poss;ble, though unlikely, source of scguential damage.
Moreover the experimental evidence from the test work described below also

suggests that the probability of severe sequential damage may be small.
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6.1.1.2 Experimental Evidence from Test Work on Pressure Tube Failure

A number of tests have been carried out to determine the effect of
burst-type failures of pressure tubes. Descriptions of tests have been
published in Canada (Ref. 19 and 20); in Italy (Ref. 21 and 22), France
(Ref. 23) and Japan (Ref. 24). A considerable amount of test work has also
been carried out in the UK but this does not appear to have been reported
in the open literature.

The most definitive tests are those carried out in Canada. The first
set were conducted in 1963, using a mock-up of the NPL reactor configuration.
In the 8 tests,failure of the associated aluminum calandria tube occurred
on 3 occasions, leading to ejection of the fuel bundles, and there was
considerable damage to adjacent calandria tubes and other reactor internals.
However, no other pressure tubes failed. In the second set of 18 tests,
carried out more recently, the configuration of the CANDU commercial reactor
wa: simulated, embodying the stronger zirconium calandria tubes and larger
exhaust areas for the annular space between pressure and calandria tubes,
introduced after the NPD tests. In these tests no calandria tubes failed
but in some cases the dummy fuel bundles had been pushed into contact with
the calandria tube. As the test lasted only 0.5 seconds it is not clear
whether, in more representative cunditions, there would have been more
extensive sequential damage.

The Italian test work described in Ref. 22 was aimed primarily at
establishing the pressure-time behavior in the calandria; it does not clarify
the situation concerning the possible nature of the sequential effects by
direct observation. The French work (Ref. 23) was of a similar nature.

Thus, based on the Canadian work, there are grounds for believing that
design features can be introduced which should reduce the probability of

severe sequential damace following the failure of a pressure tube, but the
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test work reported is not adequate to rule out completely the possibility of
severe sequential damage in current designs.

In Ref. 19, the author states explicitly that "no attempt will be made
in the report to apply the results of these tests to an NPD incident."
Unfortunately it has not been possible to find any subsequent report in
which this has been done.

6.1.2 Some General Considerations Relevant to the Possible Effects
of the Gross Failure of Pressure Tubes
6.1.2.1 The Applications of General Considerations to the Definition
of R and D Requirements

Since failures of pressure-tubes would only be of major importance to
safety if they could lead to severe damage to the fuel, it is necessary to
establish the accident conditions in which such damage could occur. In this
Section, therefore, a number of the generic features of CANDU type reactors
are examined qualitatively in terms of their possible contribution to the
probability of severe fuel damage, combined with gross failure of the contain1~
ment in accident sequences which invo’ve pressure-tube failure. Tke results
of this examination provide a basis for grouping the numerous possible acci-
dent sequences in a way which should facilitate the identification of R and
D requirements in the absence of any detailed accident analysis.

6.1.2.2 The Importance of Pressure Tube Orientation and Moderator

Retention

In CANDU-type reactors the pressure tubes are horizontal. For reasons
discussed below this may be of importance in relation to the number of other
tubes which may fail as a result of sequential damaae

In the event of a gross pressure tube failure, sequential damage could
occur in the following ways:

(a) Failure of the pressure tube may lead to failure of the calandria
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(b)

tube, The probability of failure of the calandria tube is to some
extent within the control of the reactor designer, since he can
increase the strength of the tube at his discretion. However, this
procedure would introduce an economic penalty and also it might be
difficult to provide complete protection against highspeed fragments
from the pressure tube, if this were to fail in a brittle manner.
If the damage were a nearly cocmplete circumferential tear of the
pressure tube and calandria tube, it is to be expected that one
or both parts of the tube would develop a substantial droop. If
the breach were long enough, or if the two broken ends were
sufficiently offset, there would be nothing to prevent ejection
of the fuel bundles from the two parts of the tube and their fall
towards the floor of the calandria. As noted in Section 6.1.2
above, this was observed in the NPD mock-up tests (Ref. 19).
At the time of tube failure there would be a rapid rise of pressure
within the calandria. If the relief valves function correctly,
t“ere should be no immediate structural damage to the calandria.
However, if the pressure is not relieved adequately, there would
be some probability of failure of the end shields, allowing the
moderator and primary coolant to drain away. In this situation,
severe over-heating, or melting, of the ejected fuel could occur.
However, failure of the calandria barrel would not lead to this
situation; as described below, the fuel would still be immersed
in water.

A single fuel-element bundle ejected into a water-filled
calandria should be sufficiently cooled by pool boiling. However,
it is less certain that a number of bundles falling in a heap in

a small area would be cooled sufficiently to prevent progressive

33



£ L4 > ‘! X
> . g . 4
‘ 1 : v t =
= + r
- X - X
+ - o]
’ ’ 1 v +
" - o " n
") - -~ -
h ~ > - -
+ v > . - ]
3 ’ : +
- o e " :
vu - +
‘ - 1 c g
~ e ¥ w
+ - 1 -
- -~ -

N

wer

W




(1) Missile attack due to fragments from a bursting pressure tube.
(i) Disruptive effect of violent local boiling along the path
of the released fuel bundle.
(ii1) Shock and jet effects from a bursting tube.
(iv) Whipping of the ends of a broken tube.
(v) Damage due to fuel/coc.ant, or fuel/moderator interaction,
if melting of the fuel occurs.

It is possible that on closer investigation it could be shown that, of
the various sequences outlined above that could lead to severe overheating,
or melting, of the fuel none is sufficiently probable to add significantly to
the risk presented by a CANDU type reactor. However, in the absence of
analysis to show that the risk is negligible, these sequences should not be
ignored. Some R and D may be required to obtain data need>d for the analysis
§.1,8.3 The Importance of Reactor Shutdown

In general, the probability of gross damage to the containment of a
CANDU-type reactor would be dependent on the probability of a violent FCI.
The probability of such an event depends in part on the degree of "coherence"
with which melting and agglomeration of the fuel occurs i.e., if the fuel
were widely separated spatially, and remained so, or if it only arrived at a
given point over a period of several minutes, the process could be described
as "incoherent" and a violent FCI would be less likely.

However, as discussed in the previous section, the characteristics
of the CANDU-type regctor would tend to give spatial coherence within the
calandria if fuel bundles were ejected from the channels.

[f the reactor were shut down correctly at the onset of any severe
fault condition it can readily be shown that the rat: of rise of fuel
temperature would not exceed some 5°C per second and that fuel melting

would take at least 10 minutes. On the other hand, if the reactor had not
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been shut down, fuel melting
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{ (i1) the reliability and performance of the ECCS
(ii1) The subdivision of the primary ccolant system into two parts.
In this conteéxt the subdivision of the primary coolant
system might be inimical to safety. This is because propa-
gation of tube failure by spilt fuel (due to inadequate ECC)
to one or more pressure tubes in the pressurized half of the
circuit could lead to a situation in which the probability
of failure of several tubes in both circuits was increased.
(iv) If the large LOCA were accompanied by a faiiure to shutdown,

a violent FCI would be more likely to occur.

(b) Accidents in which primary coolant pressure is not lost at the
outset (e.g., loss of primary coolant flow, reactivity excursions,
secondary coolant faults and single channel faults) are more
likely to be the cause of widespread pressure tube failures due
to propagation effects than are large LOCAs, since an overheated
tube could be subjected to full reactor coolant pressure.

(c) Some small LOCAs (other than self-failure of pressure tubes),
such as failure of channel feeders, which can lead to stagnation
of flow and over-heating of the fuel in the associated channel,
may need to be treated as a separate, intermediate class. This
is necessary since in some cases the reduction of primary coolant
pressure at the time of sequential failure of the first pressure
tube could be quite small.

6.1.3 Grouping of Possible Accident Sequences in Relation to the Likelihood
of Sequential Failure of Pressure Tubes

The preceding discussion leads to the following grouping of possible

accidents:
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ipdads can

Group Description of Accident Group

Al Self failure of pressure -tube; reactor shutdown (5-D)
A2 As Al but reactor Not S-D
Bl Non-LCCA faults - reactor S-D; first P-T fails due to transient

temperature rise
B2 As B1, but reactor not S-D
Cl LOCA faults - other than self failure of PT, reactor S-D;

first P-T fails due to transient temperature rise,as Bl

C2 As C1, but reactor not S-D.
The R & D requirements for the various groups are discussed in the following
sections, for each of the options defined in Section 1 above.
6.2 Definition of R and D Requirements to Justify Option I
6.2.1 The Nature of the R and D Work Required tc Justify Option I
In order to justify the adoption of Option I (i.e., to proceed on
the basis that the probability of gross failure of a pressure tube can be
made so low that it can be ignored) it would be necessary to demonstrate two
characteristics, viz:
(i) That the probability of failure of a tube due to its own defects
was acceptably low
(i1) That the probability of reactor faults which would not be harmful to
the majority of the core, but which could lead to failure of at
least one pressure tube, was also acceptably low.
It should be noted that in adopting this Option it would be implicitly
assumed that there was no reliable information about the sequence of events
following gross failure of a pressure-tube. Thus in establishing an accept-
able prcbability for such a failure it has to be assumed that the conditional
probability of exceeding 10CFR 100 guide lines following the failure, would
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be unity (See also Appendix 1.)
These two different aspects of the R and D requirements are considered
serarately in the following sections.

6.'.2 R and D Work in Relation to Self-Defects in Pressure Tubes

It follows from discussion in Section 4 and 5, above that the principal
areas in which R and D work would be required to demenstrate an acceptably
low probability of gress failure due to self-defects are:

(a) Material properties of the pressure tubes, with particular reference to
the effects of deviations from the normal manufacturing process and of
the reactor environment,

(b) Effect on the failure mechanics analysis of departures from the nominal

condition of the pressure tube mate-ial.

(c) Reliability of the leak detection system, or systems.

(d) Reliability of the in-service inspection methods.

As discussed in Section 5.8, above, in order to be consistent with the
standards of safety demanded today, extremely low probabilities of failure
would have to be demonstrated. Assessment of the scope of the R and D
program necessary is difficult, particularly €or the first two of the areas
listed above. The nearest analogy, perhaps, is the sczle of the effort
required to demonstrate the safety of LWR pressure vessels. In this context
it shou]d.be noted, moreover, that Zirconium and its alloys are fundamentally
less satisfactory materials for high integrity pressure parts than the low
alloy steels. This difference stems mainly from the greater inherent
tendency of Zirconium alloys to absorb hydrogen, with the subsequent formation
of hydride particles within the parent lattice (Ref 5).

The R and D work required to develop leak detection systems and in-
service inspection methods could, in principle, be defined more readily.

Nevertheless, as discussed in Section 4.3, the reliability required
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from the leak detection systems depends to a large extent on the frequency of
minor failures in the pressure tubes which, if undetected, could lead to

gross failures. Thus the first step would be to define the freauency of
demand; in view of the more recent operating experience with pressure tubes

in the CANDU reactor, it is difficult to see how a low failure rate can be
claimed without many years of trouble-free operation from today onwards.

l.e., if a U.S. proaram of development of CANDU-type reactors were started in
the near future, it would have to be based on the premise that the incidence
of minor, but potentially dangerous failures, in oressure tubes was auite high

(of the order of 107

per reactor year).
6.2.3 R and D Work in Relation to External Causes of Pressure Tube Failure
6.2.3.1 Transients Affecting the Whole Reactor
As discussed in Appendix 1, not only would it be necessary to demon-
strate extremely low probabilities of pressure tube failure, of the order of

10"10

per tube year, due to self-defects but it would also be necessary to
show, at a higher level of probability, that failure of a single pressure-
tube would not occur as the result of reactor transients. The transients
in question are those in which th:2 conditions in virtually all of the fuel
channels would remain satisfactory, so far as the continued integrity of
the pressure tubes is concerned, but in at least one channel the conditions
of temperature and/or pressure could lead to failure. For example, if
the "hot-spot" factors were under-estimated, a loss-of-primary-coolant-flow
fault could lead to sufficient clad melting and fuel-slumping in the hottest
channel to endanger that pressure tube, whereas a corresponding error in
prediction of hot-spot factors and transient behaviour in a PWR would have
much less severe effects.

Thus, in order to adopt Option I, a hiagher standard of accuracy in
the prediction of hot-spot-factors and transient behaviour would be required

for a CANDU-type reactor than has been necessary for LWRs. This higher
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standard would have to extend to the performance of the shutdown and shut-
down heat removal systems, since, in the 1imiting condition, these contribute
significantly to the safety margin. In this context the positive reactivity

coefficient of the CANDU-type reactors may be significant.
Consequently, in this area also, the R and D work required would be

substantially more extensive than ..as been the case for LWR. An alternative
approach, in order to reduce the R and D costs, would be to reduce the peak
linear rating. However, the increased number of channels required could

add substantially to the capital cost of the NPS. For example, it was found
in the UK that a 10 percent decrease in rating for a 660 MW(e) steam generat-
ing heavy water reactor (SGHWR) led to an increase of about 5 percent in the
capital cost of a station (i.e., about $50 m). Thus for a large program of
CANDU-type reactors, this alternative approach would probably be unattractive.
6.2.3.2 Transients Affecting Single Channels Only

It wprion I were adopted then, by definition, faults such as channel
blockage, which would affect only one channel at a time, are as important
as faults which affect the whole reactor. Thus, a considerable amount of
R and D work would be required to prove adequate reliability in the devices
used to detect partial blockage.

Some indication of the cost of this R and D could be gained from
examination of the scope of the R and D work which was visualized for LMFBR,
when it was believed that single channel faults could lead to dangerous
transients affecting the whole core.
6.2.3.3 Feasibility of Proceeding on the Basis of Option I

Overall it appears that the R and D program required to support the
adoption of Option I would prove so extensive and prolonged that this would
not be a viable approach.

The first alternative, that of adopting Option II, is discussed in

the next Section. .
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6.3 Definition of R and D Required to Ju:tify Ontion II

6.3.1 Nature of the R and D Required to Justify Option II

In order to justify the adoption of Option II (i.e., to proceed on
the basis that gross failure of a pressure tube is so unlikely to lead to
meltdown” of the fuel in the parent channel, or to failure of other pressure
tubes, that a relatively high probability of gross failure of a single tube
would be acceptable). The R & D work that would be required is as follows:

Stage (a) Work to show that the probability of fuel meltdown due to

a single tube failure, which does not propagate to others,
would be acceptable.

Stage (b) Work to show that the probability of the single initiating

failure propagating to other pressure tubes is acceptably
Tow.

It should be noted that, by definition, Option Il implies that no
upper limit should be placed on the probability of pressure tube failure.
However, as discussed below, this definition leads to difficulties, if used
as a basis for a probabilistic analysis. For this reason alone, some
modified form of Option 11, in which a specific limit is placed on the
probability of the initiating event, is required. This requirement is
satisfied in the definition of "Option III".

The type of work required for Stages (a) and (b) is discussed briefly
in the following sections.

6.3.2 Acceptable Value for Conditional Probability of Fuel Meltdown

Following Pressure-Tube Failure

From the discussion in Sec 6.1.2, above, it seems unlikely that gross
failure of a pressure-tube due to an inherent defect would lead to rapid
meltdown of the fuel from that channel, providing that the reactor was
shutdown promptly. However, some possible ways in which meltdown could

*Note: In Option 1I,"meltdown" alsu implies prblonged heatina of unclad fuel
in an air/steam atmosphere.
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occur after a delay were identified. In particular there is the possibility
that ejection of fuel bundles could be accompanied by faiiure of the calandria
end plates, leading to draining of the heavy water, so that 'he exposed bundles
would then have insufficient cooling to prevent melting of the cladding and
subsequently melting or prolonged cverheating of the fuel.

If the failure of the pressure-tube occurred as a result of over-
heating of the fuel (e.q., due to a channel blo.kage), the fuel could be in
a condition at the time of the tube failure where melting would be more
Tikely, in an empty calandria, since there would be more heat stored in the
U0,.

A possible limiting value for the conditional probability of meltdown
(or prolonged over-heating) of the fuel from a single channel has been derived
in Appendix 1; this value is 1x10°8 per event, This value is associated with
the specific fault-sequence. "Single pressure tube fails; calandria tube
fails; calandria damaged and drained of heavy water; fuel bundles left un-
cooled in an air/steam atmosphere". However, as indicated in the previous
Section 1, the nature of "Option II" leads to a rather artificial target:
in deriving the value of 1:(10'6 a very conservative assumption about the
probability of the initiating event has been used.

It is Tikely that an extensive R and D program would be required to
confirm that the conditional probability of this sequence was as low as
1x10'6 per event. Moreover it is not known how much information would be
available from Cinadian or other sources. However, because of the artificial
nature of the target, consideration of the need to examine the R and D
implications is deferred until Sec. 6.4.4 where a more realistic design
target is discussed.
6.3.3 Acceptable Value for Conditional Probability of Propagation of

Pressure-Tube Failure
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In order to construct a satisfactory safety case for a pressure-tube
reactor it would be necessary to show that propagation is a low probability
event. However, in order to design an R and D program to demonst ' this,
there must be some indication of the level of conditional probability which
is acceptable. A possible target is derived in Appendix 2, by an extension
of the risk-allocation procedure.

A possible target value derived for the conditional probability of
propagation of the initial failure toa large number of other pressure-tubes
is 1x10'6 per event. However, as in the case discussed in the previous
Section, this is a somewhat artificial value, since the definiiton of “Option
IT" necessitates the use of a very conservative value for the frequency of
the initiating event. Consequently discussion of the R and D requirements
in relation to tube-to-tube propagation is also defined until a more realistic
design basis has been identified (see Sec 6.4.4 below).

6.4 Optimum Design Basis
6.4.1 Summary of the Difficulties Encountered in the Use of Options I and I1
It follows from the discussion in the preceding sections that:
Firstly, it is unlikely to be feasible to demonstrate by R ana N work
that the adoption of Option I is a viable approach, on
account of the extremely low probabilities of specific
events, such as pressure tube failure due to self-defects,
that would be a necessary condition for this to be valid.
Secondly, Althouyh a reduction in peak linear rating would reduce the
R and D work required to demonstrate some aspects of
Option I, it is unlikely that this would be an ecoaomically
viable approach for a large program of reactors.

Thirdly, in the case of Option II, it is not possible to define

realistic quantitative values for the parameters which would

be the subject of R and D work. Thus, the adoption of this
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Option could not lead to the definition of a completely satisfactory

R and D program

Thus, as has been indicated previously, an alternative to both Option I
and Option II is required as a basis for design. A suitable alternative is
dascribed in the next Section.

6.4.2 Formulation of an Alternative Ap~,~ach to Design (COption III),

in Relation to Pressure-Tube Integrity

In the 1ight of the preceding discussion, the most promising alternative
appears to be as follows:

The probability of gross failure of one of the pressure-tubes in the
set, due to all conceivable causes, is assumed to be less than 107% per
reactor year and the conditional probability that a single gross failure
would propagate an unacceptably large number of other tubes is assumed to be
less than 1077 per event. In order to give comparability of safety with

6 to 1077 per reactor

LWRs the product 107*.107Y must lie in the ranr2 10°
year. The phrase "unacceptably large number of other tubes" has to be inter-
preted in accordance with the effects of the tube failure on its associated
fuel and on the reactor and containment as a whole. Licensing policy at
the releant time may be a further factor. For example, it might not be
considered acceptable to contemplate the failure of more than, say, 10
channels, at a probability o more than 10'6 per reactor year, even though
it might be possiole to demonstrate that the failure of 100 pressure tubes
would present a smaller hazard than failure of the reactor vessel of an LWR.
The lower limit to the range of "unacceptably large numbers" is
obviously zero. However, this would still represent a more readily demon-

stratable design than one based on Option I, since failure of one tube

would be permitted.
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t will be seen frum the analysis in Appendix 2 that,as the size of
the “unacceptably large number" is increased, the problem of demonstrating
that propagation to some larger number of other tubes would not occur
becomes progressively easier. The limitations on the choice of the maximum
acceptable probability of qross failure of one pressure tube in the set
(i.e., 107%) are discussed in the next Section.

6.4.3 Limitations on Maximum A.ceptable Probabiiity of Pressure-Tubz Failure

In the event of a pressure-tube failure of the "leak-before-break"
type, the reactor operator would have to shutdown, locate the faulty tube
and replace it. For randomly occurring single failures the downtime would
be of the order of 10 days; the differential cost of operating reserve
fossil fired plant to replace the output of a 1200 MW(e) nuclear plant for 10
days is about 55x106. Economic considerations alone would make a failure
probability of less than 10'2 per reactor year desirable, i.e., on economic
grounds the maximum acceptable probability of random "leak before break
failures" would be about 10°° per tube year. Type-faults, leading to
several simuitaneous "leak-before-break" failures, or incipient failures,
wouid lead to longer outages, but the outage time should not increase in
direct proportion to the number of failures. Canadian experience (Ref 10)
suggests that a typical period would be about 100 days, so that on economic
grounds a maximum probability of about 10'3 per reactor year for type-faults
in the pressure tubes would be desirable.

It will be seen that these "economic objectives" demand a better
performance than has as yet been demonstrated operaticnally. However, a
possible maximum value for the conditional probability of gross pressure-
tube failure, which would be acceptable on safety grounds, (without having to

assume probabilities of "leak-before-bieak” failures as low as those likely
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to be required for economic reasons) has been derived in Appendix 1. The
value derived in Appendix 1 is 10'3 per reactor year., In order to derive
this value a number of assumptions have had to be made but with one exception
it is believed that these can be verified by development programs of
manageable dimensions. The one exc:ption is the probability of a "break-

before-leak" failure, for which a probability of 10'6

per tube year has been
assumed. The difficulty of substantiating this value. by analysis or by
experiment, is analogous to that of confirming that the maximum probability

6 per vessel

of catastrophic failure of an LWR pressure-vessel is less than 107
year, In this instance, therefore, comparability of safety might be
demonstrable in a qualitative manner by a detailed comparison of the
arguments which have been used in each case. In this context it should be
noted that the pressure-tute arringement has one major advantage over the
use of a single vessel, in that one or more complete tubes can be removed
at intervals for comprehensive tests in laboratory con itions, including
hydraulic tests to destruction, if necessary. Before proceeding to a formal
definition of Option III it is necessary to determine whether possible
seismic effects on the pressure-tubes need to be taken into account.
6.4.4 Seismic Resistance of Pressure-Tubes

The design of the pressure-tubes to resist a "design-basis" earthquake
presents a well-defined structural problem for which, it is assumed, a
satisfactory design solution can be found. However, it is usually difficult
to define the probability distribution for size of earthquake at levels of
probability lower than 10'4 per year. The implicit assumption is usually
made, for sites in low areas of seismic activity, that in the event of an
earthquake more violent than the "design-basis", sufficient of the plant

(e.g., the containment) would survive to reduce the probability of a large
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release of activity into the atmosphere to an acceptably low value. In

the case of a CANDU-type reactor a "beyond design-basis" earthquake could

conceivably cause simultaneous damage to a large number of pressure tubes

and/or their connecting pipe work. Sufficient analysis should therefore

be performed to obtain a clear picture of the likely sequence of events in

such circumstances.

A further seismic problem ir relation to the pressure tubes is that of

a tube which is connected to the fuel charge and discharge machines at the

time of an earthquake. In this situation three additional effects can be

identified, viz:

(i) The movement of the machines relative to the ends of the pressure tubes
could create substantial additional loads on those parts of the tubes
and their end fittings which protrude beyond the outer calandria end-
plates. The additional loads on the end-plates could also be
substantial but the part of the pressure tube which is within the
calandria should be adequately isolated from the additional loads, since
it is usually regarded, for structural analysis purposes, as a beam
fixed at both ends.

(i1) The additional loads on the end parts of the pressu-e tubes could
conceivably cause them to fail. This failure would be seen as a small
LOCA by the rest ¢f the primary circuit and thus should be within the
capacity of the existing emergency cooling systems, Ejection of one
or more fuel bundles from the failed tube is conceivable, in which
case the bundles would be retained within the pressure tube and would
be cooled initially by the flow of escaping heavy primary coolant and

later by the injected emergency coolant.



(i11) The additional loads on the calandria and end-plates could conceivably
cause failure of the seals and draining of the whole, or part of the
moderator. However, this would not create any direct hazard,
although it would not be possible to claim the moderator as an
additional means of ccoling the fuel in all the other channels
(by radiant heat transfer to the moderator), if tlie other emergency
cooling systems failed. Overall, therefore, the special case of a
pressure tube being refuelled at the time of a severe earthquake
should, at the worst, lead to a release of activity into the
containment equivalent to one complete channel.

Thus, considering both the general and the special caces of possible
seismic effects, it is concluded that these do n-. affect the choice

of assumptions concerning pressure tube integrity which are required to

provide a basis for design.

6.4.5 Definition of Option III

The probability of grouss failure of a pressure tube is not to exceed
3

107" per reactor year and in the event of such a failure, the probability

of propagation to more than 9 other pressure tubes shall not exceed 10'3
per reactor year.
6.4.6 Summary of the Reliability Requirements Implicit in the Adoption
of Option III as a Lasis for Design
From the work descr bed in the earlier parts of Section 6.4, it is
now possible to list the reliability reguirements which are implicit in the

adoption of Option III as a basis fer design, <o far as the pressure tubes

and the systems directly relevant to the maintenance of their integrity






be ignored. Associated with the reliability requirements defined above
for the pressure tubes and their protection systems are a number of
requirements which are more of a "perrormance” nature. Each of these
is described below.
(a) Propagation of Pressure Tube Failure

The fundementa)l requirement is to show that the probability of
propagation to some acceptable number of other pressure tubes (assumed in this
this analysis to be 9) is less than thIO’4 per event, However, as shown in
Appendix 2, it should be sufficient to demonstrate that:

Probability of the initial failure causing the direct failure of

| other pressure tube is less than 0.5 per event

2 other pressure tubes is less than 0.1 per event

3 other pressure tubes is 1less than 0.08 per event
and 4 other pressure tubes is less than 0.02 per event
It should be noted that in view of the arrangement of the pressure tubes (on
a square lattice) and the available experimental evidence, it is considered
unnecessary to consider cases in which more than 4 failures result directly
from the initial one. However, any lack of validity in this assumption
should become apparent during the test program. It should be noted also
there are d*“’erent sets of boundary conditions for differsnt fault sequences.
However, with one exception, the calandria is assumed to be full at the time
of the first failure, so that a single test program based on the most severe
conditions in the tubes and a full calandria could cover nearly all the
s**iations. It will be seen that relatively few tests should be sufficient
to prove, or disprove, that the probability of propagation. to, say, 10
other tubes is low enough to meet the reliability requirements, at an

adequate level of confidence.
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The one exception which has been identified in this study is the

following sequence:
(i) Initial pressure tube failure leads to failure of calandria end
plates.
(i1) Calandria drains.
(iii) Ejected fuel bundle is wedged against calandria tube in the un-
damaged Toop.
(iv) Calandria and pressure tube fail, at full primary coolant pressure,
with empty calandria.

As discussed below (para (b))it should be possible to so arrange the
design that the overall probability of this sequence is so small that it can
make no significant contribution to the overall ri %, In any event, a
much higher probability of propagation than is indicated above would be
acceptable, so that a very small number of tests should suffice.

It should be noted that the main test program could be arranged in
w0 parts; the first part could be aimed at establishing the probability
of failure of the "parent" calendria tube. If this proved to be quite low
the number of tests with arrays of tubes, which would form the second part
of the program, could be reduced substantially.

(b) Probability of Channel Blockage

It has been postulated in the derivation of the other reliability
requirements that the probability of channel blockage would be less than
1x1073 per reactor year. The design of the "feeder pine" and channel inlet
features would have to be developed with this requirement in mind.

(c) Probability of Stagnation in a Single Channel

It has been postulated in Appendix 1 that the probability of this

event would not exceed 10'5 per reactor year. The initiating :vent would

be failure of a 'feeder' pipe within a relatively narrow range of positions.
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Assuming that the frequency of such an event would be less than 10'2 per reactor

year, it would be n sessary to show that the conditional probability of fuel
overheating and pressure tube failure was less than 10'3 per event. Con-
ceivably this could be done purely by analysis but it is possible that some
device to prevent back-fiow from the tube might be desirable. In the latter
case, this definition of the reliability required would provide some guidance
in the development,
(d) Performance of Reactor Irstrumentation

It is postulated in Appendix 1 that the probability of an inadequate
margin against fuel melting due to lack of an adequate "hot spot” margin is
10'4 per reactor year, This requirement should provide some guidance in
the development of the instrumentation for assessing steady state core
conditions and in the development of the transient analysis. It is also
postulated that the probability of local clad-melting escalating to channel
blockage and fuel melting is less than 0.3 per event; this requirement also
~rovides some guidance for the development of the transient analysis. How-
ever, the reactor designer is free to revise the alloce.ion, within the
target value for the fault, without having to consider the repercussions
of the change elsewhere in the system e.g., in order to save some analysis
he could assume that clad melting always escalates to fuel melting and then
improve the instrumentation accordingly.
(e) Performance of the Containment

For faults involving failure of only ore pressure tube it has been
assumed that the probability of the contair nent proving ineffective is 1073
per demand and for multi-tube failures (up to 10) a probability of 10'] per
demand has been assumed. The former value is consistent with the assumptions

made for the CANDU reactors: the value of 10" should be conservative.

Both should provide some guidance to the designer.
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(f) Performance and Reliabi'ity of Calandria Pressure Relief System

The potential hazard from pressure tube failure is likely to be
increased substantially if the end-plates of the calandria fail, allowing
the heavy water to drain from the system. Clearly it would be uneconomic
to design the end-plates to resist a pressure approaching that of the
primary coolant. Thus prevention of damage to the end-plates must depend on
the adequacy and reliability of the pressure relief system. Taking the value
of 10'3 per reactor year for the annual probability of pressure tube failure
for design purposes (as derived in Appendix 1), a probability of failure of
1074 per demand for the pressure relief system should be adequate. It
should be possible, in fact, to meet this requirement without further develop-
ment but detailed reliability analysis will be required to support the design.
In this context it should be noted that, if the design basis permits propa-
gation up to, say, 10 tubes in all, the calandria pressure relief system
capacity must be adequate for this condition.
(g) Behavior of Ejected Fuel Bundles

In the derivation of the proposed treatment of the problem of pressure

tube integrity, it has been assumed that:

(i) If the calandria is filled with water a single ejected fuel bundle
would be adequately cooied and, even i lodged against another
calandria tube, would not cause it or the associated pressure
tube to fail.

(i1) If a number of ejected bundles fall into a single heap, cooling
would be adequate, if the calandria is filled with water.

(iii) [If the calandria has been drained (e.g., by failure of the end-
plates) a single ejected bundle could cause failure of another

pressure tube, if lodged against iis associated calandria tube.
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(iv) If a number of «jected bundles fall into a single heap in a
drained calandria, fuel melting could occur.

Sufficient analysis, supplemented as necessary by test work, would be
necessary to confirm (i) and (ii) " .ve and to obtain a better understanding
of the phenomena associated with (iii) and (iv).

(h) Seismic Effects on Pressure Tubes

Some scoping calculations to determine the likely effects of multiple
pressure tube failures as a result of earthquakes more severe than the
nominal “design basis" earthquake are desirable. These should indicate
whether it is reasonable to assume, for example, that the containment would
still retain some degree of effectiveness or whether a violent fuel/coolant
interaction is so probable that the assumption would be invalid.

6.5 Priorities for R and D Work Required in Relation to Pressu-e

Tube Integrity

In the previous Section a basis for design has been proposed which is
believed by the present writer to be near the optimum so far as the
amount of R and D required to support the design in relation to pressure
tube integrity is concerned. Reliability requirements for this design
basis have been deduced. Clearly other designers might choose a dif ferent
basis, leading to a change in reliability requirements.

The discussion of R and D priorities in this section relates only to
the design basis proposed above. On reviewing the reliability requirements
sumw2rized in the previous section, it will be seen that the only areas in
which long-term R and D might be required, from the safety point of view,
in reiation to pressure-tube integrity are:

(i) Demonstration of a sufficiently low probability of "break-before-
leak" failures;
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(11) Demonstration that the probabilitv of propajation of pressure tube

failures is sufficiently low;

(111) Demonstration that the ejection of fuel bundles, from failed tubes,
into a fuel calandria would not cause any further damage by their
fission product heat;

(iv) Further investigation of the probability and effects of channel
stagnation; and

(v) Development of methods for the detection and effects of channel
blockage.

From the economic point of view, it might be desirable to give high
priority to R and D work aimed at establishing lower probabilities of
"leak-before-break" failures, due to both random faults and to type-faults.

As discussed in Section 6.4.3, above, it is possible that qualitative
arguments alone might be enough to show that the probability of "break-before-
leak" failure is sufficiently low to meet the design basis requirement

6 per tube year) bearing in mind that it

postul ted in Appendix 1 (i.e., 107
should be sufficien. to show comparability of safety with LWR vessels in this
respect., If this proved to be the case, no major R and D program would be
required in relation to this aspect.

Although investigation of tube-to-tube propagation has been identified
as a high priority, attention has been drawn in Appendix 3 to quite extensive
tests carried out in other countries, which do not appear to have been reported
in the open lite-ature. It is possible that, if the full reports of these tests
could be obtair d, they would be sufficient to justify reducing the priority
accorded to this item. Moreover, as noted above, concentration of the test
work initially to determine the probability of failure of the "parent"” calandria

tube, as a result of failure of its pressure tube, might reduce

substantially, the total amount of test work required.
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7. A POSSIGLE BASIS FOR DESIGN OF A CANDU-TYPE REACTOR j0 BE LICENSED

IN THE U.S.

7.1 A basis for design.

In the preceding Sections, a possible approach to the problems of
demonstrating adequate integrity of the pressure tubes has been outlined.
This should meet the requirement of achieving a standard of safety comparable
with the LWRs in respect of primary circuit integrity. This approach
implies some assumptions about the risk-allocation made for the reactor as
a whole. However, the allocation made to the pressure tubes is so small
(10 percent of the total) that changes in it could not have any significant
effect on the problems of obtaining the target reliability which might be
established for the other safety systems. It remains to be shown therefore,
that a viable risk-allocation can be chosen and that the conceptual design
outlined would be consistent with this. As in the case of the pressure
tubes, the risk allocation can then be used to provide an indication of the
R and D requirements and priorities.

Experience with conceptual designs of other pressure tube heavv water
reactors suggests that the target allocation proposed in Appendix I should
be satisfactory. This requires the following reliabilities:

(a) Shut down syscem 1 x 106 failures per demand
(b) Residual heat removal 7 x 107 7*
(pressurised)
(¢c) Residual heat removal 1 x 1074
(depressurised)
(d) Critical structures 1 x 108 faitures per r.yr. ¢
(other than the pressure
tubes)
(e) Safe shut-down in event of 1 x 1072 failures per
external hazards beyond extreme demand
design levels

*Note: For RHR the allocated target has to cover both starting
and running reliability

¢Note: The reliability required from the pressure tubes is derived in
Appendix 1.
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Although LWRs are less likely to experience asymmetric reactivity faults
than the CANDU-type reactors, their potential hazard from symmetric reactivity
faults is much greater. This is due to the much larger amount of excessive
reactivity which is available (about 7 percent as compared with 1 percent).

Subject to these reservations about diversity of sensors and subject to
the assumption made in Appendix I concerning the frequency of faults requir-
ing an automatic trip (1 per vear) it is considered that the proposed desian
should be satisfactory, so far as reliability is concerned, and in this respect
the design is superior to current LWRs. It should be noted that the value of
1 genuine demand per year is intermediate between the value used in the CANDU
safety assessments (0.3 per r.yr) and thai assumed by NRC for LWRs in their
ATWS studies (about 6 per r.yr).

Insufficient data are provided in the available descriptions of the CE
design to estimate the performance of the two reactor shut-down systems.
However, providing that both can terminate @11 major faults safely, the
CE design should have better resistance to ATWS-type faults than is the case
for current LWRs.

7.3 Residual Heat Removal Pressurized

As noted above, the reliability target for this system must be appor-
tioned between starting and running modes. In the pressurized condition
the latter should prove a less onerous requirement and provisionally it can

be assumed that targets of 5 x 1077 and 2 x 1077

per demand, for starting and
running respectively, would be appropriate. To meet the target for starting
reliability two diverse systems, each with at least "2 out of 3" redundancy
would be necessary, or both the primary and secondary side. It could be
argued that natural circulation of the primary coolant would be sufficient
to maintain satisfactory fuel conditions. However, further work is necessary

for the following purposes.
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(1)

(i1)

(i11)

To confirm that the CANDU-type of configuration would provide adequate
natural circulation: in this context it should be noted that the
horizontal arrangement of the fuel tends to reduce the available
buoyancy head, as compared with a PWR, and the horizontal arrangement
could also lead to some stratification of flow, due to the formation

of local natural circulation "cells" in the individual tubes, which
could have an adverse effect on the temperature distribution. It will
also be necessary to determine whether this configuratior '3 less, or
more, prone to loss of natural circulation if the fuel cladding becemes
sufficiently over-heated, temporarily, to produce hydrogen in large
quantities, as in the case of the Three Mile Island reactor.

It is likely that some test work has been carried out on CANDU reactors,
the results of which could resolve some of these points. However, it

has not yet been possible to identify the appropriate references.

To confirm that the reliability of the circulation and/or emnergency
feed supplies on the secondary side would be adequate, as the water
level must be maintained in the boilers to secure natural circulation
on the primary side.

To confirm that the .eliability of the electrical supplies needed to
run the emergency feed pumps is adequate. The most critical case would
be loss of all main AC supplies: according to local conditions the

2 to 1 per r. year.

frequency of loss of the main arid could vary from 10°
Moreover, a similar variation may be expected in the probability of
sequential loss of internal generation, owing to variations in the
"balance of plant” design. When the reliability of th. _cessary
switching operations is taken into account, in addition to that of the
diesel alternator sets starting systems, it is uniikely that an

unreliability better than 10'4 per demand could be demonstrated for a
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typic2l 3 x 100 per cent arrangement of diesel generators. Thus,

unless the reliability of the grid and of continued in-house generation
are near the lower end of the range suggested above, a second, inde-
pendent source of energy would be required for the emergency feed pumps.
In principle this could be provided by separate small turbines, supplied
with steam from the secondary coolant side, as in some PWR designs.

In other fault conditions of this type it should be possible to rely
partly on continuity of grid supplies.

(iv) It has been claimed for the CANDU reactors (Ref. 25) that radiative
transfer to the moderator can provide a sufficient heat sink to prevent
fuel melting in the absence of all convective cooling. Although this
characteristic is of more importance in LOCA accidents, it would also be
of considerable value in fault conditions, such as those encountered
in the Three Mile Island reactor accident, where partial loss of coclant
leads to temporary voiding of the channels. This characteristic of
the CANDU-type reactor is discussed more fully in the next Section.
Overall, therefore, the type of design proposed by CE should provide

sufficient starting reliability in pressurized faults, providing that adequate

natural circulation can be demonstrated. If adequate natural circulation
could not be demonstrated it might be possible to claim sufficient additional
starting reliability from the longer-term cooling systems, although these

are intended primarily for use in prolonged shut-downs for maintenance.
Clearly, it would be much easier to meet the requirement for running

reliability, pressurized, if there were adequate natural circulation.

However, even without this facility, the CE design might be just adequate.

In order to assess the adequacy of performance of the emergency cooling

in pressurized faults, further information will be required concerning: |
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pumps and, in the third, lorg-term phase, water at atmospheric pressure would
be circulated by pumping. The reliability target proposed above should be
large enough to permit the use of one system in each phase, given sufficient
redundancy in each.

Smaller LOCAs, excluding those due to inadvertent opening of relief
valves on the primary circuit, would have a substantially higher frequency

than larger LOCAs, but the proposed value of 1 x 1072

per r.yr. should be
reasonably conservative in this respect. In this case, rapid injection of
water in the initial phase should not be necessary. However, the system
provided to cope with large LOCAs, would be operative and would, in effect,
provide some diversity in the initial stage. In the second and final staage,
dependence on a single system would be rather difficult to justify. Never-
theless, the long-term heat removal system, which is assumed to form part of
the protection against pressurized faults, could probably be arranged to
operate in the depressurized condition as well.

Inadvertent operation of primary coolant relief valves, followed by a
failure to re-close, is a potential cause of small LOCAs. If there were at
lTeast two relief valves per steam generator anc two orn the pressurizer then,
using the data of WASH-1400 (Ref. 4), we should expect a frequency of spurious
valve opening of about 1 per r.yr. However, the probability of failure to re-
close is likely to be less than 0.1 per event, thus the overall frequency of
this type of event is unlikely to exceed 10'1 per r. yr. This should not be
high enough to invalidate the arguments about the adequacy of protection
against small LOCAs which has been developed above.

It has also been argued (Ref. 25) that an advantage of the CANDU type
of reactor is that, after a LOCA, there would be sufficient heat transfer
from the fuel to the moderator to provide an alternative, and highly diverse

means of removing the shut-down heat. However, the relevant transient
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analysis, as summarized in Ref. 25, is not entirely convincina: for example,

it is assumed that there would be no zircalloy/steam reaction. In addition,
for this mode of cooling to be useful, upgrading of the reliability of the
mod=rutor cooling system would probably be necessary. [f adequate cooling in
this mode coild be demonstrated, it would also provide a valuable increase

in safety in fauit conditions where there is a temporary loss of agueous
phase coolant from the channels, as in the case of the 3 Mile Island reactor
accident.

Overall, it is considered that provision of adequate reliability in the
shut-down heat removal systems required in depressurized conditions should
not be unduly costly, or unduly difficult to demonstrate.

However, demonstration of adequate performance may be more difficult,
some potential problems are:

(i) In the small LOCAs there is the possibility of stagnation of

flow in one or more channels.

(ii) 1In the large LOCAs the effectiveness of the initial injection

system is uncertain, due to the possibility of steam binding.

Stagnation can arise only 25 a result of failures between the pumps
and the fuel channel inlets. This possibility is discussed in Ref. 6, where
the use of check valves as a partial solution is suggested. This solution
had also been considered in the UK for the same problem in SGHWR.

The full implications of stagnation on shut- Jown heat removal in
depressurization acciaents in CANDU-type reactors cannot be deduced frem
the published literature. However, providing that the effects were confined
to one, or very few channels, fuel melting due to this cause would be within
the overall safety philosophy for a CANDU-type reactcr on which Option 11
of Section 6.4 i35 based. It also follows from the discussion in Appendix I

that the maximum acceptable probability of pressure circuit failures which
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could lead to severe stagnation effects in a single channel would have to
be shown to be less than, say, 10’3 per reactor year; this value is based on
the assumption that some moderately reliable device would be provided to
mitigate single channel stagnation. If no such device were provided then,
for the relatively small diameter pipework on the inlet side of the fuel
channels (notably the feeder pipes), the maximum acceptable probability of
failure might have to be substantially lower than for other small diameter
pipework.

Detailed analysis will be required to confirm that stagnation effects
on a larger scale cannot occur due to failures cf the larger diameter pipes
on the inlet side.

Steam-binding has never been considered a significant problem in the
development of the CANDU reactors but it should be noted that in the UK the
opposite view was taken in reiation to the problem in the development of the
SGHWR. As a result provision was made to deliver emergency coolin( water as
a spray distributed throughout the length of each channel, by means of a
sparge-pipe, which replaced the central fuel pin in a 37 pin cluster.

Thus, in relation both to steam binding and to stagnation effects on
the performance of the shut-down heat removal systems, additional theoretical
analysis and experimental work would almost certainly be necessary.

7.5 R and D Work Required to Support the Proposed Design

It is clear from the preceding discussion that some additional R and
D work would be necessary to confirm that certain proposed design features
would have both adequate perfor sn-  ard adequate reliability. Before
summarizing these requiren. - . dasirable to consider whether the CE
design would be more susceptible to damscc due to operator error than an LWR.
This aspect is discussed in the next Section and the R and D requirements

are summarized in Section 9.
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8.  SENSITIVITY OF THE SAFETY OF CANDU-TYPE REACTORS TO OPERATOR ERRORS
Although the exact sequence of events which led to severe fuel damage in
the "Three Mile Island" reactor may not be known for several months, there
seems to be little doubt that inappropriate procedures during abnormal
operation. had a substantial effect on the severity of the fault sequence.
Quantification of the probability of major errors by the operator is
extremely difficult but in a comparison between the safety of LWRs and of
CANDU-type reactors it is useful to consider the effects of similar types
of error on each system. viz:
(a) Errors leading to a sudden increase in reactivity.
From the roliability point of view, errors of this type should be rare
events, consequently the lower reliability of the single shut-down system
of an LWR is usually considered to be adequate to reduce the probability
of fuel damage to an acceptably level. I.e., in this respect the
higher reliability provided by the dual systems in the CANDU-type
reactors might be regarded as immaterial. Nevertheless it would be a
positive advantage of the CE design, if operator errcrs led to a
relatively high frequency of reactivity faults. The positive temperature
coefficieat of the CANDU-type reactor is more likely to lead to a
situation in which the response of the shut-down system is insufficiently
rapid * orevent some fuel damage; the _reater potential hazard of
primary circuit failure, due to interaction between the fuel and the
pressure envelope, would then become important. However, response of
the system in fault conditions of this type is purely automatic.
Consequently, operator errors, such as failure to maintain correct
trip settings, would be no more significant than in LWRs, providing
that the response of the system, in the design conditions, were

sufficiently rapid.
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(b) Errors leading to inadequacy of shut-down heat removal.

If it is assumed that similar errors would lead to similar degrees of

fuel damage in both types of reactor, the CANDU-type of reactor would,

in general, be more sensitive to errors, due to the proximity of the
fuel to the primary pressure circuit envelope (as in the case of re-
activity faults). However, if it can be firmly established that radiant
heat transfer to the moderator would be sufficient to prevent fuel
damage proceeding to fuel meltdown and pressure tube failure, as is
claimed in Ref. 25, then the CANDU-type of reactor could be regarded as
having a better resistance than the LWRs to operator errors of this
type. However, as indicated in Section 7.4, above, the description of
the transient analysis which is available in the open literature

leaves some doubts as to the validity of this claim for the CANDU-type

reactors.

Overall, therefore, the CE design for a CANDU-type reactor has some
potential advantages over current LWR designs, so far as resistance to
operator errors is concerned. However, further work is required to confirm
this.

9. SUMMARY OF R AND D WORK REQUIRED IN RELATION TO DESIGN FEATURES OTHER

THAN THE PRESSURE TUBES

In Section 6 the R and D work in relation to pressure tube integrity
was identified. From the discussion in Sections 7 and 8 it will be apparent
that some additional R and D work is required in order to substantiate other
parts of the dec®gn. Although the discussion in Sec. 7 is in terms of a
particular set of design options, the range of R and D work required, in
areas other then pressure tube integrity, would be similar if any other likely
set of design options were adopted. The main topics may be summarized, in

order of priority, as follows:
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(a)

(b)

(d)

(e)

(f)

Adequacy of performance of the emergency cooling systems in loss of
coolant accidents, without stagnation;

Effectiveness of moderator as an alternative emergency cooling system,
in partial and total loss of coolant accidents;

Adequacy of the emergency cooling systems for loss of coolant accidents
in which stagnation in one of more channels could occur;

Adequacy of natural circulation, including situations in which the
fuel cladding is temporarily overheated;

Development of alternative sensors to increase the diversity of the
reactor shutdown systems; and

Reliability analysis to confirm that the design of the shutdown and
the residual heat removal systems which are proposed will be adequate.

Detailed discussions with Canada and other countries vho have

developed pressure tube reactors to at least the demonstration plant stage

may reduce the amount of new R and D work required to support the CE design.
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10. CONCLUSIONS

The main concern about the safety of CANDU-type reactors, as compared
with LWRs, stems from the difference in the nature of their primary
coolant circuits; the presence of the pressure-tubes in the former
introduced a range of potential fault conditions that either do not occur in
an LWR or whose consequence, in that type of reactor, would be less serious.

Comparison between the two types of reactors is made more difficult
by the absence of detailed information about the CANDU-type of reactor in
the published literature and by 2 lack of precision in statements concerning
the importance attributed to the integrity of the pressure tubes. However,
by postulating specific assumptions on which this aspect of the design of
a CANDU-type reactor would be based, it has been possible to compare pressure
circuit integrity with that of the LWRs. This comparison, which is mainly
on a quantitative basis, leads to the definition of an R and D program which,
if successful, would demonstrate parity of safety between the CANDU-type
reactor and the LWRs, so far as primary circuit integrity is concerned.
However, this demonstration will require more extensive theoretical analysis
and experimental investigation of three main areas of pressure tube reactor
technology than appears to have been carried out hitherto.
These areas are:
(a) conditions which affect critical crack length in the zirconium

alloys likely to be used for pressure tubes;

(b) the effect of pressure tube failure and of fuel bundle ejection on

the remainder of the reactor.







(1) The reduced severity of potential reactivity accidents, stemming
from the much lower surplus reactivity present in the core during
normal operation

(ii) The greater resistance to fuel meltdown which may be provided
by the near-permanent presence of the moderator. However,
analysis additional to that which has been carried out for CANDU
may be necessary to demonstrate with sufficient confidence that
this additional line of protection is, in fact, effective.

Overall, therefore, it is concluded that a relative.y small amount of

additional R and D work would be required to support a license application
for a CANDU-type of reactor, similar in design to that proposed by CE, to
be built in the U.S, providing that the approach to safety embodied in the
choice of "Option III" as a basis for design is acceptable for licensing
power reactors in the US. If this approach is not acceptable, the amount
of R and D required would be substantially increased and it is doubtful
whether "Option 1" (probability of gross failure of pressure tubes so low

that it can be ignored) is a viable basis for design.
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APPENDIX 1
Derivation of Targets for Pressure Tube R and U Mrogram

For CANDU-Type Reactor

Introduction

In order to define the extent and depth of an R and D program
it is useful to carry out a simple risk-target allocation analysis.
To do this it is necessary to define an ov:rall risk-target which
is believed to be acceptable and then to allocate this, using
whatever previous experience is available between the various
systems and structures. Some examples of the application of this
method to other systems are given in Referciices 1, 2, 3, and 4.

Application of Risk-Target Allocation Analysis to a CANDU-Type P:actor

For the purposes of this analysis the principal assumptions
are as follows.

(a) The maximum acceptable median value for the overall probability
of very large releases to atmosphere (i.e , 10 percent or more
of the inventory of gaseous and volatile fission products) is
1078 per reactor year.

(b) The probability that the containment would retain at least
99 percent of the volatiles in the event of core meltdown is
107! per event (median value).

It follows from these assumptions that the maximum acceptable
median value for the probability of core meltdown (10 percent and/or

more of the channels) is 1073 per reactor year,
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Table Al.1. Estimated Maximum Acceptable Unreliabilities fur
CANDU-Type Reactor, Based on Preliminary Risk
Allocation and Frequencies of Demand.

Minimum
Risk Frequency Acceptable
Serial Allocation Demand Unavailability
No. Reactor Sub System per r. yr. per r. yr. per Demand
] Shutdown system 1x1078 1* 1x10°8
2 Residual heat removal -6 -7
pressurized* 4x10 6 7x10
3 Resicual heat removal a _ R
depressurized* 1x10”° 1x1072t ix10-4
4 Local protection systems
(e.g., P-T leak detection) see text see text see text
5 External hazards 1x108 1x1074 1x1072
6 Critical structures (including -64
P-tubes) 2x10 not applicable see text
7 Contingency 1x10'5
Total
X107

¥Tn these cases the risk allocation has to cover both "starting reliability"
and "running reliability"” (See text).

¢ It is assumed that ample relief valve capacity is provided.

+ This allocation is consistent with the more general argument used in Section 3
of main text.

t+ Excluding relief valve failure

77



In making this allocation a number of fac‘'ors have had to be

taken into account. The principal ones are as follows.

(a)

(b)

(c)

(d)

It is axiomatic that to allocate a very laige fraction of the total
target to any one subsystem, for which it i. anticipated that
difiiculties will be encountered in achievirg ad- uate reliabiliZy,
is 1ikely to be self-defeating as the difficulties are likely to
be transferred to the other systems.
The "Maximum Acceptable Unavailability Per Demand” for Serial "i"
(denoted by ""1") is defined by the relationship

Uy = ?;
where Py is the fraction of the risk allocated to Serial "i" and
fi is the estimated frequency of demand.
The estimated frequency of demand for the reacior shutdown system
(1 per reactor year) is considerably lower than that estimated for
the earlier LWRs in Ref. 6 (about 6 per reactor year); in making
this estimate it has been assumed that improvements in balance-of-
plant des:gn would reduce the demand to a level closer to that
achieved in the United Kingdom gas cooled reactor.
“Residual Heat Removal" (Serials 2 and 3) has been divided into
"pressurized" and "depressurized" because of the large difference
in system requirements, and in frequency of demand, in the two cases.
This enables a larger proportion of the target to be allocated to
the pressurized case, where experience with other systems suggests

that one of the major reliability problems would be encountered. In

both cases it is necessary to distinguish between "unavailability"
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Table A1.2 Proposed Target Allocation for Specific Causes
of Gross Failure of Pressure Tubes. (Option I)

Serial Proposed Allocation Equivalent
No. Cause of Gross Failure per r. yr. per t. yr. failure rate Remarks
1 Leak-before-break 1x10-7 ley-lo 1x10-6 per t. yr. See Note ]
2 Break-before-leak 11077 6x10"° 1x10°2 per t. yr.
3 Single channel faults 1x10-7 - 1x10'5 per r. yr. See Note 2
4 Whole-reactor faults 1x10:é - 1x1077 per r. yr. See Note 3
Total 1x10

Note 1. Equivalent failure rate (EFR) for Serial 1 is based on the

assumption that a reliability or 1074 failures per demand
would be attainable for the leak detection system.

Note 2. EFR for Serial 3 is based on the assumption that the frequency of
single channel faults would not exceed one per reactor year and

that a reliability of 10'2 failures per demand would be attainable
for the blockage detection system,

Note 3. EFR for Serial 4 is based on the assumption that the frequency of
whole reactor faults leaking to severe transients is one per
reactor year.
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are taken into account by assuming that the conditional probability of contain-
ment failure is 107> instead of 10°'. Thus a nominal allocation of 1077 per
r. yr to this case can be increased to 10'5 per r. yr, as in Option II.

As discussed below (Sec. 5.5), difficulties would probably be encountered
in demonstrating that the probability of gross failure of at least one

3 per reactor yr., and this viiue

pressure tube in the set is less than 10°
has been assumed in the analysis of all three cases. Thus, the maximum
acceptable conditional probability that, in this case, the fuel element would
melt, or would be overheated for a long period in an air/steam atmosphere,
is ——, = 10’2 per event. As discussed in the main text, fuel melting or
overheating would be unlikely to occur unless sufficient damace had been
caused to the calandria to drain it almost completely.
5.3 Discussion of Case 2

The behaviour of the reactor following gross failure of one pressure
tube has not yet been examined in sufficient detail to identify all the
possible sequences which would fall into Case 2. However, one such sequence
has been discussed in the main text. In this sequence at least one fuel
bundle lodges between a calandria tube of the other loop of the primary
coolant circuit; the calandria is assumed to drain; the calandria tube and
its associated pressure tube then fail and, in circumstances more favorable

than in a water filled calandria, direct propagation to other tubes ensues.

In this Case, the maximum acceptable conditional probability of
-7

3x10. 4

107

sequences leading indirectly to propagation would be = 3x10°
per event.
5.4 Discussion of Case 3

In this case the maximum acceptable conditional probability of direct

-7
propagation to several other tubes would be 25%%——-= 7>(10'4 per event.

10
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The relationship between the probability of propagation to at least one
tube and to some specified number (e.g., 10) is discussed in Appendix 2.
5.5 Derivationof maximum acceptable probability of gross failure of pressure

tubes, for use in risk-allocation analysis

In the analysis of Cases 1, 2 and 3 it has been assumed that the
maximum acceptable probability of gross failure of a pressure tube is 10'3
per reactor year. This assumption leads to maximum acceptable condition
probabilities for the various other events and sequences that have to be
considered which are not unreasonably small., The justification for the
value of 10°3 per reactor year is provided below.

Considering the same four potential causes of gross failures as
in Sec. 3 above, we have:
(a) Leak-before-break, with failure of leak detection system

(i) Random failures 10'3 per tube yr. =1 per reactor year

(ii) Type-failures - 10'2 per reactor yr, at 10 failures each, = 0.1 per
reactor yr
(iii) Failure of leak detection system, 10'4 per demand (assumina that
there are 2 fully independent systems)

Conditional probability of gross failure is 10'4 per reactor yr.

(b) Break-before-leak

The probability of this evint is assumed to be 1076

per tube yr or
1073 per reactor yr.

The probability per tube year is as high as the maximum probability
usually assumed for catastrophic failure of an LWR reactor pressure vessel.
Balancing th> simpler structure of the tube against the better known pro-
perties of the vessel material provides some qualitative justification for
the assumed value. However, it is doubtful whether the assumed value for

either the vessel or the tube can be demonstrated satisfactorily by relia-

bility analysis.
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(¢) Single Channel faults
As the contribution to the total value of the maximum acceptable
conditional probability for the “break-before-ieak" events is 10'3 per
reactor yr due to latent defects in the pressure tubes, it is unnecessary

to establish a probability lower than, say, 2x107°

per reactor yr. for
the single channel faults, since any snaller value would make the
contribution insignificant.
This value could be regarded as made up from a prcbability of 2x10'3 per
reactor year for the fault conditions (equally divided between channel
blockage and "stagnation" faults) together with a probability of 10'2
per event for failure of the detection system to reveal the fault in
the case of channel blockage and a probability of 10'2 per event for
failure of whatever device is provided to prevent, or mitigate,
stagnation.

(d) Whole-Reactor faults
As in the previous case, a small nominal value is proposed, 1x10’5 per
reactor year appears to be a reasonabie choice.
This value could be regarded as made up in the following way:
(i) Probability of severe reactor transient, 0.3 per reactor yr.

(i) Probability that transient temperature rise and "hot-spot” factors
have bev.s so underestimated that local clad melting occurs in the
hottest channel, lxlo'4 per event.

(iii) Probability that local clad melting escalates to channel blockage
and fuel melting, 0.3
It will be seen that in order to derive an overall value for the
conditional probability it has been necessary to make several assumptions.
However, it should be pessible to verify all of these, except perhaps that

made about "break-before-leak" fauits, in the course of the development
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program. Nevertheless, should further considerations (of the development
program needed to verify these assumptions) indicate an excessively heavy
expenditure on one or two items, an alternative set of values could be

derived which might lead to a reduction in the cost of development.
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Table A.2.1. Total Number of Pressure-Tubes Ruptured by
Propagation, N, as a Function of the Number of
"Generations" of propagation, n, and the number
of tubes failure per initiating failure, i.

No. of gen- Total Number of Failed Tubes, N
erations, n i=1 =2 i=3 1 =4

2 2 3 5 6

3 3 8 14 22

“ ) 16 40 86

5 5 32 122 342

6 6 f4 - -

7 7 128 - o

The principal objective, in terms of dei '+ g a test program to
establish the probability of propagation, is to determine the values for

3 to 10'4

Py which correspond to overall conditional probabilities of 10
of propagation to some specified number of channels (e.g., N~10 or
N ~100).

The probability of propagation continuing for "n" generations, if
each initiating gave rise to "i" failures, with probability Py would be pi".
In practice the situation would be more complicated but this simple
approach provides a useful starting point.

The Timiting values of Py which would have to be demonstrated
experimentally to show that the probability of propagation to about
10 and to about 100 tubes (i.e., N~10 and N~100) is:
(a) less than 10'3 per reactor year,

(b) less than 10'4 per reactor year,

are shown in Table A.2.2.
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Table A.2.2. Limiting Values of Pis the Probability

of Propagation to 'i' Tubes as the result

of one Tube failure, for Specific Values

of N, and PN

No. of tubes

failing per

Initiating N~ 10 N %7100

-3 -4 - . 4

i nonex P none P; none P; none Py
1 10 0.5 10 0.4 100 0.95 100 0.87
2 3 0.1 3 0.05 6 0.3 6 0.2
3 3 0.1 3 0.05 5 0.25 5 0.15
4 2 0.03 2 0.0} 4 0.2 N 0.1

* "Ngen’ is the number of propagation generations corresponding to the specified

value of N.
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Appendix 3. Some Comments on the Interpretation of
Existing Test Data for Propagaticn

of Pressure Tube Failures

The existing test data, described in Section 6.1.1.1 of the main text,
concerning the propagation of pressure tube failures show that in 16 tests,
with a simulation of a CANDU core, there were no cases in which propagation
occurred. Possible interpretations of these results are as follows:

(a) Although failure of the pressure tubes used in the tests may have given
rise to fragments capable of causing propagation, in these tests either,
by chance, the more dangerous fragments passed harmlessly between the
adjacent tubes or struck at such oblique angles that propagation did not
occur.

(b) In reactor conditions, the number of fragments capable of causing propaga-
tion may be substantially greater e.q., due to embrittlement caused by
irradiation or hydriding of sound material or to the inadvertent inclusion
of unsound tubes; this "unsoundness" could be due to an error in material
composition or to an error in the fabrication process.

(c¢) In reactor conditions, propagation could be due to causes other than
fragment strikes, which were not revealed in the test, owing to differences
in conditions (e.g., the duration of flow from the break in the first tube
was much less in the tests than it would be in the reactor situation and
the unsupported length of tube, in some of the tests, was less than in
the reactor; consequently the possibility of tube failure due to pipe which
was not fully explored). It should be noted also that in reactor conditions,
as discussed in Section 6.1.2.2 of the main text, the ejection of fuel

bundles could be a potential source of damage, leading to propagation.
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