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REPORT ACNS-5
EMERGENCY CORE COOLING SYSTEMS
IN CANDU NUCLEAR POWER PLANTS

A report prepared by the Advisory Committee on Nuclear Safety at the
request of the Atomic Energy Control Board.

ABSTRACT

This report contains the responses by the Advisory Committee on Nuclear Safety
(ACNS) to three questions posed by the Atomic Energy Control Board (AECB)
concerning the need for Emergency Core Cooling Systems (ECCS) in CANDU nuclear
power plants, the effectiveness requirement for such systems, and the extent
to which experimental evidence should be available to demonstrate compliance
with effectiveness standards.

The report includes a review of the background of the present requirement for
ECCS and the Committee's rationale that led to the responses provided.

Note:

At the time of publication the Board is studying the Committee's responses and
recommendations and expects to announce its findings later in 1982.

RESUME"

Ce rapport contient les reponses du Comite consultatif sur la surete
nucleaire (CCSN) aux trois questions posies par la Commission de controle de
l'energie atomique (CCEA) a propos du besoin de systemes de refroidissement
d'urgence du coeur (SRUC) dans les centrales electronucleaires CANDU, ainsi
que les exigences d'efficacite relatives a de tels systemes et de la mesure dans
laquelle les resultats d'experiences devraient Stre disponibles pour demontrer
que les systemes repondent aux normes d'efficacite.

Le rapport comprend egalement un examen de l'historique de la presente exigence
en matiere de SRUC, et du raisonnement qui a guide le Comite dans ses reponses.

Nota:

Au moment de publier, la Commission etudiait toujours les reponses et les
recommandations du Comite. Elle compte faire part de ses conclusions un
peu plus tard en 1962.
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PREFACE

Since the 1950's the Atomic Energy Control Board has made use of advisory

committees of independent experts to assist it in its decision-making process.
•

In 1979 the Board restructured the organization of these consultative groups

resulting in the creation of two senior level scientific committees charged with

providing the Board with independent advice on principles, standards and general

practices related to radiation protection and the safety of nuclear facilities.

The two committees are the Advisory Committee on Radiological Protection (ACRP),

which held its first meeting in May, 1979, and the Advisory Committee on Nuclear

Safety (ACNS), which was established a year later.

The records of meetings are filed in the AECB Library, and reports are

catalogued and published as part of the Board's public document collection.

Reports carry both a committee-designed reference number, e.g., ACNS-1, and an

AECB reference number in the "INFO"-series.
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Emergency Core Cooling Systems In CANDU Power Plants

A Report from the Advisory Committee on Nuclear Safety

to the President, Atomic Energy Control Board

December, 1981

INTRODUCTION

In a letter to the Chairman of the Advisory Committee on Nuclear Safety (ACNS)

dated 15 July 1981 the President of the Atomic Energy Control Board (AECB) posed

three fundamental questions to the ACNS concerning Emergency Core Cooling

Systems (ECCS) in CANDU power plants (Appendix A). The Committee has studied

the problem in some depth and presents in this report its response to the

President's questions.

As noted in the President's letter, the basic criteria used by the AECB in

licensing nuclear power plants since the mid-1960s have been the dose limits

given in what has been termed the "Siting Guide" (so called because the criteria

were first used in judging the site and the containment provisions for the

Pickering G.S.). These criteria specify dose limits for "single" failures of

process systems and equipment and for "dual" failures where a process failure is

combined with a failure of any one of the separate independent safety systems

with which the plants were provided. One of these safety systems is an ECCS.

Since it was not the practice of the AECB to issue detailed regulations or

formal licensing requirements, the above criteria were publicized in papers

given by senior AECB officials. One such paper1- presented in 1970 by D.G.

Hurst, then President, and F.C. Boyd contained these criteria in a form which

still applies in a general way today. No detailed requirements were given for

the ECCS but it was stated that "the emergency core cooling system must be

capable of limiting the fuel and sheath temperature so that no more than a very

small fraction of fuel is likely to fail in the event of the failure of any pipe

or vessel in the priaary system". This was later interpreted to mean that no

significant fuel failures would occur.



- 2 -

The "dual" failure limit implies that in the event of a major rupture of the

primary coolant circuit the ECCS would limit the amount of fission products

released from the core to the extent that even with an opening in the

containment (i.e., a dual failure) the quantity of fission products released

into the environment would not exceed the amount implied by the Siting Guide.

It has been found however that for certain low probability events the criterion

of no significant fuel failures cannot be demonstrated with any reasonable

degree of certainty given existing knowledge, current analysis techniques, and

present emergency core cooling system designs. This fact was originally

recognized during the Bruce "A" G.S. safety analysis, although the predicted

releases of radioactivity were still small enough to result in an acceptably low

public risk. In more recent years advanced safety analyses have led to the use

of safety design matrices using combined fault-tree and event-tree methods.

Proposals2 have also been made for advancing the use of a risk approach

containing quantitative risk criteria. The ACNS has endorsed this approach in

its statement on "Safety Objectives for Nuclear Activities In Canada3 " which

was submitted to the Board in June 1981 and is incorporating quantitative risk

criteria in its proposed statement on "General Safety Requirements for Nuclear

Power Plants*", which will be submitted in the near future.

In countries using light water reactors, notably the U.S., the effectiveness of

the emergency core cooling systems was the subject of extensive debate in the

early 1970s. The eventual conclusion of this debate was the adoption by the

regulatory authorities of arbitrary and relatively conservative limits on fuel

sheath temperature and oxidation limits under loss-of-coolant conditions as

predicted by certain defined analytical codes. The debate and approach, as well

as being foreign, has been of little technical relevance in Canada because of

the markedly different thermohydraulic characteristics of the CANDU design

compared with the light water reactor. Only some of the work on discharge of

high temperature, high pressure water from severed pipes and on the behaviour of

UO2 has been directly applicable to the CANDU situation. Therefore for

practical as well as philosophical reasons it is necessary to review and to

develop more specific criteria for the emergency core cooling system in CANDU

nuclear plants.
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APPROACH

At its meeting, 16 July 1981, the ACNS agreed to look into the questions

concerning emergency core cooling functions on CANDU reactors. To aid the

Committee formulate a response, a Working Group (Appendix B) was set up .to study

the matter in detail.

At its first meeting, 11 August 1981, the Working Group met with Messrs. Harvie

and Molloy of the AECB staff to clarify the staff's position with respect to a

recent Ontario Hydro report-* dealing with loss-of-coolant accidents in the

Bruce Nuclear Generating Station "A". Subsequent to this meeting, the Working

Group decided to seek the views of Ontario Hydro and Atomic Energy of Canada

Limited (AECL).

A list of questions thought to be basic to the ECCS problems was prepared and

used as the basis for a meeting held 31 August 1981 at York University in

Toronto. The morning was devoted to discussions with Ontario Hydro using the

Bruce Nuclear Generating Station "A" report and the Working Group questions as a

means for identifying generic issues. In the afternoon, a similar meeting was

held with with AECL Engineering Company (AECL-EC) which presented a summary

report6 dealing with the effectiveness of the emergency core cooling on CANDU

600 MW reactors. Again the discussion sought to clarify basic issues. At and

following these meetings, a number of documents were received from Ontario Hydro

and AECL-EC.

Information from the meetings and the documents was used by the Working Group to

prepare a progress report. The progress report was submitted to the Atomic

Energy Control Board at its meeting 21 September 1981, by H.E. Duckworth and

J.T. Rogers. The progress report was also considered and discussed by the ACNS

at its meeting the following day, 22 September 1981.

Following these meetings, further discussions were held by members of the

Working Group with AECB staff members to explore the ataff concerns implied by

the third question in the letter from J.H. Jennekens. These discussions helped

the Working Group to prepare for a meeting with AECL Research Company (AECL-RC)
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representatives 23 October 1981. The purpose of this meeting was to obtain a

better insight into the research program that provides analytical methods and

data for much of the analysis and prediction work done on loss-of-coolant

situations. Subsequently, the (forking Group met 13 November 1981, to prepare

responses to the President's questions in the light of the information it had

received and consistent with the approach in the ACNS document "General Safety

Requirements for Nuclear Power Plants". The report drafted by the Working Group

was discussed by the Committee at its 10 December 1981 meeting and subsequently

endorsed, with slight amendments, by a telephone poll.

RESPONSE TO QUESTIONS

Q.I Should an emergency core cooling system of defined effectiveness continue

to be required as one of the "special safety systems" for CANDU nuclear

power plants?

There should continue to be a requirement for a system whose sole function is to

cool the nuclear fuel by injecting, circulating and removing the heat from an

emergency coolant, in the event that the normal coolant is escaping through a

breach in the primary heet transport system. This requirement should apply

regardless of the availability and effectiveness of other heat removal paths.

The primary requirement for the performance specification for this system, as

for any safety system, is that the basic risk criterion for nuclear power plants

will be met. A basic risk criterion is proposed in the document "General Safety

Requirements for Nuclear Power Plants" being prepared by the ACNS. In that

document, a risk criterion is defined by curves giving acceptable consequences,

in terms of radiation exposures to individual members of the public, and the

associated total probabilities of accident sequences leading to these

exposures. The estimation of this risk should be done as realistically as

possible taking into account any means by which heat might be removed from the

fuel and the primary circuit while giving due consideration to the availability

and effectiveness, at the tine of the incident, of each heat removal path.
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Q.2 Should an effectiveness standard for emergency core cooling systems

preclude disintegration of fuel elements (due to sheath melting; sheath

break-up from rapid oxidation or other causes)?

There should be secondary performance specifications (which include

effectiveness standards) associated with the emergency core coolant injection

and circulation system (i.e., the system referred to in the response to Question

1) acting in conjunction with other means by which heat might be removed from

the fuel and the primary circuit which, if achieved, would enhance the assurance

that the primary risk-based requirement will be met. These secondary

specifications need not be the same for all classes of events leading to loss of

normal coolant.

The Committee recommends that for small breaches in the primary circuit having a

relatively high probability of occurrence, fuel integrity should be maintained,

whereas for large breaks in the primary circuit having a low probability of

occurrence, fuel channel integrity should be maintained. More specifically, the

Committee recommends that for feeder sized breaks fuel integrity should be

maintained and that for all breaks pressure tube integrity should be maintained.

The assessment to show that these objectives have been achieved should be done

as realistically as possible and should take into account any means by which

heat might be removed from the fuel and the primary circuit with due

consideration being given to the availability and effectiveness, at the time of

the incident, of each heat removal path.

Clearly there is some relationship between the rigidity with which one requires

that the secondary requirements be met in the face of certain postulated events

and the confidence one has in the designer's estimation of the risk associated

with the same events. Nevertheless, the ultimate judgement of acceptability of

the ECCS must be based on meeting the primary requirement.
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Q.3 To what extent should analysis of the consequences of loss-of-coolant

accidents, presented to demonstrate compliance with an effectiveness

standard, be supported by directly relevant experimental evidence (in order

that the AECB may have adequate confidence in the predicted consequences)?

The present Canadian design philosophy for experiments in support of reactor

safety analyses is that such experiments should, as far as possible, serve to

verify theoretically sound analytical models and mathematically sound computer

programs. This philosophy puts the emphasis on the acquisition of a fundamental

understanding of the component mechanisms involved rather than on the collection

of empirical data from integrated experiments which attempt to duplicate reactor

accident conditions as closely as possible. The ACNS firmly believes that the

existing Canadian approach is a practical and sensible one and strongly supports

its continuation.

Consistent with this view, the ACNS believes that experiments which attempt to

duplicate in every detail reactor accident conditions are not necessary in

support of the analysis of CANDU loss-of-coolant accidents. Rather, experiments

should continue to be designed, in general, to verify soundly-based analytical

models and computer codes.

The ACNS recognizes that, in general, the less understood the mechanism and the

less complete its mathematical representation, the closer the experimental

conditions should approach the actual reactor conditions.

However, two mitigating factors must be considered in establishing the need for

experiments whose conditions closely approach reactor conditions:

a) the probability of occurrence of the particular LOCA sequence in question;

b) the relative importance of any particular event in the sequence to a

reliable analysis of the ultimate consequences of the LOCA.

For LOCA sequences of low probability or for events that have little effect on

the consequences of the sequence, the requirement for experiments with

conditions closely duplicating reactor conditions becomes less. This applies

even for events whose mechanisms are not well understood or where the
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mathematical tools available are inadequate. Thus, the design of experiments to

support LOCA analyses must be closely Integrated with the analysis itself. For

example, for bounding type analyses (such as those submitted by Ontario Hydro in

reference 5) which by their nature represent accident sequences of low

probability, the need for experiments closely duplicating reactor conditions

will be less than in the case of "design-centre" analyses, other things being

equal.

Special emphasis must be placed on the relative importance of the particular

event in the sequence. For example, for equal efforts, further experiments on

the behavior of various iodine compounds in aqueous solutions would, almost

certainly, provide greater confidence in the predicted ultimate consequences of

the bounding analyses mentioned above than would experiments relating to

critical heat flux on calandria tubes.

In the light of the philosophy discussed above, the ACNS, through the ECCS

Working Group, has assessed the information made available to it by the various

groups mentioned earlier. Based on this assessment, and drawing on the

technical background and experience of its members, the Committee has reached

certain general conclusions on the state-of-the-art of the analysis of LOCA

sequences in CANDU reactors and the validity and reliability of the experimental

evidence to support the analysis.

The ACNS concludes that:

A. analytical models and computer codes are reasonably accurate for the blow-

down stage of a LOCA and are well supported by experiments;

B. analytical models and computer codes, again backed by adequate experiments,

give acceptable results for the refill stage of a LOCA for small breaks in

which there is no stagnation of coolant flow during blowdown and no

significant stratification of the injected emergency coolant flow in the

horizontal fuel channels;

C. on the basis of experience to date, current analytical models and computer

codes do not give good results, in general, for the refill stage for large

breaks in which flow stagnation occurs and in which stratification of the

injected emergency coolant flow occurs.
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AECL Engineering Company points out that the analysis of large-break

LOCA's depends, to some degree, on the particular design of the primary

heat transport system. Consequently they have argued that current

analytical techniques have wider applicability to the 600 MW design,

which has a relatively small PHTS volume, (which leads to rapid

refilling with a high-pressure EC1S) then to Pickering, Bruce and

Darlington designs. The Committee recognizes that the applicability of

the codes may depend on the PHTS design. Nevertheless the analytical

models used are still not fully adequate since they do not properly

account for non-equilibrium thermal conditions nor for different phase

velocities of the coolant during the transient. Furthermore, the

computer codes using these models have not yet been completely confirmed

by experiment, which points to the urgent need for additional research

and development in this area.

D. while some uncertainties remain concerning header filling and possible

delayed filling of some fuel channels by injected coolant in LOCA's in

which analytical models give reasonable results for the refill stage, the

bounding analyses described in E below give high confidence that, should

some channels not be adequately refilled for these reasons, no fuel melting

will occur and channel integrity will be maintained;

E. for the bounding analysis submitted by Ontario Hydro (for stagnation breaks

in a Bruce reactor where the ECCS effectiveness cannot now be demonstrated)

the analytical models and computer codes, supported in most cases by good

experimental data, provide high confidence in the conclusions of the

analysis that fuel will not melt, that channel integrity will be maintained

and that the radiation dose level to the public will be well within the

AECB limits.

The one significant area in which direct experimental data are lacking

is the area of the behavior of high temperature disintegrated fuel with

melted sheaths in an externally-cooled pressure tube. However, based

on: (i) experimental evidence of the lack of damage to a well-cooled

shroud tube exposed to molten UO2 and a simultaneous vapor explosion

(7), (ii) the absence of any apparent mechanism for interaction between
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solid U02 and molten sheathing which could threaten the Integrity of

the ballooned but well-cooled pressure tube, (111) the evidence on

Iodine behavior discussed In (F) below; and (iv) the low probability of

the bounding sequence, the Committee believes that a large-break LOCA in

such a reactor design does not present a significant risk to the

public.

F. the growing evidence, both practical and theoretical, of the tendency for

the probable iodine compounds produced in a large-break LOCA to remain in

solution in water indicates that present methods of analysis of iodine

behavior following a LOCA are very conservative. Awareness of this

evidence has helped to form the Committee's views on these matters and on

the adequacy of the experimental data which supports the analyses of LOCA

sequences.

In the context of these observations, the Committee urges that the Canadian

experimental program on reactor safety, as described to the ECCS Working Group

in the various meetings mentioned earlier, be pursued with vigor to develop a

better understanding of the detailed physical processes, to obtain more

realistic dose estimates and, thus, more accurate estimates of public risk

associated with a large LOCA in a CANDU reactor.
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July 15, 1981

Dr. B.E. Duckworth,
Chairman,
Advisory Committee on Kuclear Safety,
University of Winnipeg,
Winnipeg, Manitoba.
R3B 2E9

Dear Dr. Duckworth:

Further to our telephone conversation of July B, the Board would
appreciate the advice of the ACNS on acme basic questions relating
to emergency core cooling systems (ECCS) in CANDU nuclear power
plants.

Although the issue has been accentuated by recent analyses for the
Bruce Nuclear Generating Station 'A1, the underlying issue applies
in varying degree, to a l l CANDU nuclear power plants .

Before posing the questions that we wish the Committee to address,
Z would l ike to provide some background.

Since the beginning of the Canadian nuclear power program i t has
been an understood requirement that nuclear power plants include
a specif ic system (ECCS) to Maintain cooling of the nuclear fuel
in the event of a failure of the primary cooling system resulting
in a loss of coolant (usually called a loss-of-coolant accident or
LOCA). The required effectiveness of such an ECCS has never been
specified exp l i c i t l y . In the "Siting Guide" adopted by the Reactor
Safety Advisory Committee in the mid-1960's dose guidelines were
given for "single" accidents (which included LOCA's) and "dual"
accidents (which included LOCA plus failure of containment). Ihis
led to the concept that the ECCS should ensure "no s ignif icant fuel
failures" in the event of • LOCA.

During the evolution of the Bruce N.C.S. 'A1 detailed evaluations
led the AECB staff to doubt the effectiveness of the low pressure ECCS
provided. Consequently, a t the t in* (February 1977) that the Board
authorised operation of f u l l e l ec t r i ca l power (SB* of design thermal
power) my predecessor, Dr. A.T. prince, required the l icensee
(Ontario Hydro) to pursue vigorously the development and design of
an alternative IOCS "capable of preventing fuel sheath failures" as a
result of a LOCA. th i s has been undertaken and a high pressure system
i s scheduled to be instal led (although i t now appears that this system
w i l l not prevent sheath fai lures of a large LOCA}.

P.O. Box 1046 C.P.1O46
Ottawa. Canada Ottawa, Canada



Dr. H.E. Duckworth - 2 - July 15, 19B1

However, as more information became available from the research
. programs and computer analyses our staff became increasingly concerned
about the adequacy of the existing ECCS. Therefore, in 1980, the
licensee was asked to re-*valuat« the consequences of a severe .LOCA.
This past February. Ontario Hydro submitted what was termed a "bounding"
analysis which purported to show that, even if the ECCS was totally
ineffective, there would be no melting of the U02.*nd the release
of radioactive material from the plant would be within the reference
values of fche "Siting Guide" for a "single" accident although a number
of fuel sheaths would melt or disintegrate. It does not address,
however, the "dual" accident ease of a LOCA plus a major impairment
of the containment.

The staff of the Board has raised many detailed questions regarding
the submission. Overriding these is a basic question implied
by the nature of the analyses, i.e., if the release from the plant
in the absence of ECCS action is acceptable is such a system necessary?

With that preamble, the Board would like to have the views of the ACNS
on the following questions:

Given that the AECB has required that under accident conditions the
radiation dose to members of the public must be shown to be limited
to prescribed values; that the AECB has required the inclusion, in
power reactor designs, systems whose sole function is the prevention
of process system failures or mitigation of their consequences (where
such failures might lead to doses exceeding the prescribed values);
and that the AECB has required that it have high confidence in the
design and the supporting analysis:

1. Should an emergeney eore cooling system of defined effectiveness
continue to be required as one of the "special safety systems"
for CANDU nuclear power plants? •

2. Should an effectiveness standard for emergency eore cooling systems
preclude disintegration of fuel elements (due to sheath melting;
sheath break up from rapid oxidation or other causes)?

3. To what extent should analysis of the consequences of loss-of-
eoolant accidents, presented to demonstrate compliance with an
effectiveness standard, be supported by directly relevant experi-
mental evidence (in order that the AECB may have adequate confi-
dence in the predicted consequences)?

An answer to this question is particularly important' if the
answer to question No. 2 is "no" or "not necessarily'1.
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Please feel free to call upon members of the Board staff or of
Ontario Hydro (both of whom are aware of this request) or to contact
any other source you feel could assist the Committee in its considera-
.tion of this aatter.

Among the members of the ACNS, Dr. J.T. Rogers is quit* faniliar
with the difficult thermal hydraulic aspects of the problem and
Drs A. Pearson and H. Paskievici were •embers of the RSAC during
all or part of the review of the Bruce N.G.S. 'A*. Mr. Boyd can
provide additional historical background.

Although X fully recognize the complexity and implications of
the questions posed, the Board would very much appreciate receiving
at least initial views of the ACNS by the time of its meeting which
is scheduled for 21 September 1981.

Yours sincerely.
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