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Preface 

The Review commissioned 31 consultants to prepare detailed 

analyses of specific safety-related questions raised by the 

design and operation of Ontario Hydro's CANDU reactors. 

This volume presents 10 of these reports/ which I judge to 

be of sufficient general importance to justify the cost of wide 

circulation. They have been reproduced precisely as they were 

submitted. They do not express the Review's own judgements, but 

do contain a major part of the evidence that influenced those 

judgements. 

In several cases the consultants have presented formal 

recommendations. Some of these have been incorporated, often in 

modified form, as Review recommendations, in the Minister's 

Report. Others remain simply as recommendations from the 

individual consultants. I agree with most of them, but have not 

seen them as central to the Review's conclusions. I suggest that 

appropriate institutions—most notably Ontario Hydro and Atomic 

Energy Control Board—study them, and act as they see fit. 

F. Kenneth Hare 
Commissioner 
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1. Introduction 

The terms of reference for this review are given in Appendix 1. Visits 

made to Ontario Hydro, AECL, Chalk River and Whiteshell, and the Atomic Energy 

Control Board (AECB) are listed in Appendix 2. 

The author's understanding of the safety issues is based on this study 

and on studies for AECB from time to time, commencing in mid 1974 x̂ ith a study 

of the tendency of single fuel channel failures to propagate out of core [1]. 

This was followed, in 1976 with a detailed study with J. Schroeder [2] of the 

strength of pressure tubes, with cracks in the area of rolled joints; in 

particular the 'leak before burst' cracking of rolled joints in Pickering 

units 3 and 4. In the interim the author has advised AECB on the assessment 

of other rolled joint leaks and on the 'burst before leak' failure in 1983 of 

a Zircaloy 2 pressure tube in Pickering unit 2. 

The author also attended the AECL fuel channel technology seminar held 

from November 12-14, 1985 and wrote a critique for AECB. The proceedings of 

that seminar [3], which were written later, are a particularly useful overview 

of experience and research programs for CANDU fuel channels. 

For licensing purposes it is assumed that rupture of a pressure tube at 

normal operating pressure and temperature will rupture the calandria tube. As 

well as considering the effects of this postulated fuel channel failure, this 

review examines the factors that may lead to pressure tube failure and the 

licensing assumption that rupture of a pressure tube inevitably leads to 

rupture of its calandria tube. The inspection techniques used to identify 

'damaged' pressure tubes are also discussed since they are part of the defence 

in depth. The effects of postulated loss of coolant accidents on fuel channel 

integrity are also examined; in these discussions with AECL and Ontario Hydro 

personnel, attention was focussed on the response of the pressure tube to 
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various accident temperature profiles and pressure and not on the thermofluids 

methods used to estimate those profiles. Other reviewers have been assessing 

these and other thermofluids analyses used in CANDU safety analyses. 

The failures that have occurred, in fuel channels have led to some 

important changes in commissioning, operating and inspection procedures. 

These changes and the on-going research programs on fuel channel integrity-

have been reviewed. 

2) Pressure Tube Failure 

Prototype and early commerical reactors were constructed with cold-worked 

Zircaloy-2 tubes. None of these commercial reactors are now in service in 

Ontario. The reactors in service or under construction have cold worked 

Zr-2.5% wt Nb tubes. 

2.1 Rolled Joint Cracks 

2.1.1 Over-rolling 

All pressure tubes have shown a buildup during operation of deuterium at 

the tube ends in the rolled joint. In Pickering units 1-4 and in Bruce A, 

improper rolling of the pressure tube into the end fitting left residual 

tensile stresses in the pressure tube, just inboard of the rolled joint, 

Figure 1. This deuterium pickup and overrolling led to the development of 

delayed hydride cracking (DHC) in the rolled joints of Pickering units 3 and 4 

and 'leak before burst' failure of some tubes [2]. All of these rolled joint 

cracks were in Zr-2.5% wt Nb tubes. None occurred in units 1 and 2, which 

were the last reactors to be built with Zircaloy-2 tubes; these have recently 

been retubed with Zr-2.5% wt Nb tubes. 

These rolled joint cracks in Pickering units 3 and 4 led to: 

(a) the removal of 17 tubes from unit 3 and 52 tubes from Unit 4. 

(b) the decision to leave in unit 4 a set of eight tubes containing 
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crack-like defects, about 2 mm long. It was argued that 

subsequent inspections of these tubes would give a good indication 

of the growth pattern of any small cracks in tubes not inspected 

during the 1974-75 shutdowns. 

(c) the stress-relieving of all high stress areas in Bruce A pressure 

tubes. 

(d) the redesign of the rolled joint for all fuel channels built since 

Bruce A. 

It was anticipated that a gradual buildup of deuterium in the rolled 

joints of Pickering units 3 and 4 might eventually lead to another 20 to 30 

leaking tubes in each reactor [2]. To date this has proved to be a very 

conservative estimate since only one leaking tube has been removed from unit 3 

(tube F13). Also re-inspections of the eight tubes containing crack-like 

defects about 2 mm long have revealed no significant changes in length [4]. 

However, there have been four rolled joint leaks in Bruce unit 2. Two of 

these have been attributed to overrolling and DHC (prior to the stress 

relieving mentioned earlier). Two have occurred because of DHC from a 

particular type of manufacturing flaw. 

2.1.2 Manufacturing Flaws 

The first leak from a manufacturing flaw, Jll, was found in 1982 when the 

reactor was shutdown to replace another leaking tube, X14. When the reactor 

was returned to power in March 1982, the annulus gas system could not be 

dried. By October 1982 over 1750 kg of heavy water had been collected from 

the annulus gas system so the reactor was shut down to determine if any other 

pressure tubes contained leaking cracks. The temperature depression at the 

outlet ends of the fuel channels A14 and Jll helped to identify them as 

leaking (cracked) rolled joints. These details [5] are given here to 



7 

emphasize one of the important lessons learnt - the need to improve and better 

understand the response of the annulus gas systems to pressure tube leaks. 

This is discussed further in sections 2.1.3. 

The manufacturing flaw in tube Jll was a string of very small pores at a 

shallow angle to the inside surface of the tube. When the rolled joint was 

made, these pores tended to form a lamination that was the site for delayed 

hydride cracking [ 5 ]. The second tube, N06, to leak because of DHC from a 

manufacturing flaw was detected in March 1986. In this case the flaw is 

described [6] as a shallow angle, planar lamination, consisting of an array of 

second phase particles intersecting the inside surface. During operation this 

flaw preferentially corroded, eventually leading to DHC and leakage. While 

attempting to identify this leaking channel, the operator pressurised it to 

8.4 MPa at room temperature and initiated a fast fracture. The crack arrested 

when it was 3.8 m long. This cold rupture of the pressure tube N06 led to 

failure of its calandria tube but did not produce any damage in the core. 

Search procedures have since been tightened to avoid cold ruptures of leaking 

pressure tubes. 

Examination of N06 has shown that, from the beginning, this lamination 

extended as much as 459 mm from the outlet end, before ceasing to penetrate 

the inside surface of the tube. There were several DHC initiation sites in 

the rolled joint area and a 77 mm long delayed hydride crack grew stably from 

these sites. This amount of stable cracking was more than sufficient to 

exceed the critical crack length when the tube was pressurised cold to 8.4 

MPa. 

Obviously laminations of this type are undesirable and a major search and 

inspection program is well underway to identify tubes (so called deep pipe 

channels) that might contain such laminations. Billets likely to yield tubes 
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with laminations have been identified. All available end cuts from all tubes 

are being inspected. Appendix 3 is a summary of inspections to date [4], 

including full length inspections of 'deep pipe' channels. Appendix 3 also 

summarises another lesson learnt - the effect of the B2-N06 failure on 

manufacturing inspection of pressure tubes. 

2.1.3. Detection of Rolled Joint Cracks 

Periodic inspection of fuel channel pressure tubes is a requirement of 

C.S.A. standard CAN3-N285-4-M83. This periodic inspection program (P.I.P.) is 

a long-term mandatory program to monitor generic characteristics. In 

addition, Ontario Hydro has an In-service inspection program (I.S.I) to 

generate specific information on fuel channel behaviour and service life. 

These programs, which will be discussed as required in later sections, include 

some inspection for rolled joint cracks. As mentioned earlier some tubes, 

containing small crack-like flaws, were deliberately left in unit P4 in 

1974/75 and have been periodically inspected. Also a major in-service 

inspection program was initiated to check for lamination flaws. 

Together these PIP and ISI programs minimise the risk that there will be 

another spate of rolled joint cracks. All rolled joint cracks that have 

occurred have been 'leak before break' and the leaks have been detected by the 

Annulus Gas System (AGS). The dry gas, which recirculates in the AGS loop, is 

monitored continuously for dew point. In addition moisture beetles are 

installed at low points in the AGS piping. These collect liquid and provide a 

less sensitive but important supplement to the dew point monitors. 

Since the leaks in the Bruce unit 2 rolled joints in 1982, there has been 

a significant improvement in Ontario Hydro's understanding of the leak 

detection capabilities of the annulus gas system. This improvement is 

discussed in papers by Simmons [7] and by Kenchington et al [8]. Analysis 
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and on-reactor experiments have led to modifications to existing systems and 

to station operating procedures [9]. An indication of the lessons learned is 

the list of changes in Appendix 4. This summary was prepared at my request by 

the Nuclear Systems Department of Ontario Hydro. Some modifications of the 

Pickering 'A', units 3 and 4, were not complete as of November 20, 1987. 

To assess the response of the AGS to a leak from a rolled joint crack, 

one must specify: the length of the crack when through-wall penetration 

occurs, see Figure 2; a relationship between leakage rate and crack size 

(length); a relationship between DHC velocity and temperature and the 

operating procedure that will be followed by the station when the dew point 

and beetle alarms occur. An indication of the sequence of events is included 

as Appendix 5. In this example, the idealized crack size when the reactor is 

cool and depressurized is 50 mm compared to estimated critical crack size of 

67 mm (cold) and 78 mm hot. The inputs to this simple, conservative 

calculation have been and still are the incentives for a variety of research 

programs in AECL [10,11], Some will be briefly reviewed here because the 

equivalent hydrogen levels in the rolled joints are increasing with time and 

there are also some indications that DHC velocity is increasing and critical 

crack lengths are decreasing, because of irradiation effects. 

2.1.4 Factors affecting L'HC velocity and critical crack length 

According to Coleman [12], the mechanism for delayed hydride cracking is 

"hydrogen diffuses up a stress gradient and accummulates at a stress 

concentration where hydrides precipitate. If the stress is large enough, the 

hydrides crack. The sequence is then repeated, and the crack progresses in a 

series of steps. The important parameters for cracking are hydrogen 

concentration, stress, flaw size, time, material susceptibility and 

temperature". 
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As mentioned earlier there is a deuterium buildup at pressure tube ends. 

Figure 3 from a paper by Urbanic [13] illustrates this buildup in Pickering 

unit 4 pressures tubes. 

Figure 4 from [14] illustrates for a Bruce unit 2, outlet rolled joint 

the potential for crack growth assuming initiation has occurred. The hydrogen 

and deuterium distributions for this joint have been combined to give a 

hydrogen equivalent distribution, where hydrogen equivalent is (H_ + Do/2) 

ppm. When discussing delayed hydride cracking no distinction is made between 

deuterides and hydrides. If the hydrogen (equivalent) is above terminal 

solid solubility (TSS) for any temperature of interest, hydrides will be 

present and there is a potential for the initiation and propagation of a 

delayed hydride crack. Assuming that over-rolling occurred in this joint and 

that DHC initiated, one can use TSS lines and the hydrogen equivalent 

distribution to assess the potential for crack growth. Figure 4 shows that 

the potential crack growth during hot shutdowns is from A to B for this outlet 

joint. 

The time required to propagate a crack from A to B is estimated using 

data such as that shown on Figure 5. It will be noticed that crack velocity 

increases with increase in temperature and that there is some data that 

indicates that irradiation is increasing crack velocity.[12] 

Although the DHC mechanism is much more complex than outlined above 

[10,12], Figures 3 to 5 serve to emphasize that 

(a) initially DHC could only occur during cold shutdowns, and crack 

growth velocity was small relative to velocities attainable at 

higher temperatures. 

(b) deuterium buildup in the rolled joint region eventually gives an 

equivalent hydrogen distribution that is sufficient for delayed 
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hydride cracks to grow at elevated temperatures. At these 

temperatures the crack velocities are higher. 

As the deuterium builds up in rolled joints, there is a higher potential 

for crack growth to a critical size. Defining critical crack lengths for 

pressure tubes at various temperatures has been a major research objective for 

many years [2, 10] . The preferred test procedure has been to machine and/or 

fatigue a through-vall slit in a section of pressure tube. In most cases an 

aluminum liner was then inserted in this so-called slit-burst specimen and the 

assembly was pressured to failure. In recent years, a small fracture 

toughness specimen has been developed and elastic-plastic fracture mechanics 

has been used to interpret the data [15]. In a recent report, Chow et al [16] 

discuss the results of small specimen and slit burst tests on material from 

Pickering unit 3, channel J09. 

25 
This channel had operated for eleven years in a total fluence of 7 x 10 

2 
n/m . The small specimen method indicated that the critical crack length 

(CCL) for the irradiated material was about 41 to 54 mm at operating 

temperature and pressure, compared with over 90 mm for unirradiated specimens. 
o 

However the burst tests at 280 C indicated that the CCL of P3-J09 was between 

65 to 89 mm, depending on the method of interpretation". The authors then 

show that the small specimen method tends to underestimate the CCL, whereas 

the liner in the slit burst specimen may have tended to increase the CCL. 

This uncertainty is being investigated experimentally; however there is a 

clear indication that irradiation is reducing CCL, thereby reducing the margin 

(time) available for leak detection. 

2.1.5 Margin available for leak detection 

Delayed hydride cr̂ Ciks in rolled joints tend to propagate through the 

wall as semi-ellipses, with an aspect ratio (L/W) of about 4/1 when a through 
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wall crack occurs, see Figure 2(a). In other words at penetration the inside 

crack length is about 16 mm. However, there have been instances where the 

crack has tended to tunnel along the tube before breaking through the wall, 

see Figure 2(b) [17]. This delays the onset of leakage and complicates the 

interpretation of leakage rates. For example, Coleman reports that in P3F13 

rolled joint the delayed hydride crack was about seven times the wall 

thickness (W) before it started to leak. To account for this tunnel effect, 

the leak detection assessments, e.g. Appendix 5, assume that a crack is 27 mm; 

i.e. about 7 W, when leakage starts. 

The leakage rates used are conservative bounds on in-service experience. 

An experimental programme at CRNL is providing a better understanding of 

leakage rates; there appears to be a correlation between leakage rate and the 

surface area generated after the crack has started to leak.[18] 

The crack velocities used are upper bounds on data for unirradiated 

material and the critical crack length used is a lower bound on burst test 

results [20]. It has been argued that this deterministic approach is too 

conservative and that a probabilistic approach should be used to estimate the 

margin available for leak detection [10, 19]. This is a reasonable argument 

but it will be sometime before there is agreement on the distribution 

functions to use for crack velocity and critical crack length. 

2.1.6 Summary 

The pressure tubes in Pickering units 3 and 4 and Bruce unit 2 have 

rolled joints that were over-rolled. Some rolled joint cracks may still 

develop in these units. There have been significant improvements in the leak 

detection systems since the rolled joint cracks leaked in Bruce unit 2 in 

1982. Research programs are in place to develop a better understanding of 

crack shape development, leakage rates, DHC crack velocities and critical 
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crack length. There is some evidence that irradiation increases DHC crack 

velocities and reduces critical crack length. This reduces the time available 

for detecting a leak from a rolled joint crack. 

2.2 Blistered Pressure Tubes 

Figure 1 is a schematic of a typical CANDU fuel channel. Spacer-

supports, so-called garter springs, sit between the pressure and calandria 

tubes at two or four points along the channel. Table 1 gives for each 

reactor, details of the number and design of its garter springs [21]. During 

service, creep deformation of the pressure and calandria tubes occurs. With 

time the bottom gap between the pressure tube and calandria tube decreases. 

If the garter springs are misplaced significantly from their design positions, 

the creep deformation may be sufficient to give contact between the pressure 

and calandria tubes at sometime during service life. This contact and the 

gradual buildup of deuterium in the pressure tubes may eventually lead to the 

formation of a hydride blister at the contact point(s) [22,23]. 

As a hydride blister increases in size, stress may crack it. As the 

blister continues to grow the crack size tends to increase; when the blister 

(crack) reaches some critical size for that general (i.e. hoop) stress field, 

the crack propagates outside the blister. Thereafter its propagation through 

and along the pressure tube is governed by the delayed hydride cracking (DHC) 

mechanism already discussed. 

DHC from a blister of critical size will proceed at operating temperature 

if the hydrogen equivalent is high enough in that section of the pressure 

tube. If there are several blisters growing in this manner, they may link up 

to give a part-through thickness crack of low aspect ratio [25]. Irregardless 

of the number of blisters, it is clear that the end result may be a 'burst 

before leak' failure. This was the case when the Zircaloy-2 pressure tube, 
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G16, failed in Pickering unit in 1983. Two consequences of this failure of 

G16 were: 

(a) all Zircaloy-2 tubes from Pickering units 1 and 2 were replaced by 

Zr-2.5% wt Nb tubes and the 'loose' garter springs were replaced 

by 'tight' garter springs to keep them in their design positions. 

(b) the loose garter springs in five units then under contruction were 

repositioned. These unit were Pickering 7 and 8, Bruce 5,6, and 

7. 

Therefore the Ontario reactors will be split into three groups. 

A) reactors with two or four 'loose' garter springs, which are known to 

be or are likely to be out of their design positions. Pickering units 3 and 4 

and Bruce units 1,2 have two 'loose' garter springs. Pickering units 5 and 6 

and Bruce units 3 and 4 have four 'loose' garter springs. 

B) reactors with four 'loose' garter springs which were repositioned 

during construction, i.e. Pickering 7 and 8 and Bruce 5,6, and 7. 

C) reactors with four 'tight' garter springs i.e. Pickering 1 and 2 

(retubed reactors), Bruce 8 and Darlington 1-4. 

In this review, attention will be focussed on group A reactors since some 

of them are the 'lead' units in terms of operating hours and the actual 

positions of the garter springs are not known for many of the fuel channels in 

these reactors. 

2.2.1 Blister growth modelling 

To model blister growth, Byrne and Léger [24] found it necessary to 

specify that the terminal solid (TSS) of hydrogen in zirconium is not a 

single-valued function of temperature as usually assumed but double-valued as 

shown in Figure 6 (which is from their report). There is one TSS for 

precipitation (TSSP) and one for dissolution (TSSD). Their logic is 
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"When concentration is increasing or temperature (T) decreasing at any 

location, precipitation occurs at the hydrogen concentration in solid solution 

(C ), T combination defined by TSSP. Alternatively, when concentration is 

decreasing or temperature increasing at any location, dissolution occurs at 

the C ,T combination defined by TSSD". 
s 

One of the features of this two TSS model is that it correctly predicts 

that thermal cycling affects blister size and shape. The model has shown that 

there is a dense two-phase zone around a blister and that distribution in this 

zone varies with time as the blister grows. This zone is thought to have an 

important effect on local stresses and cracking within the blister. 

For their work, Byrne and Léger have used blister depth as their 

definition of blister size* To make comparisons between the depth calculated 

in modelling and the depth of blisters, which crack at a specific stress level 

in experiments, they have defined an equivalent blister size as "the depth of 

a blister of solid hydride which has an equal weight fraction of solid hydride 

through the tube wall thickness as the blister being considered." Also a 

relationship has been found between profile height (maximum surface relief 

change associated with blister growth) and equivalent blister depth; the 

equivalent blister depth is approximately 7.3 times the observed profile 

height. As this surface eruption (profile height) increases, a crack may 

develop in the blister, which is subject to residual and operational stresses. 

Critical blister depths are considered to be those in which the crack is 

deep enough to initiate delayed hydride cracking in the parent tube at 

operating (hoop) stress levels. The term 'critical' is used because the 

temperature distribution through the wall tends to promote axial rather than 

radial propagation. Also if there is sufficient hydrogen for DHC propagation, 

calculations indicate that it will be hours or days rather than months for the 
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crack to reach a critical length. This and the multiple initiation observed 

in G16 tube suggests that 'burst before leak' is possible if 'critical' 

blister size is exceeded. 

As an indication of efforts [24] to model blister growth in Zr-2.5% Nb 

tubes, figures 7 and 8 show some estimates of blister depth, as a function of 

time, for contact near the inlet and outlet ends of a pressure tube. Four 

bulk hydrogen concentrations, 20 ,30, 40 or 50 ppm, were considered together 

with a temperature distribution representative of a 5 mm diameter contact. It 

will be noticed that a) higher bulk hydrogen levels resulted in more rapid 

blister growth and larger blisters b) blisters tend to be largest at the inlet 

end at lower concentrations, but smallest at the inlet end at higher 

concentrations. Their physical reasoning for this is too detailed for this 

review but convincing. 

They have checked this model by comparing its predictions with the growth 

of laboratory blisters for which the local temperature field across a pressure 

tube was very carefully controlled by directing a small air-jet at the outside 

surface [28]. 

Figures 7 and 8 were prepared assuming various bulk 'equivalent' hydrogen 

levels. To use this model to predict total time to produce a critical blister 

size one must assume a pick-up rate for deuterium (equivalent hydrogen) and a 

time at which contact occurs between the pressure and calandria tubes. Since 

the positions of the garter springs in group A reactors are often not known, 

it must be assumed that the tubes are in contact very early. Another problem 

is the definition of the thermal boundary conditions and extent of contact 

between the pressure and calandria tubes. Research on this is continuing; 



17 

meanwhile conservative assumptions are made [26,27] in Hydro's sensitivity 

studies. These have shown that by far the most important input to this model 

is the pick-up rate for deuterium. The model predicts a threshold hydrogen 

level at which a blister starts to form and blister growth curves that are 

qualitatively similar to those shown on Figure 7 and 8, except that the third 

parameter is pick-up rate, rather than an initial bulk hydrogen level. As the 

pick-up rate increases, the time to grow a blister decreases but at very high 

pick-up rates the curves come together, as they do on Figure 7 at the higher 

bulk hydrogen levels. 

2.2.2 Critical Blister Depth and Inspection Options 

Another way to present the results of blister growth calculations is 

shown schematically in Figure 9. Here blister depth is plotted against bulk 

'hydrogen equivalent' with pick-up rate as the third parameter. The 

disadvantage of this plot is that the timescale required to reach a particular 

bulk hydrogen concentration is not obvious; remember that the timescale is 

much longer at the lower pick-up rates. The advantage of this schematic is 

that a third axis, position along the pressure tube, can be added and the 

schematic can be used to illustrate the inspection problem currently faced by 

Ontario Hydro. 

The positions along the pressure tube at which contact will occur with 

the calandria tube depend on the positions of the garter springs and the creep 

sag of the tubes. Figure 9 shows for one of these contact points, a set of 

blister growth curves for various deuterium pickup rates. At other contact 

points, the temperature field will be different so the blister growth curves 

will be different but show the same general trends illustrated on Figure 9. 

Obviously the most desirable situation is for pickup rates to be so low 

that the threshold level for blister formation is never reached during the 
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design life of the pressure tubes. There are indications that this may not be 

the case for some tubes [26,27] so it is necessary to assume that blisters 

will form in some tubes and examine the inspection options that have to be 

considered. These appear to be: 

1) determine likely threshold levels and times for blister initiation; 

periodically check bulk hydrogen concentrations and retube when an agreed 

level has been exceeded. 

2) determine a sub-critical blister size that gives a reasonable time 

margin to grow to critical size; determine bulk hydrogen concentrations 

equivalent to this sub-critical size and retube when these levels are 

reached. 

3) periodically inspect for blisters 

4) some combination of the above. 

2.2.2.1 Assessment of threshold levels and times to form blisters 

Leemans and Léger have used probabilistic methods to assess the times to 

initiate blisters in Bruce 3 and 4 and Pickering 5 and 6 [26] and in Pickering 

3 and 4 [27]. The aims of their first study [26] were "to provide estimates 

of the number of blistered tubes based on the best information available and 

to investigate quantitatively the dependence of the blistering phenomenon on 

the information inputs". Their random variable inputs were initial hydrogen 

content, deuterium pickup rate, hydrogen threshold value for blister formation 

and the locations of the garter springs in these four spring reactors. 

In their second study [27] their model for four garter spring units was 

modified to consider "synthesized garter spring distributions based on 

available garter spring position data" and to model new scenarios of hydrogen 

ingress. Although there were large uncertainties in their inputs, their 

studies are the best information available on threshold hydrogen contents and 
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times to form blisters. 

Appendix 6 of this report is Appendix 1 from the report [27] by Leemans 

and Léger on Pickering 3 and 4 reactors. If the hydrogen concentration in a 

pressure tube exceeds the threshold hydrogen content for any area of the tube 

and there is contact in that area, a hydride blister will form. These values 

are included as indications of the bulk hydrogen equivalent levels that are of 

concern. Figure 10 is included as an indicator of the effect that the 

threshold scenario has on the time to form blisters. Figure 10 also 

illustrates, for one pickup rate, the variation with time of the 'average 

number of blistered tubes' likely to be present in one of these reactors. 

These sensitivity studies show that the expected number of blistered tubes is 

extremely sensitive to the pickup rate; data obtained recently from a pulled 

tube (see later discussion) suggests that there may be a knee in the pick-up 

rate curve foi* Zr-2.5% Nb as was the case for Zircaloy-2.[13] 

There have been further improvements to the blister model [29] and it is 

being extended to consider the development of cracks in blisters. Some of the 

implications of blister cracking will now be considered. 

2.2.2.2 Blister cracking and its detection 

Experiments on the cracking behaviour of laboratory grown blisters in 

Zr-2.5% Nb pressure tube material [30] have established that the applied 

stress at which blister cracking occurs, decreases linearly with increased 

blister depth. Some differences are reported between the cracking of 

thermally cycled blisters compared to non-thermally cycled blisters. The 

crack tip stress intensity factor required to extend a blister into the matrix 

(parent) material is lower for thermally cycled blisters. The data obtained 

in these experiments are the basis for the limit lines shown on Figure 9. The 

lower of these critical crack depth lines is a lower bound for the 
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experimental data; it appears that it may be as low as 0.4 mm. The 

intersections of this lower bound, line with the blister growth curves on 

Figure 9 define bulk hydrogen concentration levels at which some blisters may 

reach a critical size. This 'critical' bulk hydrogen level is lower for the 

lower pickup rates but the time required to reach these critical bulk hydrogen 

levels increases very significantly with decrease in pick-up rate. It also 

takes longer at low pickup rates to reach the threshold level for blister 

formation. 

If 'critical' bulk hydrogen levels are not to be exceeded during the 

design life it is necessary to demonstrate that pick-up rates are very low or 

very unlikely to exceed some agreed value. Until recently all experimental 

data on deuterium pickup indicated that there was a major difference in 

behaviour between Zircaloy 2 and Zr-2.5% Nb. This is clearly demonstrated by 

Figure 11 from a paper by Urbanic [13], For the same number of equivalent 

full power days (EFPD), the pickup in Zircaloy 2 is obviously higher. Also 

there is a clear indication of an acceleration in pickup rate for Zircaloy 2; 

hence the blistered tubes found in Pickering units 1 and 2 and the decision to 

retube. 

As part of the Ontario Hydro In-Service Inspection program, pressure tube 

L09 was removed from Pickering unit 3 in August of this year. This tube was 

removed because of its initial high hydrogen level and the premise that the 

high residual iron in this tube would tend to lead to a higher deuterium 

pickup rate. Also non-destructive examinations (NDE) had indicated pressure 

tube/calandria tube contact towards the outlet end. This contact was 

confirmed by visual examination after the tube had been pulled. Analyses of 

D~ and Hp were then made at locations where they could be compared with 

results from tubes pulled previously. This comparison, Figure 12, shows that 
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the D2 concentration in L09 is much higher (at the outlet end) than that found 

in all Zr-2.5% Nb tubes pulled previously [31]. 

This pressure tube was in contact from 3.45 to 4.65 m from the inlet end. 

Figure 13 shows that the bulk hydrogen concentration in this region is close 

to the threshold level predicted for blister formation. No blisters were 

found on the tube. Nevertheless this is the first evidence of an acceleration 

in pick-up for Zr-2.5% Nb but its significance cannot be properly assessed 

until other tube inspections, now in progress, have been completed. However, 

it does highlight the inspection problem now faced by Ontario Hydro. 

Until recently, values of bulk hydrogen equivalent could only be obtained 

by pulling a pressure tube. All of the data on Figure 12 was obtained in this 

way. During the last year, AECL and Ontario Hydro have developed and tested a 

device for removing scrapes from the inside of a pressure tube. It has been 

shown that this scrape method gives D~ uptake values very similar to those 

obtained by pulling and sectioning a tube [31]. This technique is being used 

this month to check a sample of 20 pressure tubes in Pickering unit 4. If all 

of the tubes in this sample give bulk hydrogen levels close to those for P3F13 

and P4K10, see Figure 12, there may be some merit in the argument that P3L09 

is unusual. If the high iron tubes in the sample give bulk hydrogen levels 

significantly higher than P3F13 and P4K10, there may be some merit in the 

high iron hypothesis. Irregardless of the outcome of the current inspection 

in Pickering unit 4, there is a need for 

1 ) changes to the inspection programmes to provide more data on pickup 

rates. The non-destructive scrape technique makes this feasible, 

particularly if a wet system is developed. 

2) scrape sampling of tubes in other lead reactors as quickly as possible. 

Although Pickering units 3 and 4 are said to have similar histories it 
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will be more convincing if samples from both unit 3 and unit 4 are used 

to put P3L09 into the right perspective. Although there is no direct 

evidence that indicates that boiling enhances corrosion and pickup of 

deuterium (see [32] and section 2.2.4 of this report) there is little 

information on the behaviour of Zr-2.5% Nb in a boiling coolant. Since 

boiling of the primary coolant occurs in all CANDU units except Pickering 

A and B, there is an argument for scrape sampling of the lead unit at 

Bruce as well as Pickering units 3 and 4. 

Above, emphasis is placed on monitoring and limiting bulk hydrogen levels 

to ensure that blisters of a critical size are not likely to develop during 

operation of reactors. Since it may take a very long time for a blister to 

grow to a critical size, it is pertinent to ask if non-destructive inspection 

for blisters provides an additional or alternative method of assessing the 

fitness for service of pressure tubes. 

As mentioned earlier the lower bound on critical blister size, shown on 

Figure 9, may be as low as 0.4 mm. The CIGAR inspection system developed by 

Ontario Hydro can detect very small reflectors, such as cracked blisters, but 

it is not capable of sizing them [33]. Research by Moles et al [33, 34], 

using an ultrasonic crack tip diffraction technique, indicates that this 

technique is capable of sizing cracks of 0.3 to 0.5 mm depth in blisters. In 

other words there are NDE methods that can be used to detect and size very 

small cracked blisters. However, it is not clear to me how to select a sample 

much smaller than the total number of pressure tubes in a reactor. The 

positions of the garter springs are not known for many channels. The 

calculations of Léger and Leemans for Bruce unit 3 [26] indicate that it is 

not acceptable to focus only on the central core of the reactor. They show 

that the probability for a hydride blister is higher in a tube in the 
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so-called outer zone (56 tubes) than in the central core (280 tubes). There 

is evidence that the garter springs are much more out of position in the outer 

zone; this has been attributed to the impacting of workers during 

construction. 

Implicit in the above discussion of ultrasonic sizing is the assumption 

that all blisters develop detectable cracks that are small relative to the 

lower limit on critical blister size. At present it is not possible to detect 

uncracked blisters, although there is some hope that a normal beam ultrasonic 

technique may prove useful [35], Until uncertainties about defect sizing, 

sample size and uncracked blisters have been resolved, measurements of bulk 

hydrogen concentrations and probability estimates for cracked blisters [26,27] 

are the most useful indicators of fitness for service. 

2.2.3 Garter Spring Positions 

As mentioned earlier, the garter springs in some reactors were 

repositioned before commissioning [36]. Work has also been done to develop 

techniques for repositioning garter springs in some of the group A reactors 

(the so-called SLAR program). 

Inspection techniques are now well established for locating 'loose' 

garter springs of the type used in groups A and B reactors. Since garter 

spring movement from the design position may lead to pressure/calandria tube 

contact it would be wise to include some garter spring position checks in the 

in-service inspection programmes for group B reactors. It is argued that 

their loose garter springs are locked in position because of fuel weight and 

creep sag. Nevertheless, a small sample should be checked periodically. 

Inspection techniques are being developed for checking the location of 

'tight' garter springs in group C reactors. These are difficult to locate 

using the standard eddy current technique because the girdle wires are not 
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continuous and oxidation at the end connection breaks the electrical path. 

2.2.4 Boiling in fuel channels 

An AECL/Ontario Hydro task group report on boiling in CANDU heat 

transport systems was issued in December 1986 [32]. They report that 

"information on the effects of boiling, both in the existing research data 

base and from monitoring of in-service components, is extremely limited". 

They conclude that : 

1) "A number of critical unknowns concerning boiling exist which 

could potentially affect the service life of components. 

Resolution of these unknowns must be pursued through research and 

surveillence activities. Of highest priority is the work 

concerning pressure tubes." 

ii 

2) No direct evidence exists at this time which suggests that net 

quality, or boiling, of the primary coolant by itself reduces 

pressure tube life. No direct evidence exists at this time which 

suggests that net quality in the primary coolant imposes 

unexpected life limitations on any other components in the heat 
v\ 

transport system. 

There is no definitive evidence that boiling will enhance pickup of 

deuterium. The major concern is that the time to grow a thick oxide film may 

be less in boiling. For Zircaloy-2 there is evidence that indicates that 

pick-up increases dramatically when some critical oxide thickness is reached, 

compare Figures 11 and 14 [13]. This thick oxide theory is now suspect since 

there is no evidence of a dramatic increase in oxide thickness for those areas 

of channel L09 that showed very high D? levels. This lack of correlation 

between oxide thickness and D„ uptake for Zr-2.5% Nb is unfortunate because 

AECL has been developing an eddy current technique for measuring oxide 
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thickness. This would have been a very attractive alternative or complement 

to the scrape technique for checking bulk hydrogen levels and for monitoring 

some boiling channels in Bruce unit 2. 

2.2.5 Summary 

The pressure tubes in group A reactors have garter springs which are 

known to be or are likely to be out of their design positions. Creep 

deformation of the pressure and calandria tubes and misplaced garter springs, 

together, may lead to early contact between the tubes. This contact and the 

gradual pickup of deuterium in the pressure tubes may lead to the formation of 

hydride blisters at the contact point(s). If these blisters develop to a 

critical size, a crack will propagate into the parent material. This crack 

may propagate by DHC along the tube and lead to a burst before leak failure of 

the pressure tube. To minimize the risk of this type of failure it may be 

necessary to set limits for the bulk hydrogen levels in pressure tubes in 

group A reactors and periodically use the scrape inspection technique to 

confirm that these bulk hydrogen levels have not been exceeded. There is an 

urgent need for data on pickup rates; the inspection programmes will have to 

be changed to meet this need and to confirm that boiling is not adversely 

influencing pickup. 

3. Calandria Tube Failure 

For licensing purposes it is assumed that rupture of a pressure tube at 

normal operating pressure and temperature will rupture the calandria tube. To 

date, there have only been two pressure tube ruptures, G16 and N06, and the 

latter was cold when its calandria link also failed [37]. When the pressure 

tube G16 ruptured, its calandria tube did not fail; after the annulus had 

filled and pressurized, the channel bellows assembly failed [38]. 

Rupture of a calandria tube, following rupture of its pressure tube, will 
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damage other core componets, see section 4, so Ontario Hydro is very-

interested in a calandria tube's survivability if its pressure tube has 

ruptured at full power 

Three aspects must be considered: 

1) the speed and mode of propagation of the fast fracture in the pressure 

tube: its potential for crack arrest, guillotine failure and/or fragmentation; 

the interaction of this opening crack with, and the impact of fuel bundles on 

the calandria tube. 

2) the thermohydraulics of a sudden release into the annulus gas space and the 

effect of the flow restrictions imposed by the bearings at the ends of the 

channel. Three effects have to be considered. A high velocity jet of water 

impinges on the calandria tube. The high temperature water flashes into the 

annulus. These very rapid, transient loads are followed by a general increase 

in pressure and temperature in the calandria tube as the annulus fills with 

the steam-water mixture. During this period the bellows fail, but this 

release is beyond the flow restrictions in the bearings. 

3) the strain and failure characteristics of the welded Zircaloy-2 calandria 

tube. This tube is fixed to the calandria tube plates so it is pressurized in 

a 'fixed end' condition. this end condition and anisotropy of the material 

complicate the strain and failure response. 

Research programmes on each of these aspects are in progress at Ontario 

Hydro, AECL or Westinghouse Canada. There have also been detailed 

post-mortems of calandria tubes, G16 and K13 [39,40], and the calandria tube 

failure in N06 [37]. Some data is also available from UK tests on the effects 

of pressure tube rupture [41]. 

3.1 Fast fracture of pressure tubes 

Shewfelt and Godin [42] have been bursting long (1.4 m) sections of 
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Zr-2.5% Nb pressure tube in a test rig at WNRE. An immersion heater in the 

pressure tube is used to set temperature and the pressure tube is surrounded 

by a thick steel calandria tube. Table 2 is a summary of the hydrogen 

concentrations considered; in most cases the hydrides were reoriented in the 

radial-longitudinal plane to make them normal to the hoop stress. It will be 

noticed that the crack velocities were about 300 m/s to 1300 m/s depending on 

hydrogen concentration. There was no evidence of crack branching or 

fragmentation but secondary cracks were found [42]. 

When the Zircaloy-2 pressure tube G16 ruptured in service in Pickering 

unit 2, the inboard propagation ended with bifurcation into two 

circumferential cracks, which arrested after propagating about 50 mm in each 

direction. In their fracture mechanics analysis of this failure, Chow and 

Simpson [25] conclude that bifurcation was a consequence of either some 

blisters in the path of the advancing crack or a change in principal (driving) 

stress direction due to annulus pressurisation. In this case, the calandria 

tube did not fail so the opening of the flaps of the circumferential cracks 

may have been hindered by the calandria tube, thereby ensuring arrest of these 

circumferential cracks. 

Experience to date suggests that fragmentation is not an issue. Bulk 

hydrogen limits that are likely to be set (by concerns about rolled joint 

cracks, blistering and general exceedance of TSS at operating temperatures) 

will surely keep hydrogen levels along the pressure tube well below levels 

where fragmentation might be an issue-

The crack bifurcation in G16 is the only indication to date of a 

mechanism that might lead to guillotine failure. 

3.2 Thermohydraulics of a Pressure Tube Rupture 

When the G16 pressure tube ruptured, an experimental program was already 
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underway to determine the loading exerted on a calandria tube by pressure tube 

rupture at full power. The results of most of these experiments have been 

discussed in papers by A.P. Muzumdar and co-workers at AECLj Ontario Hydro and 

Westinghouse Canada [43,44,45]. 

In phase 1 of this project, their objective was to determine pressure 

transients in the calandria tube; in this phase, stainless steel calandria 

tubes of various thickness were used. For phase 2, four tests have been 

reported for Zr-2 calandria tubes with pressure tubes of various fracture 

toughness. 

Overall their tests have shown that annulus overpressure, during the 

transient phase, is strongly dependent on the coolant subcooling. The 

overpressure increases with increase in subcooling. This transient 

overpressure is mitigated to some extent by permanent deformation of the 

calandria tube. This permanent deformation is less than 1%. To predict the 

overpressure for a particular tube, the overpressure is calculated assuming no 

deformation of the calandria tube and then factored down to recognize that 

some permanent deformation does occur [46]. 

3.3 Strain and Failure Characteristics of Calandria Material 

Ells et al [47] have reviewed the mechanical properties of the Zircaloy 2 

material used for the calandria tubes. The tubes are made by seam welding the 

brake formed material. The texture of the parent material and microstructure 

of the weld lead to anisotropic effects that complicate the interpretation of 

mechanical tests. Ells et al report that the weld material is stronger in 

uniaxial tension than the parent material. However, when a tube is stressed 

biaxially by internal pressure, the tube is weakest at the weld. They report 

that every section of calandria tube pressurized to failure has failed at the 

weld. Also the calandria tube that failed in channel N06 during cold 
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pressurisation also failed at the weld. 

Figure 15 is from the paper by Ells et al [47]. It shows the influence 

that strain rate has on the ultimate tensile strength and total elongation of 

parent material from the central sections in calandria tube K13, removed from 

Pickering unit 2. High strain rates increase strength and reduce elongation. 

Note that irradiation has reduced the elongation of this material to 6-10%, 
_3 

compared to about 20-40% for unirradiated material (at a strain rate of 10 

sec . ) The temperature used in these strain rate tests on K13 material were 

353 K, (the operating temperature) and 443 K, (the calculated average 

temperature) of a calandria tube operating at G16 conditions. 

The biaxial data available is from some burst tests on sections of 

calandria tube [47]. These tests were with fixed ends and at strain rates of 

-4 -1 3 x 10 s . The results of these slow strain rate tests at 440 K are 

reproduced here in Table 3. They show that the margin between 0.2% yield 

stress and ultimate stress is much reduced by irradiation and in two cases the 

% elongation at failure was 0.5% or less. Since another section of the same 

calandria tube with a similar fluence level shows 4% elongation one wonders if 

this variability is a reflection of variability in weld quality and how to 

account for this variability when assessing the survivability of calandria 

tubes. Also Ells, Coleman and van der Kuur [48] report that some calandria 

tubes already in service contain surface cracks, up to 0.18 mm deep. These 

and other defects [48] may not be significant for normal operations but may 

affect the survivability of the calandria tube if a pressure tube fails. 

3.4 Survivability of Calandria Tubes 

In their most recent paper [45] on the experimental program at 

Westinghouse Canada, Muzumdar and Hardaller discuss the results of four tests 

on Zr-2 calandria tubes; these tubes were not irradiated so the tests do not 
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provide information on failure characteristics; they do confirm that calandria 

tube straining tends to alleviate the transient overpressure, with permanent 

strains less than 1%. 

To assess survivability for a particular calandria tube, the so-called 

SOPHT code is used to estimate transient peak pressure for a rigid calandria 

tube [46]. This peak pressure is then reduced to allow for the mitigating 

effect of calandria tube strain. This corrected peak pressure is then 

compared to a calculated burst pressure. This burst pressure is obtained 

using a simple hoop stress calculation and the ultimate tensile strength for 

the material. This ultimate tensile strength is for irradiated material, 

tested at a high strain-rate with transient (near normal initially) 

temperature, see Figure 15. In addition, the corrected peak pressure can be 

used to calculate the maximum strain attained. This peak strain is compared 

with the elongation (ductility) at the approxiate strain rate and temperature. 

If the burst pressure or ductility values are exceeded, the calandria tube is 

assumed to have failed [46] 

Another way to quantify survivability is to select a failure strain and 

calculate a transient pressure (P ,*) required to reach that failure strain. 

This 'critical' pressure can then be compared to the expected transient 

pressure for that channel (P , ) and the steady state pressure (when the 

annulus has filled). At my request, Dr. Muzumdar performed this type of 

calculation for nominal tube properties (based on Figure 15) and for a lower 

bound tube. This lower bound was obtained by simple scaling from a histogram 

of ultimate tensile strength for Pickering tubes [47] and ignores the 

narrowing of the strength distribution expected for irradiated tubes. Dr. 

Muzumdar's comments on this approach are given in Appendix 7 with estimates 

for Pickering G16 tube and for a Bruce tube. (The Bruce tubes are thinner, see 
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Table 1. ) The margins to failure quoted are the difference between the 

'critical' pressure and the expected transient or steady state pressure. 

These pressure margins, expressed as percentages, are always positive even for 

the so-called lower bound tubes and a failure strain of 0.1%. 

3.5 Summary 

The research to date on calandria tube survivability and the assessment 

method used to analyse particular channels indicate that calandria tubes are 

likely to survive a pressure tube rupture. This was the case when the G16 

pressure tube failed in Pickering unit 2. The Bruce calandria tubes are 

thinner so the margins to failure are likely to be smaller. There is a very 

small database for the mechanical properties of irradiated calandria tubes, 

particularly for failure strains, for simple tension specimens or for sections 

of pressurized tube. A Bruce calandria tube should be removed to provide more 

information for this database; the effect of high strain rate on failure 

strains for the seam welds which are under biaxial strain, requires further 

study. 

4. Pressure and Calandria Tube Failures 

There has never been a simultaneous rupture of a pressure tube and its 

calandria tube during normal operating heat transport condition». The 

simultaneous failure in channel N06 occurred when the cracked pressure tube 

was pressurized cold. The consequences of a simultaneous failure of a 

pressure tube and its calandria tube must be assessed for licensing. The 

major concerns are: damage to shut-off rod guide tubes; damage to other fuel 

channels, including propagation of fuel channel failure; damage to the 

calandria vessel and, for reactors equipped with a moderator poison system, 

damage to the poison injection pipes. 

A 1984 report by Kundurpi, Presley and Muzumdar [49] summarises Ontario 
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Hydro's assessment of the consequences of such a failure. A 1981 report for 

the Atomic Energy Control Board by Hill, Hauptmann and Lee [50] of the 

University of British Columbia, is a detailed and very informative review of 

experimental programs in Canada and other countries, that provide qualitative 

and quantitative information on the consequences of pressure and calandria 

tube failure. They also discuss previous analytical work and report on some 

supplementary investigations of their own. They classify the damage 

mechanisms as short term or long term. By short term they mean the pressure 

wave effects that occur in tens of milliseconds after the calandria tube 

ruptures. By long term they mean impact effects due to sustained two-phase 

jets, pipe whipping and ejected fuel. All of these effects will now be 

discussed briefly. 

4.1 Pressure Bubble Effects 

If a fuel channel ruptures, there will be a rapid expansion of a two 

phase bubble in the moderator. The hydrodynamic loads are determined by the 

bubble expansion which in turn depends on discharge through the rupture, 

condensation at the bubble interface, moderator compression and volume changes 

of core components. These volume changes are expansion of the calandria 

vessel and collapse of some of the calandria tubes onto their pressure tubes', 

this collapse has been observed in experiments, so ignoring it will give 

conservative estimates of hydrodynamic loads. 

Increasing the initial discharge rate increases the hydrodynamic loading. 

The initial discharge rate is determined by the size, shape and timing of the 

rupture opening. Longitudinal splits (fishmouth), circumferential 

(guillotine) and fishmouth leading to guillotine breaks are considered, see 

Figure 16 (extracted from [49]) The fishmouth breaks are assumed to have an 

initial lenght of 20 mm and to open to their final lengths in 5 milliseconds. 
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The transient pressure generated is not significantly changed when the time is 

reduced to 1 ms; these 'times to open' appear to be reasonable bounds for 

crack progagation velocities. 

The impulsive loading on shut off guide tubes and adjacent fuel channels 

ends when the bubble and moderator pressures are similar. The predicted 

increase in moderator pressure will burst rupture discs so the moderator 

pressure will then decay depending on flow in through the ruptured calandria 

tube and flow out through the ruptured discs. 

It is argued that a 2.5 m fishmouth rupture is a conservative assumption 

when coupled with an analytical assumption of spherical bubble expansion [49] 

Tables 4 and 5 from [49] list CANDU operating conditions and hydrodynamic 

loads calculated for fishmouth and guillotine ruptures in Pickering B. These 

are only included to give an indication of maximum moderator pressure, 

timescales, energy levels and deflections imduced by the pressure bubble. 

4.2 Jet Forces 

The hydrodynamic loads from the pressure bubble are followed by two jet 

effects. The jet impinges on adjacent components, such as fuel channels, and 

there are thrust (reaction) loads on the failed fuel channel. An upper bound 

on impingement force is obtained by assuming that all of the jet discharge 

hits an adjacent channel and all kinetic energy is transferred. It is assumed 

that the bulk of the fuel stays within the channel if there is a fishmouth 

rupture, and that the fuel is ejected if there is a guillotine failure. For 

the guillotine failure an impingement angle of 30° is assumed when assessing 

the jet forces an adjacent channels. 

The thrust (reaction) forces are evaluated for a fishmouth rupture to 

ascertain if they will lead to other failures of the ruptured channel; in 

particular severance near the break or at the tube sheet, or by impact with 
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components nearby. 

Thrust loads on a guillotine failure not at 90° to the channel axis will 

cause pipe whip. It is estimated that maximum lateral loads are obtained when 

a guillotine failure is at 35° to the longitudinal axis of the channel. 

Experimental evidence [49,50] -indicates that this severance angle is most 

unlikely so the lateral thrust loads used in these pipe whip assessments are 

very conservative. 

4.3 Fuel Ejection 

Hydrodynamic effects, associated with fishmouth or guillotine breaks, and 

mechanical interference will tend to break the fuel bundle. Fuel elements may 

then travel and impact on adjacent components. Of particular concern is 

penetration of an adjacent fuel channel or impulsive deflection of this fuel 

channel that then leads to failure. In their analysis [49], Ontario Hydro 

assume that there is no decrease in ejection velocity due to drag forces; that 

only single fuel elements or pieces can be ejected in the radial direction but 

that fuel elements or fuel bundles can be ejected from a guillotine failure. 

In the latter case the angle of impact with adjacent channels will be small; 

30° or less is assumed. 

4.4 Damage Assessment 

4.4.1 Calandria Vessel 

Analysis and experiments indicate that pressure amplitudes and impact 

loads are too small to damage the calandria vessel. 

4.4.2 Damage to adjacent fuel channels 

A recent paper by Muzumdar and Frescura [51] summarizes most of the 

detailed analysis in [49]. These analyses and various experiments [52,53 and 

review in [50]] indicate that pressure differences caused by the bubble will 
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collapse some calandria tubes onto their pressure tubes. These pressure 

differences and calandria tube collapse do not affect the stability of the 

pressure tubes. These deflect elastically; estimates of kinetic energy 

deposited on an adjacent channel and likely displacements and stresses are 

given in Table 5. 

Table 5 also shows that the kinetic energies deposited by pressure 

bubbles emanating from guillotine failure are small compared to those caused 

by fishmouth breaks. However the pipe-whip consequences of guillotine failure 

are much more significant. Each section of the failed channel bends as a 

cantilever beam under the action of the thrust forces from the discharge. As 

mentioned earlier the peak thrust forces from a guillotine discharge are 

obtained if the severance angle is about 30°. Assuming this type of break and 

that all kinetic energy in the whipping channel section is instantly 

translated into plastic work, an assessment can be made of the plastic strain 

developed in impacted channels. It is shown that this plastic strain (less 

than 1%) is well below the strain required for failure of irradiated Zr-2.5% 

Nb material. There is also experimental evidence that pipe-whip only causes 

small plastic strains in adjacent channels [49]. In only one test [53] was an 

adjacent fuel channel cracked and torn near its rolled joint and that test was 

at pressures well in excess of those likely to be generated in a CANDU 

reactor. 

Implicit in these pipe-whip analyses is the assumption that the only 

effect of aging of the pressure tube is a change in mechanical properties 

because of irradiation. It is pertinent to ask if the gradual buildup of 

deuterium in the pressure tubes is a factor that should also be considered. 

This material is susceptible to delayed hydride cracking and two crack 

initiation mechanisms have been identified, i.e. overrolling and contact 
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blistering. With the latter, there may be a 'burst before leak' failure of a 

pressure tube. If this also bursts its calandria tube and a guillotine 

failure develops, the whipping section of the fuel channel may impact on 

adjacent fuel channels that contain blistered pressure tubes. The impact 

'toughness' of an irradiated, blistered pressure tube may be different from 

that of an irradiated pressure tube. This is an unlikely combination of 

events but it should be remembered when setting limits for the hydrogen 

equivalent in group A reactors. 

For reactors in group B and C, blistering due to contact may not be an 

issue so the only concern then is the gradual increase in hydrogen equivalent 

in pressure tubes. Eventually this may be high enough for hydrides to be 

present at operating temperatures. There is no evidence that this is 

detrimental. Also current research programs on DHC initiation, propagation 

and fast fracture will increase our understanding of the 'toughness' of 

pressure tubes and indicate the need, if any, for a limit on hydrogen 

equivalent for these reactors. 

Tests in the UK [49] on a pressure tube hydrided to 500 ppm H? provide 

useful information on the impact toughness of Zircaloy 4 tubes. In these 

tests, a 0.23 kg chisel with a sharp leading edge was fired at a pressure 

tube. After six impacts at successively increasing velocity, the pressure 

tube failed. These tests have been used as a reference when setting failure 

criteria fer CANDU pressure tubes impacted by fuel elements. The UK test 

conditions were much more severe than those expected for a CANDU pressure tube 

because: 

1) a pressure tube is protected by its calandria tube, even if the calandria 

tube has collapsed because of the pressure bubble. 

2) the Zircaloy 4 tubes were very heavily hydrided compared to CANDU tubes. 
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3) the sharp leading edge of the test chisel is likely to be more severe 

than the impacting edge of pieces of a fuel element. 

4) the pressure tube in the UK tests was shorter, i.e. had higher bending 

stiffness, than CANDU pressure tubes. This higher bending stiffness 

implies that the local impact intensity would be higher than in like 

tests on longer tubes. 

These UK tests and observations on pressure tube failure simulations by 

AECL [52,53 and 55] indicate that fuel impact will not damage the pressure 

tube; it will damage the calandria tube but this is not significant from a 

safety viewpoint. These observations are supported by impact analyses [49]. 

4.4.3 Damage to Shutoff rod guide tubes 

These guide tubes run vertically between the rows of fuel channels. They 

are perforated, thin-walled tubes and are subject to the same damage sources 

as fuel channels adjacent to a ruptured channel. The concern here is that 

they will be dented by pipe whip, fuel impact and/or contact with adjacent 

channels. This denting may be sufficient to prevent full insertion of a shut 

off rod. 

Lyall and Wright [54] conducted a series of tests to determine the mode 

of deformation of guide tubes under crushing and bending conditions. They 

also studied the energy absorption process during the insertion of a shutoff 

rod into a dented guide tube. These experiments and analyses of the various 

impact modes [49] indicate that 

1) the energy deposited by the hydrodynamic (bubble) transient, see Table 5, 

is sufficient to deflect the guide tubes into contact with adjacent fuel 

channels 

2) Guide tubes further than two lattice pitches (0.6 m) from the break 

location will not be dented enough to prevent full insertion of the shut 
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off rods. 

3) denting by fuel impact is likely to be contained within the damage zone 

delineated by the pressure bubble and pipe whip damage. 

By considering the damage inflicted by the pressure bubble transient, 

pipe whip and fuel ejection, Ontario Hydro has determined damage zones for 

fuel channel ruptures at various locations within each reactor. These damage 

zone assessments indicate for example that in Pickering B a maximum of five 

out of twenty eight shut off rods should be assumed inoperative if there is 

fuel channel failure. It is further assumed that one more shut-off rod fails 

to drop. 

Since functioning of a few shutoff rods is said to be sufficient to 

adequately shut down a reactor [56] there is a large margin between the number 

of shutoff rods available after a channel failure and the number required for 

a shutdown with SDS1. 

4.4.4 Damage to poison injection tubes 

These tubes may be damaged by the rupture of a fuel channel. Severe 

distortion and/or tearing of these tubes will not prevent the flow of the 

moderator poison through the nozzles. Therefore there is no concern that fuel 

channel failure will impair SDS2. 

4.5 Experimental Research on the consequences of fuel channel rupture 

Hill, Hauptmann and Lee [50] review various experimental programs that 

were carried out in Canada and other countries to assess the consequences of 

fuel channel rupture. AECB funded a study in 1985 by Westinghouse Canada Inc 

[57] to determine the feasibility and costs of a 'closed tank' test on the 

consequences of fuel channel rupture. After discussions between AECB and 

Ontario Hydro, both organizations decided not to proceed with this 

experimental program. It was argued that these very expensive experiments 
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would not add significantly to the understanding already obtained in previous 

tank tests in Canada and other countries. Since these previous tests were 

biased toward more "energetic": releases by virtue of their scale, (Ontario 

Hydro argues) there is little chance that important phenomena have been 

overlooked [56]. This is a reasonable argument but there may be a need in the 

future for an experimental study of pipe-whip effects in water for fuel 

channels containing aged pressure tubes. The need, if any, for such tests 

will become obvious when AECL and Ontario Hydro have completed their present 

reviews of 'fitness for service' criteria for pressure tubes [ 58 ], 

particularly the criterion for avoiding blistering. 

4.6 Summary 

Rupture of a fuel channel leads to pressure wave and impact effects on 

adjacent fuel channels and shut-off guide tubes. Experiments and analyses 

indicate that rupture of a fuel channel will not lead to failure of adjacent 

fuel channels. It will damage some shut-off guide tubes; even if these 

damaged shut-off tubes are assumed inoperative, there are ample shut off rods 

remaining for SDS1 shutdown. Damage to moderator poison injection tubes will 

not impair SDS2 shutdown. 
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5. Fuel Channel Integrity during LOCA 

Ontario Hydro's safety report on Durlington, Chapter 3, Appendix D, [59] 

points out that the maintenance of fuel channel integrity during LOCA is a 

derived requirement [54] that 

"ensures that all fuel remains in a known coolable geometry throughout 

the accident. This validates an inherent assumption employed in the 

analysis of fuel behaviour, which is that all fuel bundles remain 

contained within the fuel channels for the duration of the accident."[59] 

"ensures that in the long term, emergency coolant is capable of removing 

the fuel decay heat. This limits the length of time the moderator may 

have to be relied upon as a heat sink." [59] 

During LOCA "the pressure tube is subjected to elevated temperatures, it 

deforms plastically due to thermal creep in the direction of applied stresses. 

Since the direction of applied stress components are circumferential (due to 

internal pressure) and lateral (due to gravity loading), the pressure tube 

deforms by a combination of transverse straining (ballooning) and longitudinal 

straining (sagging). The relative contribution of each deformation mode is 

determined by the pressure and temperature transients." [59] 

These pressure and temperature transients are determined by the 

postulated accident conditions. These include large break LOCA with ECl 

available or impaired, small break LOCA with ECl unavailable. To facilitate 

analysis the various scenarios are grouped into accident categories. Three 

such categories have been defined. 

(a) pressure tube heatup takes place in a fuel channel containing 

stratified coolant. As a result large top to bottom temperature 

differences can develop in the pressure tube. 

(b) large break LOCA leads to the development of a fully voided 
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channel. In this case the whole of the pressure tube heats up 

rapidly but there may be temperature variations around the 

circumference. For example the fuel bundle sits on the bottom of 

the tube. 

c) fuel element/pressure tube contact occurs before ballooning has 

developed. This may produce a very local hot spot on the pressure 

tube. 

For all accident categories, the desirable behaviour is for the pressure 

tube to balloon into contact with the calandria tube. In laboratory 

simulations [60] pressure tubes have been allowed to balloon into contact with 

the calandria tube and measurements have been made of the boiling regimes on 

the outside surface of the calandria tube to confirm the effectiveness of the 

moderator as a heat sink. A concern is that a long period of dryout may lead 

to a rise in calandria tube temperature and continued deformation of the 

contacting pressure and calandria tubes. 

As mentioned another concern is that rapid voiding of the coolant may 

occur in some fuel channels. During the subsequent period of degraded cooling 

the fuel elements may distort into contact with the pressure tube [61]. If 

this contact occurs there will be a circumferential temperature variation in 

the wall of the pressure tube. This may lead to significant local straining. 

The concern is that this local straining may lead to pressure tube rupture 

before it has ballooned into contact with the calandria tube. 

Shewfelt and Godin [62] have modelled ballooning with circumferential 

temperature variations. They report that a tube tends to retain its circular 

shape even though the deformation varies around the circumference; therefore 

their creep model is based on the assumption that a circular profile is 

retained. 
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Other scenarios, such as stagnated coolant flow, lead to circumferential 

temperature variations and local straining in a pressure tube. To demonstrate 

that these and LOCA temperature/pressure profiles will not lead to local 

rupture prior to contact, Ontario Hydro and AECL are carrying out an extensive 

experimental program at Whiteshell. In a paper to be presented this month, 

Tamm et al [63] briefly report on their current experimental program and their 

success in predicting temperature/time profiles for pressure tubes with 

circumferential temperature variations. These are validation experiments for 

the computer code CATHENA, which will be used to analyse fuel channel 

behaviour for various postulated pressure/temperature profiles. This and 

Shewfelt and Godin's model [62] will give the strain/time patterns for a 

ballooning tube. 

The failure criterion used in these assessments is based on experimental 

observations of the failure of uniaxial and biaxial specimen [64]. The 

pressure tube is considered to have failed if the local true strain at the 

hotspot reaches 100%; it is argued that experimental evidence suggests that 

the wall thins to a razor edge before the tube bursts. There are some 

concerns about the range (temperature) of validity of this failure criterion 

i.e. whether a value less than 100% should be used in some assessments. [65] 

5. i; Summary 

During large break LOCA and other disturbed flow situations a 

circumferential temperature gradient may develop in the pressure tube. As the 

temperature rises in the tube, it will balloon, with a variation in strain 

around the tube. This may lead to rupture of the ballooning pressure tube, 

before it makes contact with and is cooled by the calandria tube. The 

experimental program in progress at Whiteshell will increase confidence that 

such a pressure tube rupture is unlikely to occur. Even if a pressure tube 
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ruptures prior to contact, the channel may not fail since the pressures are 

lower than normal and the calandria tube is cooled by the moderator. 
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CONCLUSIONS 

1 ) The pressure tubes in Pickering units 3 and 4 and Bruce unit 2 have 

rolled joints that were over-rolled. Some rolled joint cracks may still 

develop in these units. 

2) Manufacturing flaws of the type that led to the rolled joint crack in 

channel NO 6 are obviously undesirable and a major search and inspection 

program is well underway to identify tubes, so called deep pipe channels, 

that might contain such laminations. 

3) There is some evidence that irradiation increases DHC crack velocities 

and reduces critical crack length. This reduces the time available for 

detecting a leak from a rolled joint crack. 

4) There have been significant improvements in the leak detection systems 

since the rolled joint cracks leaked in Bruce unit 2 in 1982. Research 

programs are in place to develop a better understanding of crack shape 

development, leakage rates, DHC crack velocities and critical crack 

length. 

5) It has been argued that the deterministic approach used in leak detection 

asssessments is too conservative and that a probabilistic approach should 

be used. This is a reasonable argument but it will be sometime before 

there is agreement on the distribution functions to use for crack 

velocity and critical crack length. 

6) The pressure tubes in some reactors (group A) have garter springs which 

are known to be or are likely to be out of their design positions. Creep 

deformation of the pressure and calandria tubes and misplaced garter 

springs, together, may lead to early contact between the tubes. This 

contact and the gradual pickup of deuterium in the pressure tubes may 

lead to the formation of hydride blisters at the contact point(s) . If 
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these blisters develop to a critical size, a crack will propagate into 

the parent material. This crack may propagate by DHC along the tube and 

lead to a burst before leak failure of the pressure tube. 

To minimize the risk of this type of failure it may be necessary to set 

limits for the bulk hydrogen levels in the pressure tubes of group A 

reactors and periodically use the scrape inspection technique to confirm 

that these bulk hydrogen levels have not been exceeded. There is an 

urgent need for more data on pickup rates; the inspection programmes will 

have to be changed to meet this need and confirm that boiling is not 

adversely influencing pickup. 

The CIGAR inspection system developed by Ontario Hydro can detect very 

small reflectors, such as cracked blisters, but it cannot size them. An 

ultrasonic crack tip diffraction technique has been developed to size 

very small cracked blisters. At present it is not possible to detect 

uncracked blisters, although there is some hope that a normal beam 

ultrasonic technique may prove useful. 

Until uncertainities about defect sizing, sample size and uncracked 

blisters have been resolved, these techniques are much less useful than 

measurements of bulk hydrogen concentration as indicators of fitness for 

service. 

Inspection techniques are now well established for locating 'loose' 

garter springs of the type used in group A and B reactors. Since garter 

spring movement from the design position may lead to pressure/calandria 

tube contact and blistering, it would be wise to include some garter 

spring position checks in the in-sdervice inspection program for group B 

reactors. The behaviour of the 'tight' garter springs in group C 

reactors should also be monitored. 
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The research to date on calandria tube survivability and the asssessment 

method used to analyse particular channels indicate that calandria tubes 

are likely to survive a pressure tube rupture. This was the case when 

the G16 pressure tube failed in Pickering unit 2. The Bruce calandria 

tubes are thinner so the margins to failure are likely to be smaller. 

There is a very small database for the mechanical properties of 

irradiated calandria tubes, particuarly for failure strains for simple 

tension specimens or for sections of pressurized tube. A Bruce calandria 

tube should be removed to provide more information for this database; the 

effect of high strain rate on failure strains for the seam welds, which 

are under biaxial strain, requires further study. 

Rupture of a fuel channel leads to pressure wave and impact effects on 

adjacent fuel channels and shut-off guide tubes. Experiments and 

analyses indicate that rupture of a fuel channel will not lead to failure 

of adjacent fuel channels. It will damage some shut-off guide tubes; 

even if these damaged shut-off tubes are assumed inoperative, there are 

ample shutoff rods remaining for SDS1 shutdown. Damage to moderator 

poison injection tubes will not impair SDS2 shutdown. 

During large break LOCA and other disturbed flow situations a 

circumferential temperature gradient may develop in the pressure tube. 

As the temperature rises in the tube, it will balloon, with a variation 

in strain arouind the tube. This may lead to rupture of the ballooning 

pressure tube, before it makes contact with and is cooled by the 

calandria tube. The experimental program in progress at Whiteshell will 

increase confidence that such a pressure tube rupture is unlikely to 

occur. Even if a pressure tube ruptures prior to contact, the channel 

may not fail since the pressures are lower than normal and the calandria 
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tube is cooled by the moderator. 

14) The periodic inspection (PIP) and in-service inspection (ISI) programmes 

are a very important part of the defence in depth to ensure that a 

pressure tube is very unlikely to rupture during normal operation. In 

the interim since the first rolled joint cracks developed in Pickering 

units 3 and 4, there have been major improvements in the quality -c&'A the 

scope of the inspection programmes, including manufacturing inspection. 
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TABLE 1 

DETAILS OF CANDU FUEL CHANNELS 

B A S K  TYPE 

CORE 
LENGTH im) 

FUEL BUNDLES 
PER FC 

CLOSURE 
STYLE 

CANDU 
UNITS 

NUMBER 
OF CHANNELS 

PRESSURE TUBE 
-MATERIAL 
- MYX THKKHESS mm 
.&ALL TIIKKNESS rnm 

CAUNWIA I U L  
- MATERIAL 
- INSIC€ THKKNESS mm 
-WALL TWCKNESS mm 

CUTER SPRINGS - MAlMAL 
- R E  - OUAMTITYFIC 
-COIL MAMETERMI 

MINIMUM 
AXIAL CREEP 
ALLOWANCE 

IMPROVED PT 
ROLLED JOINT 

NPD 

4 

9 

TWIST 
TYPE 

NPD 

132 

c r Z m . l o y 1  

" 

Ahmm~w 
108 9 " 

h m r r ( X l E . 0  
T W l  

1 
4 n 

30 years 

KANUPP 

5 

1 1  

TWIST 
TYPt 

KANUPP 

208 

h lZrZS%Nb 
81 6 
4 m  

211cJq 2 
101 0 
12)  

- X J W  
ryhl 

2 
4 3 l  

JO y e a r s  

N o  

W U G L A S  
POINT 

5 

10 

AXIAL 
TYPE 

W U G l  A5 
POINT 

AAPP.I.2 

306 

c r Z ~ r c J 4 2  
U 6 
3 9 

Z t r u l q  2 
101 t 
114 

N Z r W C u  
Lmw 

2 
7 5l  

20 y e a r s  

No  

PICKERING A 

6 

12 

AXIAL TYPE (EXTENDARLE JAWS) 

PKKEHING 
1.2 

IOHlLlNAI I 

390 

orZorr.by1 
103 4 
4 9, 

Z u r * q  1 
l m  a 
1 55 

h l h l m C u  
I ~ S E  

3 
681 

13 y c e t r  

N o  

BRUCE A 

6 

13 

TWIST TYPE (FIXED LUGS) 

BRUCE 13 

4bK) 

0rZr15..ffl, 
I 0 1  4 
40b 

Z#rrdov 7 
I r J U  
13)  

h l Z l N b C v  
I m r  

1 
681 

14 yeara  

N o  

flnLICE 4 
--- 

480 

w Z r Z b . * N b  
$01 4 
4 ~b 

---- 
?rrr.luy 1 

I t J l l  
1 3 1  

M Z r N b C u  
I n r ~ h r .  

4 
b b9 - 

JO yo018 

N o  

PKKf HING 
1.2 

(RFIOIED) 

390 

o r Z t Z b % N b  
I01  4 
I m 

ZwcJuy 1 
IkJU 
I S'r 

h m r r l K l t U  
f y l #  

4 
4U.I 

25 y e a t s  

RRUCE 3 

4W) 

LwZI'JKXN~ 
I014 
4 m 

Ilrcoloy 2 
113 0 
I J I  

h l Z r N b C u  
I r w u  

4 
b 8 I  - 

14 y o a r a  

N o  

PICKEIIING 

390 

o r l r 2 5 X H b  
IOJ4 
4ub 

Zwc.14 2 
I W U  
I 5'r 

h t Z r H b C u  
l urw 

? 
6 01 

13 years  

PlCKERlNG 
5.6.1~8 

380 

r r r Z r l b % N b  
101 4 
401 

Z v r d q  3 
12s 0 
13) 

M Z r N b C u  
IMSC 

4 
b 59 

35 y e a r s  

RIIIJCE 
5.6.1 

480 

c w Z l / b % N b  
lOJ4 
4 11 

h r c n k ~ v  2 
t r J  u 
1 3 1  

----- 
LIZIN~CII 

14-~rc 
4 

b 5'1 - 
30 y e a r a  

Y e a  

":,"i:zz 
VI IIYHILU 
WIN S l l ~ t i  I 

3W) 

rrr?176~.Nb 
103 4 
4 19 

Zlrc.loy 1 
1/90 
I 3 1  

h l Z r N b C u  
IWY 

4 
$59 

JO y e a r s  

BnllCE U 
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~ w ? r / b . * W ~  
1111 4 
4 11 

Ztrcdvy ? 
l r J U  
1 ¶ I  

~ T M I . I X ~ M  
1111101 
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4 Ill -- 

30 y o e r s  

Y o s  

CCRNAVODA 
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~ * Z r 1 6 % N b  
101 4 
4 19 

Znc.krv 1 
I W 0  
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h m n d X l E . 0  
Twhl 

4 
4 U  

JO y e a r s  
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1 4  
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l?J 0 
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TEST 
TEMP. 
(°C) 

125 

2oo 

200 

200 

240 

240 

280 

200 

245 

250 

250 

250 

HYDROGEN 
CONCENTRATION 

(ppm) 

100 

100 

100' 

200 

200 

100 

100 

200 

100/20 

200/20 

300 

100 

REORIENTED 

YES 

TES 

YES 

NO 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

SECONDARY 
CRACKS 

NO 

W 

YES 

NO 

YES 

YES 

NO 

YES 

NO 

YES 

YES 

YES 

CRACK 
VELOCITY 
(m/s) 

1270 

330 

1100 

1400 

3Q0 

1300 

290/0 

1300/0 

1300 

-~y^^-vL 



Properties of Calandria Tubes Burs 
in a Fixed End Condition at 440 K 

Tube Fluence Hoop Hoop % Elong 
n/m2 x 1CT25 0.2% YS UTS 
E > 1.0 MeV MPa MPa 

P-825 

P-646 

P-628 

G-033 

P2G16 

P2G16 

P2K13 

P2K13 

P2K13 

P2K13 

* not 

4.0 

5.5 

4.0 

6.0 

5.8 

1.4 

ruptured 

350 

325 

330 

275 

555 

575 

490 

535 

450 

518 

538 

555 

540 

580 

580 

530 

622 

585 

520 

3.5 

4.0 

10.0 

3.0 

6.0* 

2.3 

0.5 

0.1 

4.0 

5.0 

Tfc^JcL 3> 



CANDU REACTOR OPERATING CONDITIONS 

Inlet Header 

Pressure 
MPa 
Temperature 

°C 
Pressure drop from header 
to channel inlet MPa 

Outlet Header 

Pressure 
MPa 
Temperature 

°C 
Pressure drop from header 
to channel outlet MPa 

Moderator 

Volume m3 

Bulk Temperature 

°C 
Cover gas pressure 
kPa(g) 
Rupture disc setting 
kPa(g) 

Pickering 
NGS B 

9.72 

250 

0.15* 
0.5+ 

8.83 

290 

0.24* 
0.15+ 

242 
65 

30 

138 

*high power 
channel 
+low power 
channel 

Bruce 
NGS A 

10.8a 

10.9b 
251a 

265b 

0.2 

9.18 

304 

0.33 

281 
70 

28 

138 

Bruce 
NGS B 

10.8a 

10.9b 
251a 

265b 

0.2 

9.18 

304 

0.33 

281 
70 

28 

138 

a-inner 
zone 
b-outer 
zone 

Darlington 
NGS A 

11.38 

267 

0.2 

10.0 

310 

0.33 

282 
65 

24 

138 

TWA*. *\ 



HYDRODYNAMIC LOADINGS FOR VARIOUS PRESSURE 
TUBE RUPTURES IN PICKERING NGS B 

Model 

Rip Length (m) 

Coolant Press (MPa) 

Adjacent Pressure Tube 

Deflection (mm) 
Stress (MPa) 
Energy deposited (J) 

Energy Deposited In Guide 
Tube (J) for Various Tube 
Length/Distance from Rupture 

6.5 m/0.4 m 
6.5 m/0.5 m 

7 m/0.4 m 
7 m/0.5 m 

7.7 m/0.4 m 
7.7 m/0.5 m 

Moderator 

Maximum Pressure MPa 
Time (ms) 

Calandrla Tank 

Maximum Stress MPa 

Flshmouth 

0.9 2.5 0.9 2.5 

9.7 9.7 8.8 8.8 

Guillotine 

9.7 8.8 

58 
76 
64 

89 
119 
154 

56 
74 
60 

87 
115 
144 

28 
37 
15 

25 
34 
12 

228 
142 

211 
131 

191 
118 

0.33 
13 

819 
546 

758 
505 

686 
457 

0.52 
9 

210 
131 

194 
121 

176 
110 

0.31 
9 

753 
499 

697 
462 

631 
418 

0.50 
9 

41 
26 

38 
24 

34 
22 

0.31 
30 

35 
22 

32 
20 

29 
18 

0.28 
30 

33 68 31 66 30 26 
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AECL PROPRIETARY 
COMMERCIAL-ONTARIO HYDRO 

CRNL-2950 
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F i g u r e / C a l c u l a t e d b l i s t e r growth f o r a P i c k e r i n g 'A ' i n l e t end c o n t a c t 
f o r v a r i o u s b u l k hydrogen l e v e l s . A 5 nun d i a m e t e r c o n t a c t a r e a 
w i t h an e f f e c t i v e h e a t t r a n s f e r c o e f f i c i e n t of 20 kW/ra C was 
assumed. 

400 500 600 700 
TIME (days) 

1000 1100 1200 

Figure ^ Calculated blister growth for a Pickering 'A' outlet end contact 
for different bulk hydrogen levels and the same thermal contact 
conductance as in Figure"7 
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Figure The effect of strain rate on the 
tensile properties of material from 
the central section of the P2K13 
calandria tube* Fluence was about 
6 x 1025 n/m2 E > 1.0 MeV. 
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Ontario Nuclear Safety Review 
SCHEDULE"! 

TERMS OP REFERENCE 

The Contractor shall conduct a review of and provide a written 
report on the safety issues related to the failure of the 
pressure tubes and fuel channels used in Ontario Hydro's CANDU 
nuclear reactors. The Contractor shall examine written material 
provided by the ONSR and others/ conduct meetings with Ontario 
Hydro representatives and others if necessary, and visit research 
facilities, with the objective of answering the following 
questions as fully as possible: 

1. Are the calandria tubes expected to survive in the case of a 
pressure tube failure? 

2. Are fuel channel failures expected to proliferate should a 
single fuel channel fail? 

3. What is the expected integrity of the fuel channels during 
large loss-of-coolant accidents, with and without injection 
of emergency core cooling water? 

4. What is the response of aged pressure tubes to reactor 
transients? 

5. Is the safety analyses conducted by Ontario Hydro adequate 
to account for the consequences of pressure tube and fuel 
channel failure? 

6. How adequate is the in-service inspection and non
destructive testing programmes to determine the condition of 
pressure tubes? 

7. What lessons are to be learned from the pressure tube 
failures at the Ontario Hydro Pickering and Bruce nuclear 
generating stations? 

The Contractor shall identify unresolved safety issues related to 
CANDU pressure tubes, in particular those in which the basic 
understanding of the problem is poor or non-existent. He shall 
comment upon the research programmes and on the analytical 
assumptions employed in safety analysis within Ontario Hydro. 

The Contractor shall be available for short consultations with 
the ONSR staff to discuss the progress of his work. He shall 
also discuss his work with another ONSR consultant, Dr. Derek 
Northwood, for the purpose of coordinating their efforts in the 
review of CANDU pressure tubes. 

The Contractor shall endeavour, on the basis of his findings, to 
make recommendations with respect to the use of, in-service 
inspection, and non-destructive testing of zirconium-niobium 
pressure tubes, and the future requirements for retubing. of CANDU 
reactors. 



APPENDIX 2 

VISIT SCHEDULE FDR THIS STUDY 

1) Ontario Hydro, Central Nuclear Services, M. W. Shanahan, J. Graham, B. 

MacTavish, K. Mahil, B. Bevins, G.N. Jarvis. 

2) Atomic Energy Control Board, B. Jarman and O.S.B. Truong. 

3) Ontario Hydro, Research Division, M. Léger, T.P. Byrne, A.C. Wallace, B. 

Mukherjee, J.A. Baron and D.V. Leemans (consultant). 

4) AECL, Chalk River, B.A. Cheadle, C E . Coleman, G. Van Drunen, V. 

Urbanic. 

5) Ontario Hydro, University Avenue, CANDU Owners Group Program - G. Field 

and M. Hardie. Nuclear Systems Department, D. G. Meranda 

6) AECL, Whiteshell, L.A. Simpson, B.J.S. Wilkins, R.S.W. Shewfelt and H.E. 

Rossinger. 

7) Ontario Hydro, Nuclear Studies and Safety Department. G.M. Frescura and 

A.P. Muzumdar. 

8) Atomic Energy Control Board - second meeting with B. Jarman. 

9) Ontario Hydro, Central Nuclear Services, second discussion with 

Inspection and Maintenance - G.N. Jarvis. 
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Effect of B2-N06 Failure on Manufacturing Inspection 

1. Manufacturing Inspections 
(Applies to Darlington Unit 4 and all future tubes) 

Ultrasonic inspection was improved to include use of CIGAR-type 45° 
shear wave probes, and an Increased recording sensitivity. In 
addition, a 100 MHz normal beam probe,, capable of detecting small 
lap-type defects was added to the inspection system. Scan pitch and 
rotational speed were also reduced in order to find smaller flaws. 

2. Offcut Inspection 
(Applies to Pickering Units 1 to 8, Bruce Units 1 to 8, and Darlington 
Units 1 to 3) 

A special program was set up to ultrasonically Inspect all available 
offcuts for small lap-type manufacturing flaws. The inspection system 
uses two CIGAR-type 45° shear wave probes and a 100 MHz normal beam 
probe. The inspection system has been proven to have five times the 
sensitivity required to detect the B2-N06 lap-type defect. 

6584Q 



Manufacturing Inspection 
of Pressure Tubes 

0 PRE-B2-N06 FAILURE 

1.1 ULTRASONICS (Pre1nstallat1on) 

(1) Coverage - 100% - helical scan, 3 mm pitch, 240 RPH. 

(2) Normal beam probe - 6.3 mm diameter, 15 MHz, spherical 
focus. 

(3) Forty-five degree shear wave probes - 12.5 mm diameter, 
5 MHz, cylindrical focus. Shear probes have been arranged 
to detect: 

(a) Longitudinal defects - clockwise and 
counterclockwise probes. 

(b) Transverse defects - forward and backward probes. 

(4) Reference standard - ID and 00 EDH notches 
0.075 mm deep x 6.35 mm long. 

(5) Sensitivity - set 0.075 mm deep notch to 70% FSH. 

1.2 Eddy Current (Post-Installation) 

(1) Coverage - 100% 1n rolled joint area, 50% in bulk of tube 
- helical pitch. 

(2) Test frequency - 300 kHz. 

(3) Probe - 3 mm diameter. 

(4) Reference standard - ID EDM notch 0.15 mm deep x 12.5 mm 
long. 

0 POST B2-N06 FAILURE 
(This applies to Darlington Unit 4 tubes and any tubes to be 
manufactured 1n future) 

2.1 Ultrasonics (Prelnstallation) 

(1) Coverage - 100% - helical scan, 1 mm pitch, 180 RHP. 

6584Q 



- 2 -

(2) Normal beam probe - not changed, 6.3 mm diameter, 15 MHz, 
spherical focus. In addition, a 12.5 mm diameter, 
100 MHz, spherical focus probe was added to the system 1n 
order to detect small lap-type defects. This probe 1s 
equivalent to the normal beam probe used 1n offcut 
examination. 

(3) Fourty-f1ve degree shear wave probes - changed to more 
sensitive CIGAR type probes - 10 mm diameter, 10 MHz, 
spherical focus shear wave probe orientation has not 
changed. 

(4) Reference standard - ID and 0D EOM notches 
0.075 mm deep x 6.35 mm deep. 

(5) Sensitivity - add 12 dB gain to previous standard. 

2.2 Eddy Current (Post-Installat1p:1> 

No changes from pre-B2-N06 Inspection procedure.. 

Note: 

An excellent summary of manufacturing Inspections can he found in "Fuel 
Channel Technology Seminar," file CRNL-2950 or OH D&Q Giitf 85431, 
pages 227-243. 



Deep Pipe Channels - Inspection Status 
(From In-Service Inspection Program 1987-1988, R-l) 

|No. 
Stat1on/Un1t| 

Pickering 

Bruce 

Darlington 

1| 
21 
3| 
4| 
51 
61 
7| 
8| 

1 | 
2| 
3[ 
4| 
5| 
6| 
7| 
8| 

1 | 
2| 
3| 
4| 

of Deep 
Channels 

0 
0 
2 
2 
0 
2 
0 
0 

4 
9 
1 
2 
1 
1 
2 
2 

0 
1 
0 
0 

P1 pe No. Of Channels j 
Inspected to Date*| 

! 
! 
I 

0 
0 
2 
Q 
0 
0 
0 
0 

0 
9 
0 
2 
0 
0 
0 
0 

0 
0 
0 
0 

No. 
Planned 

of Channels 
for Inspection* 

0 
0 
0 
2 
0 
2 
0 
0 

4 
0 
1 
0 
1 
1 
2 
2 

0 
1 
0 
0 

*Full length Inspection Including rolled joint areas. 



OFFCUT TESTING PROGRAM SUMMARY 
PICKERING NGS-A 

1 1 1 (2)1 (2) 
I Unit 1 1 Unit 2 (Unit 3 IUn1t 4 

Offcuts/UnU |780 |780 |780 |780 

Offcuts Hissing I | I 54 |104 
1 1 1 7.1X1 13.3% 

Offcuts Untestable I | |212 |112 
1 1 1 27.0X1 14.OX 

Offcuts Tested at OH Research I | | 29 | 51 
1 1 1 3.7X1 6.5X 

Offcuts Tested at B&W (or Wesleyvllle) | | |485 |513 
| 1 1 62.2X1 65.8X 

TOTAL OFFCUTS TESTED | | |514 |564 
1 1 1 66.0X1 72.OX 

Offcuts Identified for Metallography | | | 21 | 7 
1 1 1 2.7X1 0.9X 

Offcuts With Carbides | | | 86 | 77 
1 1 1 11.0X1 10.OX 

Offcuts With Stamped Number Flaw | | | N/A | N/A 

OFFCUT TESTING PROGRAM SUMMARY 
PICKERING NGS-B 

1 (1)1 1 (3)1 (3) 
IUn1t 5 I Unit 6 lUnlt 7 IUn1t 8 

Offcuts/Un1t |760 |760 |760 |760 

Offcuts Missing | 31 | | 0 | 0 
1 4.1X1 1 1 

Offcuts Untestable I | | 4 | 41 
1 1 1 0.5X1 5.4X 

Offcuts Tested at OH Research | 23 | | 0 | 0 
1 3.0X1 1 0X1 OX 

Offcuts Tested at B&W (or Wesleyvllle) |706 | |756 |719 
1 92.9X1 1 99.5X1 94.6X 

TOTAL OFFCUTS TESTED |706 | |756 |719 
1 92.9X1 1 99.5X1 94.6X 

Offcuts Identified for Metallography |113 | | 19 | 25 
1 14.9X1 1 2.5X1 3.3X 

Offcuts With Carbides | | | 60 | 48 
1 1 1 7.9X1 6.3X 

Offcuts With Stamped Number Flaw | N/A | | N/A | 2 
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OFFCUT TESTING PROGRAM SUMMARY 
BRUCE NGS-A 

|Offcuts/Un1t 

I 
lOffcuts Missing 
1 
lOffcuts Untestable 
1 
lOffcuts Tested at OH Research 
1 
lOffcuts Tested at B&W (or Wesleyvllle) 
1 
1 
|TOTAL OFFCUTS TESTED 
1 
lOffcuts Identified for Metallography 
1 
lOffcuts With Carbides 
1 
lOffcuts With Stamped Number Flaw 
1 

(1)' (2) 
Unit 1 lUnit 2 
960 I960 

68 | 37 
7.T/.I 3.8% 

40 | 2 
4.2%l 0.2% 

6 )907 
0.6%l 94.5% 

846 | 14 
88.1%| 1.5% 

852 |921 

88.7%1 96.0% 
32 | 0* 

3.3941 

N/A | N/A 

(1)' 0) 
Unit 3 lUnit 4 
960 I960 

28 | 33 
2.9%l 3.4% 

16 |398 
1.7X1 41.5% 

34 | 0 
3.5941 

882 |529 
91.9%l 55.1% 

916 |529 
95.4%l 55.1% 

95 | 25 
9.9%l 2.6% 

86 | 77 
9.0%l 8.0% 

N/A | N/A 

*Most of Unit 2 was Inspected by metallographlc examination. 

OFFCUT TESTING PROGRAM SUMMARY 
BRUCE NGS-B 

1 1 1 1 (1) 
1 Unit 5 1 Unit 6 1 Unit 7 lUnit 8 

lOffcuts/Unlt I960 I960 I960 I960 

lOffcuts Missing I | | | 0 

lOffcuts Untestable I | | | 18 
1 1 1 1 1 1.9% 
lOffcuts Tested at OH Research | | | | 0 

lOffcuts Tested at B&W (or Wesleyvllle) | | | |942 
1 1 1 1 1 98.1% 

|TOTAL OFFCUTS TESTED | | | |942 
1 1 | ! 1 98.1% 
lOffcuts Identified for Metallography | | i | 14 
1 1 1 1 1 1.5% 
lOffcuts With Carbides | | | | 0 

lOffcuts With Stamped Number Flaw 1 1 1 1 N/A 

6592Q14 



OFFCUT TESTING PROGRAM SUMMARY 
DARLINGTON NGS-A 

1 1 (3)1 1 
1 Unit 1 IUn1t 2 I Unit 3 lUnlt 4 

|Offcuts/Un1t I960 I960 | | 

lOffcuts Missing 1 | 0 | | 

lOffcuts Untestable | | 13 | | 
1 1 1 1.4V. 1 I 
lOffcuts Tested at OH Research | | 0 | | 

lOffcuts Tested at B&W (or Wesleyvllle) | |947 | | 
1 1 1 98.6*1 I 

|TOTAL OFFCUTS TESTED | 1947 | | 
1 1 1 98.6*1 1 
lOffcuts Identified for Metallography | | 2 | | 
1 1 1 0.2X1 1 
lOffcuts With Carbides I | 11 | | 
1 1 1 1.2X1 1 
lOffcuts With Stamped Number Flaw | | 0 | | 

References: 

(1) CNS-IR-31100-7, "Pressure Tube Offcut Examination, Bruce Units 1, 3, 
4, and 8, Pickering 5," dated January 19, 1987, prepared by 
K.J. DeMarco. 

(2) CNS-IR-31100-8, "Pressure Tube Offcut Examination, Pickering Units 3 
and 4, and Bruce Unit 2," dated September 15, 1987, prepared by 
K.J. DeMarco/N.C. van den Brekel. 

(3) CNS-IR-31100-9, "Pressure Tube Offcut Examination, Pickering Units 7 
and 8, and Darlington Unit 2," to be Issued. 
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The changes made to the Annulus Gas System 
as a result of the lessons learned 

from the pressure tube leak events to date 

Change system operation to continuous CO /N recirculation with on-line 
dew point indicators for moisture detection. 

Install duplicate dew point indicators with associated valves. 

Install new compressor for Pickering and additional compressor capacity 
with redundancy for Bruce 'A' to increase the recirculation flow rate. 

Install a small dedicated drain tank for measuring liquid collection 
rates and associated valves for Bruce 'A'. 

Provide connections for a portable vacuum drying rig. 

Provide a permanent cold finger sampling facility with associated 
valves. 

Beetles either made accessible (Bruce Units 1 and 2) or beetle blaster 
lines added to clear spurious alarms (Pickering 'A')-

Incorporated more detailed and restrictive Operating Procedures. 

An unavailability analysis was performed for Bruce 'A' Annulus Gas 
System. It shows that the Current System has an unavailability of less 
than 10 yr/yr. 
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BRUCE A AHNULU5 GAS SYSTEM SEQUENCE OF EVENTS WHEN ROLLED JOINTS DEVELOP A CRACK 

INPUT DATA: 

INITIAL CRACK LENGTH 
SLOPE 
FULL POWER VELOCITY (2 DIRECTIONS) 
ZERO POWER HOT VELOCITY (2 DIRECTIONS) 
VELOCITY CHANGE CRACK LENGTH (VCCL) 
ACCUHLATED LEAKAGE FOR BEETLES 

27 MH 
0.614 
3.86 HH/HR 
1.14 HH/HR 
34.6 HH 

16 KG 

ELAPSED i 
TIHE 
(hr) i 

0 

0.02 

0.5 

1.5 

1.97 

3.93 

! 5.93 

! 15.93 

! 18.93 

DESCRIPTION 

REACTOR AT FULL POWER. 
CRACK PENETRATES P/T. LEAK STARTS. 

CRACK VELOCITY 3.86 HH/HR 

CONFIRM DEWPOINT/PHT WATER 
(ASSUME IT TAKES 4 HR) 

CRACK ARRESTED AT ONE END. 
CRACK VELOCITY NOW 1.93 HM/HR. 

BEETLE ALARMS.SUPERCEDES DP. S/D REACTOR 
VALVE IN COLL TANK (ASSUME THIS ACTION 
TAKES APPROX 2 HRS). DEPRESS TO 6 HPA. 

S/D TO ZPH, 6 HPA. 
CRACK VELOCITY 0.57 HM/HR 

12 HRS AFTER BEETLE ALARM. 
! COOLDOWN AND DEPRESSURIZE UNIT 

(ASSUME 3 HRS). 

! REACTOR COOL AND DEPRESSURIZED. 

LEAK ! 
RATE 
(kg/hr) 

0 

0.05 

1.19 

3.56 

4.67 

6.99 

9.36 

12.86 

! 13.91 

DEW POINT , 

CLEAR 

CLEAR 

RISING 

ALARM 

ALARH 

ALARH 

ALARH 

ALARM 

ALARH 

BEETLE i 

CLEAR 

CLEAR 

CLEAR 

CLEAR 

CLEAR 

ALARH 

ALARM 

ALARM 

! ALARH 

ACCUMULATED , 
D20 LEAKAGE 

(kg) 

0.00 

0.00 

0.30 

2.67 

4.60 

16.03 

32.38 

143.50 

! 183.65 

IDEALIZED 
CRACK SIZE 

(mm) 

27.00 

27.08 

28.93 

32.79 

34.60 

38.39 

42.25 

47.95 

49.66 

NOTE: CRITICAL CRACK LENGTH AT 6 MPA IS APPROXIMATELY 78 HH HOT (257.5 C) AND 67 MM COLD (90 C). 
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THRESHOLD FOR PICKERING 3 AND 4 (CENTRAL CORE) SCENARIO 3.0 

AREA PHT TEMP 
"C 

#1 257 
#2 270 
#3 (OVAU-CV} 285 

CONTACT TEMP HYDROGEN 
"C THRESHOLD 

207.5 20.7 
216.5 23.1 
227 26.2 

THRESHOLD FOR PICKERING 3 AND 4 SCENARIO 2.0 

STANDARD 
DEVIATION 

3.25 
3.45 
3.88 

AREA PHT TEMP CONTACT TEMP HYDROGEN STANDARD 
!C !C THRESHOLD DEVIATION 

#1 257 214 24.7 3.25 
#2 270 223.5 27.7 3.45 
#3 285 234 31.2 3.88 

References 

1. M. Léger and D.V. Leemans, "A Study on Hydride Blister Formation in Bruce 3 and 4 and 
Pickering 5 and 6", Ontario Hydro Research Report 86-153-K, 1986. 
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\ 
700 University Avenue. Toronto. Ontario M5G 1X6 

December A, 1987 

Professor D.J. Burns 
Department of Mechanical 

Engineering 
University of Waterloo 
WATERLOO, Ontario 
N2L 3G1 

Dear Professor Burns: 

Information Requested at Meeting held November 2.4, 1987 

Please find attached further information requested by you at our recent 
meeting; namely: 

ATTACHMENT 1 

Calculations of the margin to calandria tube failure for a G16 type 
failure in Pickering A and Bruce A reactors. As requested by you, these 
calculations have been performed for a "nominal" tube with as-measured 
irradiated tube properties, as well as a "lower bound" tube which 
conservatively accounts for the lower tube strength in the strength 
distribution (by direct linear scaling). The latter neglects the 
narrowing of the strength distribution observed for irradiated tubes and 
is thus extremely conservative. We would not use such an unrealistically 
conservative approach in any other situation. 

The margin to failure of the calandria tube is shown for three criteria, 
namely, 0.1% strain limit, 1% strain limit, and no strain limit on the 
tube. The 0.1% limit is generally very conservative, a more reasonable 
limit is 1%. You will note that the improbable combination of a "lower 
bound" tube strength and a 0.1% strain limit still produces a positive 
margin to failure, while large margins exist in the more realistic case. 

Also, note that the margin to failure in the long-term (steady-state) 
following the initial annulus filling transient is generally more limiting 
than the margin during the waterhammer transient at strain limits larger 
than 0.1%. 



TABLE 1 

Pickering G16 

p 
Reference wh = 15 MPa 

Predictions Plastic Strain = 0% 

Failure 
Margin to Failure Criterion 

1 2 3 
G16 Nominal Tube (0.1% Strain) (1% Strain) (No Strain 

wh (MPa) 

Plastic Strain % 

Margin to Failure % (Transient) 

Margin to Failure % (Steady-State) 

Lower Bound Tube 
(very conservative) 

Pwh (MPa) 

Plastic Strain % 

Margin to Failure % (Transient) 

Margin to Failure % (Steady-State) 

23 34 56 

0.1 1 3 

53 127 273 

42 42 42 

18 30 55 

0.1 1.0 3.3 

20 100 267 

25 25 25 



TABLE 2 

Bruce 

Reference wh = 15 MPa 

Plastic Strain = 0% 

Nominal Tube 

P * 
wh (MPa) 

Plastic Strain % 

Margin to Failure % (Transient) 

Margin to Failure % (Steady-State) 

1 
% Strain) 

20 

0.1 

33 

23 

Failure 
Criterion 

2 
(1% Strain) 

31 

1 

106 

23 

(No i 
3 

Strai: 

52 

2.8 

2A7 

23 

Lower Bound Tube 
(very conservative) 

Pwh (MPa) 16 

Plastic Strain % 0.1 

Margin to Failure % (Transient) 7 

Margin to Failure % (Steady-State) 8 

27 

1 

80 

8 

50 

3.1 

233 

8 
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ANALYSIS OF REACTIVITY TRANSIENTS 

A Review o£ the Methodology Used by Ontario Hydro 

David J. Diamond 

ABSTRACT 

As a result of the Chernobyl event there has been renewed 
interest in accidents in which positive void coefficients play a 
role and in the reliability of the shutdown system for these and 
other accidents. This review considers one aspect of the 
problem; namely the calculational methodology as used by Ontario 
Hydro for these events. The study concentrated on the analysis 
of loss-of-coolant accidents <LOCA) at Pickering NGS A although 
loss-of-reactivity-control events were also considered and much 
of the review is applicable to the analysis for any CANDU. 

The review examined the many ways in which the LOCA calcula
tion is biased to yield conservative results. It was concluded 
that existing analysis is accepatable but that more calculations 
must be completed to be assured that all reactor states have been 
considered and to quantify the effect of various assumptions. 
Recommendations were given for this effort. 

The principal calculational tools used for the analysis are 
the system thermal-hydraulic code SOPHT and the three-dimensional 
neutron kinetics code SMOKIN. Although both were studied, the 
review concentrated on the latter code. SMOKIN was found to be 
adequate for the analysis but requires more validation and 
documentation before it can be considered fully qualified. 
Recommendations were given to extend the validation. 



OUTLINE OF REPORT 

Abstract 

1. INTRODUCTION 

1.1 Background 
1.2 Scope o£ This Report 
1.3 Relation to Other Studies 
1.4 Outline of Report 

2. COMPUTER CODES FOR REACTIVITY TRANSIENT ANALYSIS 

2.1 Introduction 
2.2 Summary of SOPHT/SMOKIN Calculational Method 
2.3 Validation of the SMOKIN Code 

2.3.1 Verification and Validation 
2.3.2 Qualification 

2.4 Documentation 

3. DEMONSTRATING THE ADEQUACY OF THE ANALYSIS 

3.1 General Considerations 
3.2 Initial Conditions 
3.3 Calculation of Void Fraction 
3.4 Void Reactivity Worth 
3.5 Time for Trip Initiation 
3.6 Shutoff Rod Reactivity 
3.7 Calculation of Power 
3.S Criterion for Fuel Melting 

4. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

4.1 Adequacy of LOCA Analysis 
4*2 The Use of SMOKIN for Reactivity Transient Analysis 

5. SOURCES OF INFORMATION FOR THIS REPORT 



Reactivity Transient Analysis 
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Section 1 

INTRODUCTION 

1.1 BACKGROUND 

One important aspect of the accident at Chernobyl in the 
Soviet Union was a positive coolant void coefficient of reacti
vity: another was the inability of the shutdown system to cope 
with the reactivity increase when the coolant void fraction 
increased rapidly. Since CANDU reactors have a positive void 
coefficient, there has been renewed focus on accidents in which 
void feedback plays a role, and on the reliability of the shut
down system for these and other accidents. Although these acci
dents have been analyzed in the past and the consequences have 
been found to satisfy safety acceptance criteria, the 
consequences at Chernobyl were so catastropic that the issue has 
again come to the fore. It is therefore, one of the objectives of 
the Ontario Nuclear Safety Review (ONSR) to reexamine the analy
sis of these events. 

The accident of most concern is initiated by a large pipe 
break, i.e., a large loss-of-coolant accident (LOCA). During the 
first few seconds of this accident, the coolant density will 
decrease as the heat transport system depressurizes and liquid 
flashes to steam. This decrease in density (or increase in void 
fraction) adds positive reactivity and therefore, without other 
action, the power will rise. An uncontrolled rise in power would 
lead to an increase in the probability of fuel melting and 
ensuing consequences or, if it occurs rapidly enough, it could 
lead to the breakup of the fuel bundle. In the latter case this 
might lead to a catastrophic sequence of events that ia difficult 
to predict. 

CANDU reactors are designed with relatively fast acting shutdown 
systems so that negative reactivity would be quickly introduced 
during the accident and the power would not exceed safety limits. 
For example, Ontario Hydro calculations for Pickering Nuclear 
Generating Station <NGS) A show that shutoff rod insertion would 
be initiated between 0.5 and 0.6 seconds and the core average 
neutronic power would peak between 1.2 and 1.3 seconds IC.33*. 
The shutdown system is designed to not only prevent fuel breakup, 
but also any melting of the fuel as a result of the power excur-
son. 

* References are found in Section 5. 

1-1 
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In order to demonstrate that a catastrophic event should not 
be of concern, Ontario Hydro analyzes LOCA events using both 
deterministic and probabilistic methods. The deterministic 
analysis is done with computer codes that take into account the 
effect of the shutdown system. The power history during the 
early phase of the event is calculated to determine the energy 
deposition and this is compared with an acceptance criterion 
which shows that this event will not lead to fuel melting (and 
hence also rapid disassembly of the fuel). LNote that this is 
only one aspect of LOCA analysis. These events must also be 
analyzed to determine the consequences of the loss of coolant 
after longer times when the power has been reduced to decay heat 
levels.3 

The probabilistic analysis is undertaken to determine the 
reliability of the shutdown system which is assumed to function 
in the deterministic analysis. Ontario Hydro's analysis shows 
that the unavailability of the shutdown system is acceptably 
small. It is only by looking at both the deterministic and 
probabilistic analysis that one can be assured that the plant has 
been adequately designed to preclude consideration of catas
trophic events. 

In addition to the "standard" or "design-basis" safety 
analysis described above, Ontario Hydro does calculations to 
quantify the consequences with multiple shutoff rods unavailable. 
These calculations extend to the extreme situation where there is 
the potential for fuel channel failure and beyond to the point 
where there is the potential for fuel breakup. The probability 
of these events is also quantified to demonstrate that they 
cannot contribute significantly to the risk to the public. 

The deterministic analysis which is done for large LOCAs 
usas space dependent neutron kinetics models to calculate the 
various reactivity effects that interact during the event. These 
sane models can also be used for other reactivity transients 
which are also of concern because of the importance of the shut
down system. These other events are in the category of loss-of-
regulation and LOCA events initiated by a small pipe break. The 
potential consequences of these accidents are less severe than 
those for the large LOCA discussed above but they are much more 
probable events. 

As a result of the importance of the analysis of reactivity 
transients the ONSR has asked this reviewer to consider "the 
models used by Ontario Hydro to predict reactivity transients and 
their termination by shutdown systems in CANDU reactors. The 
review should include the modelling of void-reactivity and other 
reactivity effects. A determination should be made on how well 
these models are verified. [The reviewer! should identify any 
gaps in the analysis methods or in the trip coverage of tran-
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aients. Special attention should be paid to the Pickering NGS A 
units, whose protection against overpower ia not aa aophiaticated 
as later reactors." 

The last point, in this charge refers to the fact that 
Pickering NGS A has a single shutdown ay3tem whereas all other 
plants have two independent systems. Each of the two independent 
systems must be capable of providing the required shutdown. They 
must satisfy various Atomic Energy Control Board <AECB> require
ments including that they be of diverse design, and physically 
and functionally separate from each other, from process systems, 
and from other special safety systems [B.5]. Although dual 
systems improve the ability of CANDU reactors to shut down 
quickly during a reactivity excursion, Ontario Hydro has done 
analysis of the reliability of the single shutdown system at 
Pickering NGS A to show that the probability o£ a large LOCA 
leading to severe core damage is acceptably small. Nevertheless, 
since the probability of such an event is expected to be higheat 
for these units, thi3 review has focused on Pickering NGS A. 

1.2 SCOPE OF THIS REPORT 

Reactivity transient analysis encompasses many facets. In 
order to see how some of them fit together and to better under
stand what areas are reviewed in this report in order to satisfy 
the objectives of the ONSR <stated in Section 1.1), consider the 
schematic in Figure 1-1. It shows the principal reactivity 
transients and that the emphasis in this review was on large 
break LOCA events (reflecting the interest in events where there 
is the possibility of fuel breakup). Small-break LOCA and 
loss-of-reactivity control (LORC) events were also studied in 
order to help understand the large LOCA and because the calcula-
tional methodology for LORC events includes some use of the same 
space-dependent neutron kinetics code, SMOKIN, as is used to do 
the analysis of a large LOCA. Note that although SMOKIN is only 
used to obtain reactivity functions for LORC events and not to 
analyze the details of these events, it could be used for check
ing of results from the simpler methods that are used. 

The review concentrated on the analysis of. the energy deposition 
in the short-term and on the calculational methodology. It was 
of interest to determine if the analysis was being carried out in 
a conservative manner. The calculational methodology for a large 
LOCA (considering only the short-term) includes both SMOKIN and 
the system thermal-hydraulics code SOPHT. The emphasis was 
placed on SMOKIN in this review. 

Although the analysis of LOCA events is discussed herein, it 
was not the intent of this revif r to provide a complete summary 
of this analysis. What is prese- d here is only to provide the 
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context for the comments that are made as part o£ this review. 
Similarly it was not the intent of this reviewer to provide a 
complete summary of the relevant computer codes. The summary 
found in Section 2 is meant to highlight the calculation of the 
important reactivity components which determine the outcome of 
the accident. Detailed information on the theory, validation and 
application o£ the codes is found in Ontario Hydro documents and 
it will be assumed that the reader is somewhat familiar with this 
material. Information on accident analysis is also found else
where in the ONSR report. 

1.3 RELATION TO OTHER STUDIES 

The accident at Chernobyl was also the motivation for a 
réévaluation of safety issues by the AECB CB.S]. In the AECB 
report, recommendations were made for additional studies by the 
reactor designers and operators and the AECB itself. The work 
being carried out for the ONSR will complement these additional 
studies. Of particular relevance to the present review are the 
first three recommendations of the AECB: 

1. The safety analyses of CANDU reactors should be 
re-examined by the reactor designers and operators to 
confirm that shutdown systems are sufficiently effective 
under all possible conditions. Particular attention 
should be given to events in which a rapid increase in 
the volume of steam in the fuel channels may occur, or 
in which there may be a rapid increase in reactivity. 

2. Various configurations of reactivity devices in CANDU 
reactors should be examined by the reactor designers and 
operators to ensure that it is not possible to put the 
reactor into a condition in which the shutdown systems 
might be rendered less than adequately effective. This 
should include an examination of the capability of the 
shutdown systems under conditions in which there are 
spatial variations in reactivity. 

3. The safety of the Pickering ''A' reactors should be 
re-examined by Ontario Hydro and the AECB, particularly 
with respect to accidents involving failure of the 
reactor control system and loss-of-coolant accompanied 
by unavailability of the shutdown system. 

The responses of Ontario Hydro to these recommendations will 
be submitted to the AECB November 30, September 30 and December 
31, 1987, respectively. Therefore, any results from these new 
studies cannot be factored into the present review. 
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1.4 OUTLINE OF REPORT 

Computer codes uaed for reactivity tranaient analysis are 
discussed in Section 2. The principal codes are SOPHT and 
SMOKIN: the former calculating thermal-hydraulic conditions in 
the heat transport system and the latter neutronics. A brief 
summary of the codes is given in order to highlight the models 
which have the largest impact on LOCA calculations. These models 
are also relevant to other reactivity transient analysis but the 
emphasis is on LOCA in order to help the reader with the material 
in Section 3. The validity of SMOKIN is discussed in this 
section aa is the availability of documentation. 

Section 3 i3 devoted to the analysis of the energy deposi
tion during the early phase of the LOCA. The subject is broken 
down into the basic elements which determine the outcome of the 
analysis. For each element the assumptions that are used to bias 
the calculation toward more severe consequences is explained and 
evaluated. 

Conclusions and recommendations are summarized in Section 4. 
It is recommended that this section be read first and then 
returned to after reading the more lengthy discussions in 
Sections 2 and 3. Section 5 contains the sources of information 
used in this report including documents that are specifically 
referenced in the text. 
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Figure 1-1 Scope of t h i s  review 
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Section 2 

COMPUTER CODES FOR REACTIVITY TRANSIENT ANALYSIS 

2.1 INTRODUCTION 

During the early phase of a LOCA it is the competing 
reactivity effects of void formation and shutoff rod insertion 
that determine the power excursion and hence, the consequences of 
the event. Although an increase in fuel temperature during the 
event contributes negative reactivity, the effect is relatively 
small. During a LORC event it is the competition between the 
reactivity devices and the shutoff rods which is primarily 
responsible for the consequences of the event. In either case 
the spatial and temporal changes within the reactor are not 
separable and a detailed three-dimensional neutron kinetics 
calculation is necessary. This calculation can be done with the 
SMOKIN code. 

SMOKIN relies on the SOPHT code to supply the thermal-
hydraulic conditions which feed back into the neutronics. This 
is particularly important since a reduction in coolant density in 
these events leads to an increase in power. In order to under
stand how this coupling works and the salient features of the 
codes. Section 2.2 provides a summary from a perspective that 
complements that which is found in existing documentation. The 
codes are discussed from the point-of-view of large LOCA analysis 
but the relevance to other reactivity transients is clear. 

The validation of SMOKIN is examined in Section 2.3. This 
is obviously an important part of having confidence in the 
results of the safety analysis. The documentation of SMÛKIN is 
also important and comments on this subject are qiven in Section 
2.4. 

2.2 SUMMARY OF SOPHT/SMOKIN CALCULATIONAL METHOD 

The calculation of the power during the early phase of a 
LOCA is done primarily by coupling the SOPHT and SMOKIN codes. 
The former calculates the thermal-hydraulic conditions in the 
heat transport system. Within the reactor, coolant properties 
are calculated for representative passes, and heat conduction in 
fuel rods and total core power are modeled. SMOKIN is a three-
dimensional neutron kinetics calculation. 
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In order to explain how the two codes are coupled, consider 
a large break in the north half of Pickering NGS A, a plant with 
two looPa and four steam generators. The interaction between the 
two codes is shown schematically in Figure 2-1. The figure does 
not show all features of the codes but rather, concentrates on 
those parts of the calculation pertinent to obtaining the power 
during the early phase of the LOCA. The most important parts are 
the calculation of void and shutoff rod reactivity. Although 
fuel temperature changes are taken into account in SMOKIN, it is 
primarily the effect of void on power which couples the two 
codes. 

The effect of the break is initially a depressurization. 
SOPHT calculates the thermal-hydraulic conditions as a result of 
the break and also calculates the spatially integrated power in 
the core. The thermal-hydrualic calculation is done for two 
bidirectional passes in the north and south halves of the 
reactor. The effective void fraction (alpha) and fuel tempera
ture (Tf ) for each loop (represented by superscripts N and S in 
the figure) are obtained by weighting the axially dependent 
quantities with an input function which represents the square of 
the thermal flux. [The ramifications of this are discussed in 
Section 3.43. 

The power is calculated in SOPHT with a point kinetics .sr.odel 
taking into account the coolant density and fuel temperature 
reactivity and the reactivity of the shutoff rods. Reactivity is 
an integral quantity which depends on the interaction of quanti
ties (e.g., void fraction and neutron flux) having a spatial 
dependence. One way to take into account this spatial dependence 
in a point kinetics calculation is to have the reactivity 
functions defined by a separate spatial calculation. In this 
methodology these functions are obtained from the SMOKIN spatial 
calculations. It is also necessary to have the spatial calcula
tion to supply the relative power in each half of the core and a 
power peaking factor to do a hot-channel calculation. 

The three-dimensional SMOKIN code uses the coolant density 
(represented as void fraction in Figure 2-1) and fuel temperature 
aa calculated for the north and south halves of the reactor by 
SOPHT, and explicitly models the effect of shutoff rods. The 
result is the space dependent power and a calculation of reacti
vity as a function of time. 

The power can be integrated to obtain the power factors for 
each half of the core and the hot-channel peaking factor. This 
information could be passed on to SOPHT in many different ways. 
The model in use correlates the peaking factors with the void 
fraction in the broken loop and the shutoff rod reactivity 
(denoted by s in Figure 2-1). The correlation with void fraction 
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is obtained during the time interval when the shutoff rods have 
not moved into the core. The effect of shutoff rods is then 
obtained during the time period when they are present by dividing 
the orlobal peaking factor by the peaking factor that depends on 
the void fraction. SOPHT uses these correlations to calculate 
the power splits during the transient. 

SMOKIN also calculates the global reactivity which impli
citly takes into account spatial effects. In order for SOPHT to 
use this reactivity in a consistent manner a reactivity function 
is defined with void fraction in the loop experiencing the LOCA 
as the independent variable. 

The particular independent variables and the functional 
form, for both the peaking factors and the reactivity, are, to 
some degree, arbitrary as the methodology requires that there be 
sufficient iterations between SOPHT and SMOKIN so that the 
reactivity and total power as a function of time is eventually 
the same in both calculations. 

2.3 VALIDATION OF THE SMOKIN CODE 

2.3.1 V eri_£_icatipn and Validation 

A computer code needs more than validation: verification, 
validation and Qualification are all necessary steps prior to 
being able to use a methodology for a particular application. 
Although these three terms are sometimes used interchangeably, in 
the following they are meant to have three different meanings. 

Verification is done to ascertain that a computer code is 
producing numbers that are consistent with the modeling. This 
work is done by the code developer during the development effort. 
Usually different models are tested as they are installed in the 
code, hence, for SMOKIN, the xenon model, the modal model, the 
local-eftecta model, the model which keeps track of control rod 
position, etc., would each be tested. Since the modal model is 
such an important part of the code, the open literature contains 
comparisons with a finite difference code (ADEP) CE.3]. It is 
assumed by this reviewer that verification was done primarily by 
the code developers at Atomic Energy of Canada Limited <AECL) and 
that changes to the code at Ontario Hydro were verified as they 
were introduced - most likely in compliance with quality assur
ance <QA) procedures. 

Validation is done to ascertain that the physics and 
engineering models in the code can reproduce the physical 
phenomena of interest. Toward this end SMOKIN results have been 
compared with measurements made for operational transients at 
Bruce NGS A. These transients are slow and involve changes in 
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reactivity control. They are particularly useful in the valida
tion of the code for application to loss-of-reactivity-control 
events. 

Since there have been no LOCA expérimenta or actual events 
which can be used to validate SMOKIN, the code has been validated 
with comparisons to CERBERUS calculations for hypothetical 
events. The latter code is a finite-difference code which, 
theoretically, should be more rigorous than SMOKIN. CERBERUS has 
been validated by comparisons with power rundown tests, with 
kinetics tests performed in the D2O moderated Process Development 
Pile at the Savannah River Laboratory, and with kinetics exper
iments done with the ZED-2 reactor. 

The above validation of SMOKIN provides a data base that is 
sufficient to qive one confidence in the validity of the code. No 
code that is used for accident analysis can be fully validated 
since the application of the code is to events that have never 
occured. Nevertheless, since the application is so important, and 
since it is only through the validation process that problems 
will be exposed, the validation should be extended wherever 
possible. 

There are several ways of improving the validation. These 
include the use of steady state and transient data that already 
exist and more detailed code comparisons. Each of these 
approaches will supply some information appropos the validation 
although some studies will be more cost-effective than others. 

The steady-state parameters that are measured during the 
startup physics testing program include critical configuration, 
reactivity control element and shutoff rod worths, and flux 
distributions. These data should be surveyed to see which ones 
are the most practical to use in the validation. [They can also 
be used to enhance the validation of CERBERUS.3 

The power rundown tests have been calculated with SMOKIN. 
However, it is not clear to this reviewer if there may be more 
information from these tests that could be used in the validation 
of SMOKIN (and CERBERUS). If measurements of individual rod 
positions vs time are available and can be used in the kinetics 
codes, then the calculations will be a better test of shutoff rod 
worth. The present comparisons use an average speed and hence, 
the effect of position vs time enters into the comparison. <These 
results are also used to demonstrate the conservatism in the 
shutdown calculation. See Section 3.6) It should also be 
determined if there are additional detector responses that can be 
used to compare with the corresponding calculations. 

This reviewer did not investigate the possibility, but if 
there have been unanticipated transients at any plants, there may 
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be more data available for comparison with SMOKIN. 

Although CERBERUS and SMOKIN have been intercompared, the 
number of cases which have been documented is minimal. This 
becomes important in light of the new analysis that is being done 
with SMOKIN with distorted power distributions and perhaps other 
off-nominal conditions (see Section 3.2). Hence, there is a 
need to compare the two codes under various conditions which have 
not previously been considered. 

An additional code comparison which might be useful would be 
with the steady state core code OHRFSP. As mentioned several 
times above, it is the competing effects of shutoff rod reacti
vity and void reactivity which SMOKIN must calculate for a LOCA 
calculation. The total worth of shutoff rods and void reactivity 
is obtained by normalization to OHRFSP. However, comparisons 
with partial voiding (in half the core) and partial control rod 
insertion as calculated by a SMOKIN steady state run and the 
OHRFSP code might shed light on the validity of the code during 
the intermediate phase of these reactivity insertions. 

2.3.2 ûu a 1 i f i catJLpn. 

The last category referred to in Section 2.3.1 is qualifica
tion. This refers to the qualification of the engineering staff 
and their application of the code to a specific problem (e.g., 
LOCA). This is enhanced by the presence of application proce
dures and quality assurance procedures. Loosely, the former 
gives guidance in the setting up of input models and the running 
of accident cases while the latter explain how data representing 
the plant is to be checked. This reviewer did not investigate any 
procedures (or their application) that are relevant to safety 
analysis. 

The qualification of the engineering staff also takes place 
when they are the ones responsible for doing the validation (as 
opposed to having the code developers do the validation). 
Important to the qualification is thorough documentation that has 
been reviewed independently (e.g., by the AECB). This documenta
tion would include information on the physics, engineering, 
numerics» code structure, and application as well as validation 
<c£ Section 2.4). 

Sensitivity studies might also be part of the qualification 
package. They can be used to determine which items are the most 
important by varying input quantities and observing the variation 
in key output quantitities. In general they can be used: 

to assess the effect of modeling options and to verify 
reasonable functioning of models; 
to quantify the effect of model inputs for which the 
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value is uncertain; 
to quantify the effect of uncertainties in actual 
conditions in the operating plant: 
to identify limiting initial conditions for analyses. 

Some of these objectives have already been accomplished by 
Ontario Hydro. However, as will be discussed in the remaining 
sections of this report, there is considerably more that can be 
done in the area of auantifying the effect of various assumptions 
that cro into the analysis. 

2.4 DOCUMENTATION 

Although there are several documents that discuss SMOKIN and 
SOPHT. these were inadequate for this reviewer to obtain an 
understanding of the interaction of these codes and the modeling 
of the important reactivity effects. It was only by combining 
this documentation with discussions with Ontario Hydro engineers 
that a better appreciation of the limitations and capabilities of 
these two codes was obtained. 

This problem should be rectified by the writing of code 
manuals for SMOKIN that is already scheduled. These manuals are 
also important because their existence and review represent an 
important part of the qualification process <cf Section 2.3.2). 

A report discussing the theory and one giving input specifi
cations and guidelines on use are scheduled for completion at 
Ontario Hydro by the end of 1987. These reports should include a 
discussion of the interaction between SMOKIN and SOPHT and more 
details on the modeling of different reactivity effects than is 
found in existing documents. 

The information on validation for this review came from an 
assortment of AECL and Ontario Hydro documents. The understand
ing of this reviewer is that QA procedures for software require a 
comprehensive validation document. As of this writing there is 
no schedule for such a document. What is currently scheduled is 
an interim report which would reference existing documentation. 

The more comprehensive document should be completed after 
consideration is given to expanding the validation effort. The 
additional validation work, suggested in Section 2.3.1, should be 
considered for inclusion. Furthermore, consideration should be 
given to having AECL validation work repeated at Ontario Hydro. 
This would be important if the version of the code has changed 
since the original validation or if Ontario Hydro engineers had 
no experience with any validation effort. 
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Section 3 

DEMONSTRATING THE ADEQUACY OF THE ANALYSIS 

3.1 GENERAL CONSIDERATIONS 

The analysis of rare accidents with determinsistic computer 
codes is difficult because the computer models are frequently 
beinq used in a physical domain where there is no experimental 
data to directly confirm their validity. Hence, these codes are 
validated to the extent that is possible and then they are used 
with a sufficient number of "conservative" assumptions. Conserva
tive means that a specific model or data is biased so as to make 
the consequences of the accident more severe. 

This basic philosophy applies to many different kinds of 
accident analysis and is used for other reactor types as well. 
For a LOCA, a conservative calculation to determine the potential 
for fuel breakup maximizes the energy deposition. Ontario Hydro 
li3ts many assumptions that go into their analysis <e.g. as on 
page 95 of CC.13). It is reasonable to assume that each assump
tion will lead to a more conservative calculation. However, 
there is no cruantification of these assumptions and, therefore, 
some will be significant and others may be trivial. Some are 
used because there are indeed variations in plant conditions 
which must be covered and some are present to account for 
uncertainties in models or data. It is true that not all 
assumptions can be readily quantified; nevertheless, if sensiti
vity studies were carried out to determine the effect of many of 
these assumptions the amount of margin to the energy deposition 
criterion would be known and one would be able to evaluate the 
overall analysis much more easily. Furthermore, the assumptions 
that are not highlighted by Ontario Hydro may lead to "non-
conservative" results. Hence, there is an incentive to do more 
analysis. 

In order to ascertain whether or not the existing methodol
ogy is indeed conservative, without doing additional calcula
tions, it is convenient to look at what parts of the calculation 
impact the final result most significantly. Figure 3-1 is a 
diagram showing one way of identifying the important elements of 
the calculation. Each step identified in the figure could lead 
to an increase in the margin to fuel failure. In the following 
subsections, each element is examined in detail to determine if 
the Ontario Hdro analysis conforms to this approach, i.e., the 
intent is to see how their methodology assures a conservative 
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result. 

3.2 REACTOR CONDITIONS 

The analysis that has been done in the past considers 
different initial reactor states and initiating events. The 
intent is thereby to find the worst case, i.e., the case that 
leads to the highest energy deposition. The different reactor 
states considered are pre-equilibrium, equilibrium-shim and 
nominal equilibrium cores at the range of power levels. The 
different initiating events include a spectrum of break sizes and 
locations. In addition, for Pickering NGS A, it is assumed that 
two shutoff rods are unavailable in the north half of the core; 
the same half where the break is located. At each core condition 
(exDosure and power level) the actual conditions for moderator, 
coolant and reactivity devices were assumed to be that which 
would be exDected under normal operating conditions (or at the 
limit of the range expected for normal operation). 

Because the Chernobyl accident was initiated from an 
abnormal operating state, the question of whether all initial 
conditions have been considered is again being explored. Ontario 
Hydro in November, 1986 proposed to "initiate reactor core 
reactivity studies to assess worst possible core reactivity 
confiaurations to provide assurance that no reactor core states, 
interactions or crosslinks, which could lead to unacceptable 
overpowers, have been overlooked." tB.l] More support for this 
reexamination is found in AECB Recommendation #2 given in Section 
1.3. 

Ontario Hydro has responded to this AECB recommendation in a 
positive fashion CB.9] and has set a target date for submission 
of this study of September 30, 1987. The study will contain both 
probabilistic and deterministic analysis. The information in the 
latter category was not yet available to this reviewer. However, 
from discussions with Ontario Hydro engineers, it.seems as though 
many new scenarios are being considered. Of particular interest 
for Pickering NGS A are initial conditions with reduced moderator 
level. In this configuration the flux would be skewed toward the 
bottom of the reactor and the initial reactivity worth of the 
shutoff rods would be reduced. The effect of initial conditions 
on the timing of the trip, on void reactivity and all other 
important parameters in the analysis promise to be covered as 
well. 

3.3 CALCULATION OF VOID FRACTION 

SOPHT calculates the coolant density in each pair of 
bidirectional passes that are modeled. According to Ontario 
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Hydro staff, the thermal-hydraulic calculation is expected to 
overoredict the amount of voidinq in the channel; an effect in 
the direction of a conservative calculation. The staff's reasons 
for this are comolicated and have not been proven conclusively. 
Thev are based on the use of the homogeneous equilibrium model 
<HEM) in SOPHT, on the modeling of the end fittings which contain 
considerable amounts of water and on indirect interpretations of 
experiments. Work is currently underway at Ontario Hydro to 
develop a thermal-hydraulic model that is more accurate than that 
oresently in use. In addition, there is an experimental program 
underway <"RD14") which will improve the understanding of 
two-fhase Dhenomena under LOCA conditions. The arguments to 
exDlain that the density is underpredicted with SOPHT are 
olausible but it will only be after the current theoretical and 
experimental studies are completed that one can be assured of the 
extent of the conservatism due to the calculation of void 
fraction during a LOCA. According to Ontario Hydro staff the 
results of these studies should be available in 19ÔS. 

The SOPHT calculation takes into account the heat transfer 
from the fuel into the coolant. For th« early phase of the 
accident the voiding is mostly dependent on the hydraulic 
conditions and any errors in the power calculation from SMOKIN 
are not expected to feed back into significant errors in the 
coolant density calculation. I£ this were not the case, and if 
the power was underestimated, then the void fraction would be 
underestimated and the calculation would be non-conservative. 
Althouah it is reasonable to assume that the effect of power on 
void fraction will be insignificant, it would be desirable to 
auantify this effect. This reviewer did not obtain documentation 
of any such effort. [Note that this point has "philosophical" 
imDlications. If Dower does affect void fraction then this 
excursion is autocatalytic; if it does not, then it is "just" 
another reactivity event.3 

If the coolant density was not underpredicted, i.e., if the 
calculation was meant to be a "best-estimate," then the effect on 
the reactivity is difficult to determine without specific 
calculations. Ideally one would like to know the uncertainty in 
coolant density and the effect that has on the consequences of a 
LOCA. In lieu of these results, one can make an estimate of what 
the effect would be. 

If one estimates that the uncertainty in calculated void 
fraction ia 0.1 and assume that the calculation underpredicts the 
void fraction by this amount, then this leads to an underpredic-
tion of the void reactivity during the LOCA by approximately 1.0 
mk. This latter number is based on a void reactivity worth in 
the half of the core with the break of 10 mk. To understand the 
significance of an additional 1.0 mk we note that the maximum 
reactivity as calculated by Ontario Hydro for a "worst-case" LÛCA 
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is 3.2 mk for an equilibrium core and 4.9 mk for a pre-
eemiibriura core CC.3]. If we use prompt critieality as a 
convenient measure of where one would be concerned about the 
outcome, then both cores with the higher estimated void fraction 
would still have a marqin of 2.6 mk. This is based on values for 
the total delayed neutron fraction of 0.0058 and O.0O75 for the 
ecuilibrium and Dre-equilibrium cores, respectively CC.3]. The 
1.0 mk loss of marcin oostulated herein does not seem significant 
usino this criterion. However, it does reduce margin and might 
be siqnificant if marain were also being reduced from other 
sources. 

Another aspect of the calculation of void fraction is the 
weiqhtinq that is done to the void fraction calculated by SOPHT 
in order to define an "effective" half-core void fraction which 
is used in SK0KIN. Since that weighting is relevant to the 
reactor physics rather than the thermal-hydraulics it will be 
discussed in comunction with the calculation of void reactivity 
in Section 3.4. 

3.4 VOID REACTIVITY WORTH 

There are two principal assumptions that are used to assure 
that the worth of a given amount of void is over-predicted so 
that the L0CA calculation will be conservative. One takes into 
account uncertainties in reactor conditions and one, uncertain
ties in the reactivity calculation. 

The important assumption regarding reactor conditions is 
that the purity of the D?0 coolant is 97.15%, the minimum 
recuirement, rather than the aDDroximately 99% which is found 
durinq normal operation. The claim is that this increases the 
void reactivity worth by 20-30%. This is reasonable although no 
documentation was seen by this reviewer to confirm the magnitude 
of the effect. 

The poison composition of the moderator is also used to 
increase the worth of the void but this is claimed to be a much 
smaller effect. Other variations from nominal reactor conditions 
are not taken into account. Hence, it would be of interest to 
know how the void worth varies with power level or with shutoff 
rods present. 

The second important conservatism is that the void worth 
calculated under these assumptions is increased by 1.4 mk for 
application to L0CA analysis. This is equivalent to adding 
10-15% to the calculated worth. (Total void reactivity is 11 mk 
and 17 mk for eauilibrium and pre-equilibrium cores, respectively 
CC.3].) The rationale for this number comes from a consideration 
of the way in which this reactivity is calculated. 
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The reactivity worth of void is calculated with the lattice 
uhysics cede POWDERPUFS-V. It is this worth, increased by 1.4 mk 
that is used within SMOKIN. The POWDERPUFS-V calculation of void 
worth has been validated CF.33 by comparing calculations with 
measurements taken in the 2ED-2 facility. These measurements 
were of the effect of void on material buckling and are not 
directly reactivity coefficients. 

The 1.4 mk that is added to the calculated worth is said by 
Ontario Hydro staff to be based on this validation work. This 
data base is very small and it is clear that it is difficult to 
assess the uncertainty in void worth. The documentation of the 
oriqin of this number was requested but was not available at the 
time of writing this report. In light of the fact that the 
uncertainty may be larger than 1.4 mk it is desirable to validate 
the calculation of worth and to determine the sensitivity of the 
LOCA analysis to void reactivity. 

One way in which to put this uncertainty in perspective is 
to assume that it is twice as large, i.e., assume that void 
reactivity is underpredicted by 20-30?$. The peak net reactivity 
during a limiting LOCA which is a 40« reactor inlet header <RIH) 
break is 3.2 mk and 4.9 mk for equilibrium and pre-equilibrium 
cores, respectively CC.3]. The void reactivity at this time, 
which already takes into account half of the error being assumed 
for this exercize, is 3.4 mk and 4.9 mk for the two cases. If we 
assume that the shutoff rods enter at the same time then 0.4 mk 
<3.4 x 12.5«) and 0.6 mk is added to the net reactivity to 
account for the increase in uncertainty. The resulting peak net 
reactivity is 3.6 mk and 5.5 mk for the equilibrium and pre-
equilibrium cases, respectively. As in the analysis in Section 
3.3, this still does not lead to prompt criticality <5.Ô mk and 
7.5 mk, respectively) but it does reduce the margin in the 
calculation. 

The void reactivity calculated in SMOKIN is also affected by 
the weighting of void fraction done to define the effective void 
fraction for each half of the core. The axially dependent void 
fraction calculated in both passes in SOPHT is weighted with the 
square of a pre-calculated neutron flux to arrive at an average 
void fraction for the loop in each half of the reactor. This 
steD is Drobably "justified by some analysis based on perturbation 
theory, however, this reviewer did not find any documentation or 
information to -justify this. Furthermore, it is not clear how 
this affects the effective void fraction as the largest void 
fraction may be at the ends of the channel where the pre-accident 
flux is lowest. This would tend to lower the void fraction and 
if this were the case, it would reduce the severity of the 
accident. If weighting is to be done, then the time dependent 
flux should probably be involved and since that increases with an 
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increase in void fraction it would tend to make the calculation 
more conservative. This applies to the radial peaking aa well, 
as discussed below. 

There is uncertainty in the void fraction as a result of the 
use of only two passes in each loop and the averaging of the void 
in these two passes. For the 40*£ RIH break, at 1 s the void 
fraction in one oass of the broken loop is 0.79 and in the other 
oass it is 0.02. These numbers will be different for different 
pairs of passes within that loop, i.e., the passes flowing from 
east to west will have a distribution of void fractions as will 
the oasaes flowinq in the oDOosite direction. In addition to 
this distribution there is the radial <x.y) distribution of flux 
to consider. However, more important than these considerations 
is the fact that the bidirectional void fractions are averaged to 
obtain the half-core void fractions for use in SMOKIN. Although 
there is a rationale for doing the averaging, it is not clear how 
this miqht mask local peakinq in one pass relative to another and 
it is not clear whether the use of weighting for the axial 
direction and no weighting for the radial direction can be 
consistent. 

Overall, it is expected that the uncertainties due to 
soatial weiqhting of void fraction are probably small compared to 
the conservatism introduced by other parts of the void calcula
tion (cf Section 3.3). However, this should be quantified. 

3.5 TIME FOR TRIP INITIATION 

The time at which the reactor trip is initiated is one of 
the critical Darameters affecting the LOCA analysis. One of the 
ways to assure that this paz-t of the calculation is conservative 
is to assume that the trip is initiated on the second trip 
signal. Hence, in Pickering NGS A this means that for the 
analysis of a 40% RIH break, it is the neutron overpower trip at 
0.55 s which initiates movement of the shutoff rods even though 
the setpoint for the linear rate trip was reached at 0.38 s 
CC.13. CNote that the setpoints for the rate trips are deter
mined by LOCA.] 

The difference of 0.17 s is expected to be significant 
according to comments made by Ontario Hydro staff. However, no 
sensitivity studies were made available to this reviewer and 
hence, it is not clear what is the effect of a given delay. 
Indeed, since this may be one of the parameters that results are 
most sensitive to, a graph of peak fuel enthalpy vs trip time 
would be very useful in understanding how much margin is intro
duced bv assumptions related to trip time. 

Another conservatism is to require a 3-out-of-3 logic in the 
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analysis whereas in the plant a 2-out-o£-3 logic will actually 
triD the reactor. This may make a significant difference for 
those LOCA events where there is a distorted flux shape. 

The timinq of this trip in the analysis is dependent on the 
sianal at the location of the appropriate instrumentation. In 
Piokerincr NGS A the situation is unique because some of the 
imDortant instrumentation is located outside of the core region. 
The resDonse of these ion chambers is expected to be proportional 
to the averaqe oower in several mesh boxes in the SMOKIN calcula
tion which are located opposite the position of the ic$ chambers. 
This is a reasonable assumption although the analysis which 
determined this response function was not reviewed for this 
report. 

The setDoint methodology that determines the difference 
between the setooint used in the analysis and that found in the 
niant was available but was also not reviewed. This methodology 
is based on specific analysis and engineering judgement. It 
should be the intent of that methodology to assure that the 
setpoints used in the analysis take into account uncertainties. 
The result is that the setpoints in the analysis are higher than 
the actual settinq. If the uncertainties in various components 
of the reactor orotection system combine in the worst way in an 
actual event then the actual trip would occur close in time to 
what was calculated in the analysis. If the uncertainties 
combine in a more favorable manner during an event, then the 
setpoint used in the analysis represents a significant conservat
ism relative to the actual event. 

Another component of the timing of the trip is the delay 
time between reaching a setpoint and the actual movement of the 
shutoff rods. For the overpower trip a conservative delay time 
is used. For the rate trips, the instrumentation response is 
modeled but fixed delay times are used as well. It is reasonable 
to assume, therefore, that the delay time is conservative 
although the extent of this conservatism is unknown to this 
reviewer. 

3.6 SHUTOFF ROD REACTIVITY 

During a LOCA event the reactor is tripped and the introduc
tion of neqative reactivity opposes the positive void reactivity 
and eventually shuts down the reactor. The negative reactivity 
vs time of the shutoff rods is dependent on both the reactivity 
vs Dosition and their position vs time (i.e., speed). It is 
important to consider each of these components separately, within 
the SMOKIN calculation, as well as in an integral sense. 

One aspect of this calculation, independent of the calcula-
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tional model is the assumption in the standard safety analysis 
that the two moat effective shutoff rods are unavailable. This 
is a conservative assumption as the unavailability of the system 
with one rod out of operation satisfies the criterion [B.53 that 
the unavailability must be less than 10~3. With both rods 
unavailable the shutoff rod worth is reduced considerably: 
particularlv because these are the most effective rods. Further
more, for the Pickering NGS A analysis it is assumed that the 
unavailable rods are in the half of the core containing the 
broken pass and this exacerbates the power rise as well. 

As mentioned above, it is of interest to look at the 
calculation of reactivity vs position as well as the combination 
of this with rod speed to obtain reactivity vs time. One way to 
look at the integrated effect is to look at the effect of the 
shutoff rods on power. Power rundown tests have been carried out 
at Pickerinq NGS B and Bruce NGS B in which the power is moni
tored after initiation of a shutdown system. The purpose of this 
test is not to validate the code per se but rather "to confirm 
that the effectiveness of the shutdown systems as simulated in 
the accident analyses used in licensing the station was conserva
tive with respect to actual system performance." CE.73 

The test results are the effect of bank speed, in combina
tion with differential worth, on power. They show that indeed 
the calculation underpredicts the effect of the shutoff rods. 
This is a necessary result but does not give much information on 
how good is the modeling of shutoff rod differential reactivity. 
In other words, all of the conservatism may be the result of the 
use of conservative shutoff rod "safety gates," i.e., the 
assumption reqarding bank speed. 

Now consider reactivity vs position. The integral worth 
of shutoff rods in SMOKIN must agree (or an adjustment is made) 
with more detailed calculations from the static physics code 
OHRFSP. It is assumed by this reviewer that this includes total 
bank worth as well as cases with rods assumed to be unavailable. 
The static codes in turn have been validated, with respect to 
shutoff rod worth, by comparisons with measurements of individual 
rod worths that are carried out as part of startup physics 
programs. 

Although the matching of SMOKIN shutoff bank worth with a 
detailed calculation is important, it does not say anything about 
differential worth or about the effect of different core condi
tions such as abnormal flux distributions or the presence of 
coolant voids. It can be assumed that any SMOKIN calculations 
from a distorted initial condition have been normalized to the 
corresponding OHRFSP calculation with respect to shutoff rod 
worth. The Ontario Hydro staff have said that calculations were 
done in the past to confirm that the presence of voids does not 
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affect the worth of control rods. The argument is plausible since 
the moderator, not the coolant, is the most important influence 
on neutronic behavior. Aqain though, no documentation was seen 
by this reviewer. 

The accuracy of differential worth and the effect of 
different core conditions that might affect shutoff rod reacti
vity could be investigated by comparing SMOKIN calculations with 
calculations using the static neutronic codes. Furthermore, 
since integral worth measurements are documented, it is assumed 
bv the author that differential worth measurements of individual 
rods nay also be available for comparisons with SMOKIN calcula
tions. 

The accuracy of the differential worth of the rods is 
corroborated to some degree by comparisons of SMOKIN results with 
those from the more rigorous code CERBERUS. However, these 
comparisons are for LOCA events and not for differential worth by 
itself. It would aeera reasonable to also present comparisons of 
CERBERUS and SMOKIN for a reactor trip with no LOCA. This could 
serve as a check not only of differential worth but also power 
distributions. 

3.7 CALCULATION OF POWER 

If it could be shown that, in general, a SMOKIN best-
estimate calculation overestimates the power history during a 
LOCA, then there would be additional margin in the calculation. 
This has not been demonstrated and is not a requisite for a 
conservative calculation; the conservatism comes from specific 
assumptions in the reactor model rather than from the methoa 
itself. 

However, the initial steady state power that is used to 
determine decay heat and the ultimate fuel enthalpy is chosen 
conservatively. It is based on the highest allowable bundle 
power independently of whether that bundle might actually be the 
one experiencing the worst power excursion. This is expected to 
be a significant effect. 

3.Ô CRITERION FOR FUEL MELTING 

The last step in the analysis is to compare the calculated 
fuel enthalpy at the end of 5 seconds with a criterion which 
precludes fuel breakup. Rather than do this, the criterion is 
chosen more conservatively to preclude fuel melting. This 
criterion limits the enthalpy rise in 5 seconds to 650 kJ/kg 
assuming adiabatic conditions. Typical results show that the 
maximum increase in fuel enthalpy is less than 35% of this 
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criterion EC.12. 

The criterion for fuel melting is expected to be conserva
tive because it was derived from experimental studies with rapid 
Dower surqes. The slower Dower excursion during a LOCA would 
mean that a hiqher fuel enthalpy would actually be required to 
attain the same physical condition of the fuel. 
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Section 4 

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

4.1 ADEQUACY OF LOCA ANALYSIS 

The LOCA analysis considered in this review determines the 
potential for fuel breakup during the early phase of the event. 
The calculational tools are primarily the SOPHT and SMOKIN codes. 
The analysis is done by using many assumptions which bias the 
calculation so as to make the consequences more severe. The 
result of analysis done by Ontario Hydro is that, even with these 
conservative assumptions in use, there is a large margin to fuel 
breakuo in these events. 

The main conclusions of thi3 review are: 

1. With the exception noted in Item 2, the LOCA analysis is 
adeauate and shows that the consequences of the event 
are understandable and within acceptable limits. 

2. It is still necessary to assure that no reactor core 
states, interactions or crosslinks, could lead to 
unacceptable overpowers. 

3. Additional analysis is necessary, to gain more confi
dence in the results, and quantify the conservatism to 
the extent possible. 

These conclusions apply to all CANDUs but the review 
concentrated on Pickering NGS A since that plant has a single 
shutdown system whereas other plants have two independent 
systems. The following discussion is based on the analysis for 
that plant. 

Conclusion No. 1 is the result of reviewing existing 
analysis and looking at the extent of the conservatism that is 
introduced. The review was performed by considering 7 basic 
elements of the calculation: 

1. Reactor conditions 

2. Calculation of void fraction 

3. Void reactivity Worth 
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4. Time for trip initiation 

5. Shutoff rod reactivity 

6. Calculation of power 

7. Criterion for fuel melting 

For each element the analysis is biased to determine the 
limiting situation. The bias is introduced by a combination of 
parametric studies to find the bounding case, and conservative 
assuiiiDtions to bound the situation or to account for uncertain
ties. The following list summarizes what is done for each 
element: 

1. A. Calculations are done for different core states, 
power levels, break sizes and locations. 

B. Two shutoff rods are assumed unavailable and the 
location of these rods is assumed to be in the half of 
the core experiencing the break. The affected loop is 
away from the location of the ex-core ion chambers. 

2. A. The SOPHT calculation is expected to overpredict the 
void fraction. 

3. A. The Durity of the coolant is assumed to be low and 
moderator poison concentration high to increase void 
worth. 

B. An additional 1.4 mk is added to the worth of void to 
account for uncertainties in the calculation. 

4. A. The first trip signal is assumed to be ineffective. 

B. A 3/3 logic rather than 2/3 logic is assumed in the 
calculation. 

C. Setpoints are derived taking into account conserva
tive uncertainties. 

D. Instrumentation delay times are conservatively 
estimated. 

5. A. Conservative safety gates are used in the analysis. 

B. The two rods assumed to be unavailable are the most 
effective. 

C. No credit is taken for the reactivity control system. 
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6. A. The hiqhest allowable steady state bundle power is 
used to obtain the decay heat and the peak fuel 
enthalpy. 

7. A. The "acceptance" criterion applied is for fuel 
melting rather than fuel breakup and is expected to be 
conservative because the effect of rate is not taken 
into account. 

The effect of each of these items is different; some are 
significant and others are not. (This subject will be returned 
to in the discussion of Conclusion No. 3.) It is clear to this 
reviewer, however, that there are a sufficient number of signifi
cant assumptions. (According to Ontario Hydro, Items 4.A, 5.A 
and 6.A are expected to be the most significant.) Sufficient, so 
that coupled with the result of typical analyses (which show that 
the peak fuel enthalpy rise is less than 35% of the increase that 
would be necessary to reach the limiting criterion) one should 
have confidence that the consequences of events that have been 
analyzed, are understandable and within•acceptable limits. 

The reason for Conclusion No. 2 is that the above analysis 
says nothing about events which have not been analyzed. One of 
the implications of the Chernobyl event is that it is important 
to search for reactor conditions that may not be normal which 
could change the consequences of the event. The second conclu
sion is an endorsement of recommendations that have already been 
made by Ontario Hydro and the AECB. The work is ongoing and 
should be available to the public close to the time of publica
tion of this report. 

Conclusion No. 3 calls for more analysis of these 
events. The primary reasons for this are to gain more confidence 
in the results (an always desirable result) and to understand 
what parts of the calculation are responsible for the conservat
ism. Because this accident is so important it should be under
stood as well as possible. There is room for improvement in this 
area. 

There are many assumptions that go into the analysis and 
Ontario Hydro does not specify which ones are important and which 
ones are not. Furthermore the analysis that justifies some of 
these assumptions needs to be put on firmer footing. This 
reviewer suspects that a closer examination of some of the items 
listed above will indicate that they are not justified and the 
safety margin is smaller than anticipated. It is only because 
there are so many conservative aspects of the analysis that this 
should not change Conclusion No. 1. In the unlikely situation 
that these additional studies reveal that the margin is reduced 
an unacceptable amount, margin can be introduced by changes in 
the plant "Operating Policies and Principles" or by loosening 
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some of the restrictions imolied by different assumptions. For 
example, if the requirements on coolant purity were increased 
then the potential void worth would be reduced; if the assump
tions reqardinq instrumentation delay times were found to be 
overly conservative the effect of shutoff rods would be enhanced. 

Manor recommendations relative to this third conclusion are: 

1. The void fraction calculation in SOPHT should be checked 
with theoretical and experimental studies. 

2. The uncertainty in the calculation of void worth should 
be reevaluated. 

3. Sensitivity studies should be documented to understand 
the effect of void generation rate and worth, trip 
timinq» and shutoff rod speed and worth. 

4. The setooint methodology and analysis of instrumentation 
delay times should be reevaluated. 

Item 1 is already under study by Ontario Hydro. Item 2 is 
listed because of a lack of analysis in the past. Item 3 would 
have been very useful for the purpose of this review. It would 
have cruantified which items are responsible for producing the 
most marqin and hence which items one has to be most certain 
about. Although some analysis is available for Item 4. there 
remains some areas where engineering judgement rather than 
obiective analysis is being used. 

Other aspects of the analysis that were questioned during 
this review are probably of less importance in determining the 
safety marqin. Nevertheless, it is in the interest of good 
engineerinq practise to understand these issues, quantify the 
effect where possible and document the conclusions. This refers 
to the following issues: 

The use of flux-squared weighting for void fraction in 
the axial direction should be justified and the effect 
of iqnoring the radial distribution and averaging the 
void fraction from bidirectional passes should be 
auantified. 

The effect of power on void fraction should be quanti
fied . 

The uncertainty in fuel temperature reactivity should be 
investigated. 

The analysis of ex-core instrumentation response for 
various core power levels and distributions should be 
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documented. 

4.2 THE USE OF SMOKIN FOR REACTIVITY TRANSIENT ANALYSIS 

The three-dimensional neutron kinetics code SMOKIN is one of 
the principal tools for analyzing reactivity transients. The 
code represents the state-of-the-art. In addition to its basic 
neutron kinetics and xenon models, it has the ability to repre
sent changes in reactivity devices and the response of instrumen
tation. Coupled to thermal-hydraulic codes such as SOPHT, it has 
the ability to account for changes in coolant density and fuel 
temperature. 

It is the -judgement of this reviewer that the code should be 
adeauate for the analysis of both rapid and slow events. Rapid 
events refer to LOCAs where the importance of delayed neutrons is 
important and alow refers to LORC events where the effect of 
xenon chancres is important. Since the rapid events are more 
difficult to calculate and more difficult with regard to valida
tion, the accuracy of the code is expected to be better for the 
slow events. 

This ludgement is based on a review of literature and 
disucussions with cognizant engineers. In particular it relies 
on the extensive amount of experience that there is with code 
applications and on the validation work that has taken place. 
Nevertheless, at this stage the code cannot be considered by this 
reviewer to have been "formally qualified" for application to 
reactivity transients. In order for the qualification to be 
complete the following is necessary: 

more validation 

complete documentation 

The additional validation would be useful to bolster 
confidence that the code can calculate LOCA events adequately; 
especially from off-normal conditions. The additional validation 
might include: 

1. comparisons with steady state data from startup teats 

2. comparisons with additional data from power rundown 
tests 

3. calculations coupled with SOPHT for any plant transients 
that have been documented 

4. comparisons with CERBERUS for a wider range of tran
sients 
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5. comparisons with OHRFSP for partially voided and rodded 
cores 

6. sensitivity studies to show the uncertainty introduced 
by spatial and temporal meshes and other code options 

The additional documentation (some of which is already 
scheduled by Ontario Hydro) that is needed to complete the 
Qualification and help demonstrate that the code version in use 
is a fixed version that is quality assured include: 

1. theoretical models and numerics document 

2. user's manual 

3. Droqrammer's manual 

4. validation report 
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1. Introduction 

This report summarizes the findings of a very brief examination of the 
safety of CANDU nuclear plants of the type used in Ontario, specifically 
the Pickering, Bruce, and Darlington plants. This examination 
addressed the potential for these CANDU plants to sustain severe 
accidents — that is, accidents which could release a substantial 
fraction of the core inventory of radioactivity to the atmosphere. 
Although a variety of comments and recommendations about the CANDU 
design are made here, these should be regarded as tentative, in view of 
the limited scope of the examination. 

CANDU plants share some characteristics with US-licensed 
nuclear plants employing light water reactors (LWRs). Accordingly, it 
is instructive to examine the extent to which US experience in 
assessing the severe accident potential of LWRs can guide an 
assessment of CANDU severe acccident potential. This report shows 
that there are some direct lessons to be learned from US experience. In 
addition, and perhaps more importantly, US experience shows the need 
for a much more thorough investigation of CANDU severe accident 
potential than has been conducted to date. 

Section 2 of this report presents a limited comparison of some of the 
design features of US LWR and Ontario Hydro CANDU plants. Then, 
Section 3 discusses US experience in assessing LWR severe accident 
potential. This discussion shows that a considerable expenditure of 
effort over more than a decade has yielded an improved understanding 
of that potential, but that substantial uncertainties remain. 

Canadian experience in assessing CANDU severe reactor potential is 
reviewed briefly in Section 4, which shows that the status of 
understanding of CANDU accident potential is inferior to that for LWRs. 
As an indication of the issues which should be pursued in any effort to 
rectify that deficiency, Section 5 outlines some areas of concern 
regarding CANDU safety. 

Some recommendations are made in Section 6, and literature 
references are provided in Section 7. A number o<7 tables and figures, 
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designated as numbered Exhibits, will be found at the back of the 
report. 

2. A Comparison of Some Design Features of US LWR and Ontario Hydro 
CANDU Plants 

2.1 Introduction 

This section of the report addresses, in a very limited way, the 
similarities and differences of LWR and CANDU plants. The focus here 
is on those design aspects which have a major influence on the 
progression of a severe accident, once initiated. Aspects of basic core 
design and of containment systems are explored. 

Initiation of a severe accident involves one or more failures in reactor 
support and safety systems. Experience with probabilistic risk 
assessments (PRAs) in the US shows that the design of these systems 
has a very plant-specific effect on the estimated severe accident 
probability. Thus, a comparison of the accident-initiating factors in 
LWR and CANDU plant designs would need to encompass all the many 
variations in support and safety systems which are found for each type 
of reactor. That task was not attempted here. 

2.2 Core Design 

A summary of the respective inventories of various materials in the 
cores of typical pressurized water reactor (PWR), boiling water 
reactor (BWR) and CANDU plants is shown in Exhibit 1, on a unit power 
basis. The parameters shown, although only some of those which 
describe each core type, provide a good basis for discussing differences 
in severe accident progression. 

Exhibit 1 indicates that the CANDU has a coolant inventory similar to 
that of the PWR or the BWR (not counting the coolant inventory outside 
the reactor vessel in the BWR case). Nominal coolant pressures during 
operation of the three cited plants are as follows: 15.7 MPa for the 
PWR; 7.3 MPa for the BWR; and 9.6 MPa for the CANDU. These 
parameters, together with the configurations of the respective 
systems, indicate that the behaviors of PWR and CANDU coolant 
systems will have some similarities. 
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A unique feature of the CANDU is its large mass of heavy water 
moderator. This feature is alleged to provide a safety advantage, in 
that i t may delay or prevent severe core damage following interruption 
of cooling flow. As wi l l be seen later in this report, that advantage 
may be limited, because moderator water may be rapidly lost from the 
calandria during many accident sequences. Moreover, the presence of 
this large mass of moderator water, separated from the coolant 
channels, is associated with a safety disadvantage of the CANDU — its 
potential for a power excursion following loss of coolant flow. LWRs, 
because they employ the same fluid as moderator and coolant, w i l l not 
experience such large power excursions. 

The magnitude of a potential CANDU power excursion is shown by 
Exhibit 2. For a loss-of-coolant accident (LOCA) combined with a 
failure of the shutdown system, this figure shows the estimated 
development of power with time. In the case of a Pickering reactor, 
the power is estimated to reach 50 times the rated full power level, 
the excursion being terminated at this point (4.5 seconds after the 
LOCA) by presumed displacement of the moderator and disruption of the 
fuel geometry. 

Turning now to the mass of uranium oxide fuel in the core, Exhibit 1 
shows that the CANDU has about double the mass of the PWR, on a unit 
power basis. This constitutes a safety advantage for the CANDU in that 
the increased mass w i l l , other factors being equal, delay the onset of 
fuel melting after loss of coolant flow. 

Conversely, Exhibit 1 shows that the CANDU core contains considerably 
more zirconium than the PWR core, and slightly more than the BWR 
core. This is an adverse safety feature for two reasons. First, the 
presence of zirconium wi l l result in uranium oxide fuel pellets 
liquifying at a temperature (ca. 2000°c) substantially below their true 
melting temperature (ca. 2850°c). If the liquified fuel moves into a 
less coolable configuration, fuel melting may then follow. Thus, 
zirconium exacerbates the tendency of a reactor core to melt after 
coolant flow is interrupted. Second, at elevated temperatures, 
zirconium wi l l react exothermically with steam, yielding hydrogen. 
The resulting heat output wi l l further promote core melting, and the 
hydrogen may present a threat to containment integrity (through the 
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potential for hydrogen deflagration or detonation events). 

2.3 Containment 

Containment design for commercial LWRs and CANDUs has reflected the 
idea of a "design basis accident" (DBA). The spectrum of DBAs has 
included events such as a "large" LOCA (a break in one of the largest 
coolant pipes), but it has not included any accident which leads to 
severe core damage. Thus, containments at US-licensed LWR and CANDU 
plants are not designed to withstand the loadings (pressure, 
temperature, radiation, impact) which might arise from a severe core 
damage event. Any capability they have in this respect is a result of 
conservatisms in their design. 

Within the spectrum of DBAs, the large LOCA has played an important 
role in determining containment design. Designers have developed a 
variety of approaches for accommodating the steam released during 
such a LOCA. Exhibits 3 through 5 show the three principal approaches 
taken in the US. 

Exhibit 3 shows one version (Mark I) of the suppression pool 
containment used for all modern BWRs. Under this concept, steam 
released during a LOCA is condensed in the suppression pool. Exhibit 4 
shows an alternative method for condensing steam — the ice 
condensor containment used for some PWRs. Here, steam is passed 
through baskets of ice located around the periphery of the containment. 
In both cases, the idea of condensing steam was seized upon because it 
seemed to offer a way of reducing capital cost. Containments could be 
made smaller and/or be designed for a lower pressure capability, as 
compared with a containment which does not rely on steam 
condensation. 

Exhibit 5 shows such a containment — the large dry containment used 
at most PWRs. These containments are equipped with internal sprays 
which can condense steam present in the containment atmosphere (and 
many have fan-cooler units as well), but they do not rely on these 
sprays to rapidly condense the steam released during a LOCA. A few of 
the large dry containments are also partially evacuated (to about 10 
psia) during plant operation. 
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In recent years (post-TMl), the potential for severe core damage 
accidents at LWRs has been recognized, with the result that some 
limitations of the suppression pool and ice condenser containments 
have become apparent. In a partial attempt to overcome these 
limitations, hydrogen control measures have been introduced, to 
account for the possibility of substantial hydrogen production during a 
severe core damage event. Hydrogen igniters are now fitted inside ice 
condenser containments and BWR Mark III containments, while BWR 
Mark I and Mark II containments are fi l led with inert gas during plant 
operation. 

Exhibit 6 provides a comparison of three LWR containment types with 
the Pickering CANDU containment. Two indices of comparison are 
given: (i) the free volume (on a unit power basis), which is a measure of 
the containment's ability to absorb steam and noncondensible gases; 
and (ii) the design pressure. 

It is clear that the Mark I BWR containment has a very small free 
volume. The ice condenser PWR containment has more free volume but 
a low design pressure. It is easy to see why hydrogen igniters are 
now required for ice condenser containments — during the TMI 
accident a hydrogen burn produced a 28 psig pressure spike in the 
containment. The TMI containment was able to absorb this loading 
because its containment — a large dry type ~ has a relatively high 
design pressure. 

The Pickering CANDU containment has a larger free volume but lower 
design pressure than any of the LWR containments. Bruce and 
Darlington CANDU containments have smaller free volumes than 
Pickering, but somewhat higher design pressures (Stevenson, 1987). In 
each case, a dousing capability is present in the vacuum building. 

At Bruce and Darlington, the reactor building component of the 
containment system differs from US practice in that i t does not 
enclose the reactor coolant pumps (RCPs) and the steam generators. It 
appears that, in an effort to reduce construction costs, the size of the 
containment has been minimized, with the result that containment 
integrity depends to a greater degree on the integrity of interfacing 
devices than is the case for LWRs. As one example, a failed RCP seal at 
Bruce or Darlington would create a pathway from the coolant system to 
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the outside atmosphere, impeded only by a lightweight structure over 
the reactor building. 

For all three CANDU stations, containment also differs from US 
practice in that it is effectively common to all reactors. First, one 
vacuum building serves all reactors. Second, the pressure relief duct 
communicates with all reactor buildings, separated from them by 
various louvres and lightweight panels. In the case of Bruce and 
Darlington, the reactor buildings are also joined by a fuelling machine 
duct. Common containment offers an advantage in that i t may increase 
the effective containment free volume (although hydrogen 
concentrations might vary substantially from one compartment to 
another). However, i t also offers a disadvantage in that there is a 
greater likelihood, other factors being equal, of an isolation failure at 
some point in the containment envelope. This would become important 
during periods when containment pressure became positive during an 
accident sequence. Also, an accident at more than one reactor may load 
the common containment beyond its capabilities. 

It is not possible to provide a simple comparison of the respective 
merits of LWR and CANDU containments, because of the number of 
relevant factors. However, if one chooses the large dry PWR 
containment as a standard of comparison (because of its simplicity, 
strength, and large free volume as contrasted with the two other LWR 
containment types), then it is not obvious that the CANDU containment 
is superior. The large free volume and vacuum/dousing capability of 
the CANDU containment are offset by its low design pressure, reliance 
on the integrity of interfacing devices, and larger containment envelope 
(compounded by the absence of a steel liner). 

In closing, it is interesting to note an episode involving the Mark I BWR 
containment. After a number of plants with this containment had 
entered operation, design tests for the Mark III BWR containment, 
together with operating experience at US and foreign BWRs, 
demonstrated that unanticipated hydrodynamic loads could occur. A 
variety of modifications to the completed Mark I containments were 
necessary (NRC, 1977). Thus, design deficiencies can arise even when 
one is operating within the spectrum of DBAs. It cannot be guaranteed 
that similar deficiencies are absent from other containment types in 
current use. 
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3. US Experience in Assessing the Potential for Severe Core Damage 
Accidents at LWRs 

3.1 Introduction 

Direct experience of LWR severe accident potential has been obtained 
from the TMI event, as well as from near-miss events like the Browns 
Ferry fire. This experience has been supplemented by an extensive 
research effort sponsored by the US Nuclear Regulatory Commission 
(NRC) and its predecessor (the AEC). Exhibit 7 summarizes that effort 
and its relationship to the regulatory process. In general, the research 
effort falls into two categories: (i) estimating the probability of 
particular accident sequences; and (ii) estimating the nature of the 
radioactive release to atmosphere (the source term) arising from a 
given accident sequence. 

Attempts to develop a realistic assessment of accident behavior 
effectively began with the Reactor Safety Study (NRC, 1975). That 
effort led to the identification of a variety of release categories for 
severe core damage accidents (seven PWR release categories and four 
BWR release categories). For each category, a set of source term 
parameters was estimated. Also, the probabilities of a variety of 
severe core damage accident sequences were estimated. 

After its completion, the Reactor Safety Study was subjected to a 
number of critical reviews, including one sponsored by the NRC itself 
(Lewis et al, 1978). Criticisms tended to focus on the report's 
estimation of accident probabilities and on its assessment of accident 
consequences, rather than on its treatment of source terms. This focus 
reflected the fact that the study had taken a conservative 
approach to source term estimation, which is evident from the 
relatively large releases estimated for some release categories. 

Controversy about the estimation of accident probabilities has tended 
to abate in recent years. As wi l l be seen from later discussions, there 
is ample reason to believe that the probability of severe core damage is 
sufficiently high to be a reason for concern. Argument has turned more 
to the question of source term estimation. Some analysts have argued 
that most, if not al l , severe core damage accidents wi l l yield a very 
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small source term. 

By general agreement, scientific understanding of source term issues 
at the time of the Reactor Safety Study was limited. In the intervening 
period, a considerable body of research has been conducted in this area. 
Although the US nuclear industry and bodies outside the United States 
have contributed to this research, the greater part of the work has 
been conducted under NRC sponsorship. 

A considerable body of technical literature has been generated in the 
source term area, the scientific issues being fairly well identified in 
two reports: a review by the American Physical Society (Wilson et al, 
1985); and the NRC staff report NUREG-0956 (Silberberg et al, 1986). 
Also, the present author has co-authored a review (Sholly and 
Thompson, 1986). 

Based upon the research of recent years, the NRC has prepared an 
updated version of the Reactor Safety Study; the new document — 
NURE6-1150—being currently available in draft form (NRC, 1987b). 
Contrary to the hopes of many in the nuclear industry, NUREG-1150 
does not provide a basis for assuming a small source term. First, 
NUREG-1150 has itself identified a wide range of uncertainty in 
predictions of accident source terms, the range of predictions 
encompassing those of the Reactor Safety Study. Second, there remain 
a number of areas, not necessarily accounted for in NUREG-1150, 
where uncertainty about underlying phenomena is significant and where 
that uncertainty will not soon be resolved. The status of 
uncertainty is evident from the proceedings of a meeting convened by 
the NRC early in 1987. A series of papers on uncertainty was delivered 
(NRC, 1987a), and an overall review by expert panelists has been 
published (Kouts, 1987). 

Source term uncertainties are closely related to uncertainties about 
containment integrity. In turn, containment behavior will be strongly 
influenced by the nature of the phenomena which generate containment 
loading. Thus, one is obliged to conduct an integrated assessment in 
order to understand severe accident potential. 

Integrated assessments of the severe accident potential of specific 
LWRs have been conducted, with varying degrees of success, using the 
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vehicle of probabilistic risk assessment (PRA). The following 
discussion in this section parallels the principal steps taken in a PRA-
(i) estimating accident frequency; (ii) understanding relevant accident 
phenomena; ( i i i ) predicting containment behavior; and (iv) estimating 
source terms. 

3.2 Estimating Core Melt Frequency 

Up to this point, the phrase "severe core damage" has been used in this 
report instead of the phrase "core melt." Indeed the experience of the 
TMI accident shows that severe core damage can occur without 
complete melting of the core, with a consequent potential benefit in 
terms of a reduced release. However, current analytic capabilities do 
not allow one to discriminate between partial core melt and full core 
melt accidents at LWRs, so that the term "severe accident" is generally 
taken to be synonymous with the term "core melt accident." As 
explained in the Seabrook PRA (PL6, 1983, p.2.1-2): 

At one stage of the study, the possibility of specifying additional plant 
states to distinguish between core melting and core damage short o) 
melting was considered. The idea was rejected, however, upon finding 
that the time interval between onset of core damage and full scale fue. 
melting is short in comparison with the time interval between thé 
initiating event and the time of core damage for risk significani 
scenarios. Therefore, there was a physical basis for the assumption 
that given the onset of core damage, the conditional likelihood of core 
melt approaches unity 

In an attempt to estimate the frequency of core melt accidents, 
analysts have developed the art of probabilistic risk assessment 
to the point where elaborate PRA studies have now been 
performed for many LWR plants. Exhibit 8 summarizes some of the 
results. Yet, despite the effort applied, there are clear limits to 
the accuracy of PRA findings. 

First, there is no way to predict a chain of operator errors such as 
occurred at Chernobyl in 1986. Indeed, PRA analysts do not attempt to 
hypothesize such sequences of human error. Instead, they address 
human error in terms of its impact at particular points in an accident 
sequence which also involves equipment failures. Thus, PRA estimates 
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of core melt frequency should properly be seen as lower bounds 

A related problem is that PRAs do not consider sabotage. Yet, there is 
ample evidence that sabotage presents a non-trivial risk. Exhibit 9 
illustrates this point by summarizing the malicious events reported to 
the NRC for the period 1976 through 1983. In elaboration of this table 
(Andrews et al, 1986, p.2.1 ): 

A total of 8J3 events have occurred during the period covered by thé 
study. The majority of the events have involved bomb threats. Nine 
bombs have been found outside critical areas. Detonations that have 
occurred have not damaged safety-related equipment. Intrusions witf 
unknown or malevolent intent have occurred 17 times. These acts were 
judged to have the potential to damage plant systems because the 
intruders were not always caught, and because they had occupiec 
protected and important areas of the plant, unobserved, for significant 
amounts of time. No damage has ever been attributed to intruders. 
Vandalism has been the largest contributor to plant damage. Damage tc 
single and multiple systems has occurred in plants both undei 
construction and in operation. Three events judged to be contributors 
to an accident initiator have occurred. Significant events have involvec 
the closure of emergency coolant valves, the repositioning of switches 
and wires, damage to diesel generators and new nuclear fuel elements, 
initiation of plant trips, and damage to core cooling water piping. 
Arson has occurred in both protected and important areas of operating 
and partially completed plants. Damage to multiple systems has beer, 
the most likely consequence. 

Even if Chernobyl-type multiple human errors and sabotage events are 
neglected, there are sti l l fundamental difficulties in conducting PRA 
analysis. The data base of equipment failures and operator responses 
is inadequate for statistically defensible predictions. Analysts can 
never be certain that they have identified all significant sequences. It 
is difficult to account for the effects of partial failures (such as 
degraded voltage in a power supply) as opposed to total failures. 

In an attempt to account for some of these difficulties, PRA analysts 
may present a range of probability estimates. This is done in 
NUREG-1150, and leads to the following range of core melt frequency 
for the Surry plant (NRC, 1987b, p. 3-8): 
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Core melt frequency 
(per reactor-year) 

95% upper bound, high frequency case 1.1X10~4 

mean value, base case 2.6X 10~5 

5% lower bound, low frequency case 5.4X1 G"6 

The NRC has also sponsored a quite different approach to estimating 
severe accident frequency. This is the accident sequence precursor 
(ASP) program, which attempts to base its estimates on the actual 
operating history of US nuclear plants. By examining "precursor" events 
selected from licensee event reports (LERs) for the period 1969-1979, 
ASP analysts at Oak Ridge National Laboratory have estimated 
that the severe core damage probability for that period was in the 
range 1.7 X 1CT3 to 4.5 X 10"3 per reactor year (liinarick and Kukielka, 
1982). Exhibit 10 compares this range with other estimates. A 
subsequent examination of LERs for the period 1980-1981 led to an 
estimate of severe core damage frequency in the range 8.6 X 10"5 to 5.5 
X \0~A per reactor year (Cottrell et al, 1983). The lower frequency 
during the 1980-1981 period is essentially accounted for by the 
occurrence of three serious events (at Three Mile Island, Browns Ferry, 
and Rancho Seco) during the 1969-1979 period. 

In a recent ASP report which examined precursors for 1985, total core 
damage frequency was not estimated. However, the conditional 
probability of core damage (that is, the probability that the precursor 
event would have led to core damage) was estimated for each 
precursor. One precursor (at the Davis-Besse plant) was estimated to 
have had a conditional core damage probability of 1.1 X 10"2, another a 
conditional probability of 1.8 X 10~3, and the remaining 61 events had 
lower conditional probabilities (Minarick et al, 1986). 

In light of the above, there seems reason to agree with the remarks of 
two veteran members of thp NRC's Advisory Committee on Reactor 
Safeguards. After summarizing difficulties in estimating severe 
accident frequency, they have observed (Okrent and Moeller, 1981 ): 
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For these and similar reasons, it appears to be difficult to demonstrate 
with a high degree of confidence that the frequency of severe core 
damage is less than one in a thousand to one in two thousand per year. 
Also, there are so many potential paths to a severe core damage or core 
melt accident that it will he difficult to make the frequency of such ar 
accident significantly smaller, with a high degree of confidence. 

3.3 Severe Accident Phenomena 

Despite the considerable research effort which has been conducted, 
there remains substantial uncertainty about even the qualitative 
aspects of certain severe accident phenomena. This point is illustrated 
here by reviewing the status of understanding about three phenomena: 
(i) high pressure melt ejection; (ii) steam explosion; and (iii) induced 
steam generator tube rupture. Each of these three phenomena has 
the potential to cause a large, early release to the atmosphere. It 
should be noted that there are other phenomena, not addressed here, 
that are also important in severe accident assessment. 

High-Pressure Melt Ejection 

For many accident sequences, it is expected that the reactor core will 
melt while the reactor coolant system (RCS) remains at high pressure. 
The Seabrook PRA uses 300 psia as the dividing line between low and 
high pressure core melts, and estimates that well over 90% of core 
melts at that plant (a PWR) would be at high pressure, about half 
of the events involving a dry reactor cavity (PLG, 1983). PRAs for 
other PWR plants have indicated a similar preponderance of high 
pressure core melts. 

In the event of a high-pressure core melt accident, molten core 
material could flow into the bottom of the reactor vessel and melt 
through the vessel wall, while the RCS remains pressurized. Molten 
material could then be ejected from the vessel at high velocity, driven 
by pressure inside the RCS. This phenomenon is known as high-pressure 
melt ejection (HPME). The concerns raised by HPME are twofold. First, 
HPME provides mechanisms for the suspension of radioactive material 
in the containment atmosphere. Second, it can lead to a substantial 
increase in containment pressure, potentially leading to containment 
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failure. That pressure increase could come from direct heating of the 
containment atmosphere, from combustion of the molten material, or 
from an ex-vessel steam explosion. 

If HPME is to occur, the RCS boundary must maintain its structural 
integrity until the molten core has formed a pool inside the bottom of 
the reactor vessel. Further, the core must melt through the vessel wall 
in such a way that molten material flows into the reactor cavity at 
high velocity. There are several factors which could decrease the 
likelihood of the core melt conditions needed for HPtiE, as illustrated 
by the following two effects. First, an in-vessel steam explosion could 
blow open the lower end of the reactor vessel, thus precluding HPME. 
Second, the temperature of the RCS boundary might closely follow the 
core temperature for accidents in which the RCS is pressurized. If so, 
the decline of materials strength in the RCS at higher temperatures 
could cause a loss of structural integrity, leading to depressun'zation 
before the molten core slumps into the bottom of the vessel. 

There is dispute about the likelihood of these various effects, but at 
present there is no basis for excluding HPME. Indeed, NUREG-1150 
identifies HPME as a potential major threat to large dry PWR 
containments. The range of possible pressure loadings generated by 
HPME is such that, for the upper end of the range, containment failure 
is likely for most plants. 

It is ironic that, when the potential for HPME was f irst recognized, it 
was thought to be a phenomenon favorable to containment integrity. 
The Zion PRA, published in 1981, proposed HPME as a mechanism for 
dispersing molten core material over the floor of the containment, thus 
preventing a high temperature core-concrete interaction and thereby 
avoiding the evolution of gases (including combustible gases) and 
radioactive aerosols which accompany such interaction. However, 
subsequent experiments conducted at Sandia National Laboratories have 
shown that HPME is a much more violent event than the authors of the 
Zion PRA thought, and that i t in fact presents a major threat to 
containment integrity. 
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Steam Explosion 

Steam explosions can occur if molten core material is rapidly mixed 
with water, either Inside the reactor vessel or in the concrete cavity 
beneath the vessel. In-vessel explosions can be the most damaging 
because the explosion is more confined. If sufficiently severe, an 
in-vessel explosion could blow open the reactor vessel, possibly 
propelling the vessel head upward with sufficient momentum to 
penetrate the containment. Whether or not the containment is 
penetrated by a missile in this manner, any explosion which breaches 
the vessei will release molten core material to the containment 
atmosphere in finely divided form. The resulting rise in containment 
pressure may itself contribute to containment failure. 

Just as for HPME, there is dispute about the probability that a steam 
explosion will induce containment failure. However, there is consensus 
that there is no objective means of resolving the dispute. In the words 
of NUREG-1150 (NRC, 1987b, Appendix J.7): 

In the absence of a truly predictive mechanistic model of stea/r. 
explosion behavior and of the prospects for achieving such a model ir. 
the NRC steam explosion research program, evaluation of thé 
probability of alpha-mode containment failure has been performed witt 
the use of considerable engineering judgment 

The level of uncertainty regarding in-vessel steam explosions has been 
investigated in an analytic exercise conducted at Sandia National 
Laboratories (SNL), the results being summarized in Exhibit 11. This 
exhibit shows the outcome of a Monte Carlo computation in which five 
parameters were varied. The Sandia analysts determined for each 
parameter the range of values which could be justified on present 
knowledge. This range was then divided into lower, middle and high 
thirds and the computation was repeated 10,000 times, each time with 
a random choice for the value of each parameter from within its alloted 
range. 

Exhibit 11 shows that dramatic failure of the reactor vessel is 
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virtually certain if each parameter is confined to the high third of its 
credible range, and impossible if each parameter is confined to th° 
lower third of i ts range. If the full range is permitted, then 20% of core 
melts wi l l lead to the lower part of the vessel being blown open, while 
5% of core melts wi l l lead to the vessel head becoming a missile with a 
velocity of at least 50 meters per second. While these numbers are 
strictly illustrative, the exercise shows that there is no basis for 
asserting that severe in-vessel steam explosions have negligible or 
zero probability. 

This Sandia exercise was conducted assuming core melt events in 
which the reactor vessel is at low pressure, such as would be 
characteristic of a large-break LOCA. There is even less knowledge 
about steam explosions at higher pressure, and, although high-pressure 
steam explosions are probably less likely, there is no current basis for 
ruling them out. 

As mentioned in the preceding discussion of HPME, i t is possible that a 
high-pressure core melt sequence could change to a low-pressure 
sequence through thermally-induced failure of the RCS boundary. 
Although that change would preclude HPME, there would remain the 
potential for a steam explosion. Moreover, the vessel upper head and 
its retaining bolts would be weaker because of their elevated 
temperature, thus allowing a steam explosion to more readily breach 
the vessel. 

Induced Steam Generator Tube Rupture 

This is a problem which can arise for high-pressure sequences at PWRs. 
It is important because the containment can be breached indirectly, 
through the creation of an escape path via the steam generators. 
Inside these generators are thousands of small tubes with relatively 
thin walls ( about 1 mm ) which separate the primary cooling water 
circuit from the secondary steam circuit. Should these tubes be 
breached while the core is molten, the primary circuit is at high 
pressure, and the steam generator secondary side is dry, a direct path 
from the core to the atmosphere wi l l almost certainly be created. The 
secondary side pressure relief valves can be expected to open, and wi l l 
probably stick open under these severe loadings. In that event, the 
release path wi l l remain open even when the reactor vessel fails and 
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the primary pressure drops. There are no valves in this release path 
which could be shut in order to block the release of radioactive 
materials. 

Three factors contribute to the vulnerability of the tubes under the 
conditions outlined. First, the tubes may be weakened by corrosion. In 
fact, PWRs have chronically experienced such corrosion in their 
steam generator tubes, and the resulting loss of strength can be 
difficult to detect through routine inspections. Second, there may be a 
substantial pulse of pressure on the primary side of the 
steam generator tubes when the molten core slumps into residual 
water in the base of the reactor vessel. Third, tube temperatures may 
have become elevated due to convective heat transfer from the core 
and/or deposition of radioactive material within the tubes. 

The third factor raises an issue which is generic to high pressure core 
melts. This issue is the heating of the entire RCS boundary 
by convective heat transfer and deposition of radioactive material. 
Such heating could lead to a breach of the RCS, either in the 
steam generators or elsewhere, such as in the hot leg piping or in the 
pressurizer line. Attention at present tends to be focused on 
convective heat transfer rather than on heating due to deposited 
radioactive material. Thus, the issue of induced steam generator 
tube rupture has tended to be subsumed under the issue of natural 
convective circulation inside the RCS. Even with this limited focus, 
induced failure of steam generator tubes must be considered a 
potential containment failure mechanism under the present state of 
knowledge (Lyon, 1987). 

If the effects of deposited material are considered, i t should be noted 
that the configuration of many PWRs favors flow through the steam 
generators during those high pressure melt sequences which involve an 
RCP seal LOCA. Such flow wi l l allow both direct heating of, and fission 
product deposition in, the steam generator tubes. It should be noted 
that localized deposition ( such as in the top of the inverted U formed 
by the tubes ) wi l l be both more likely and more serious than uniform 
deposition. Thus, detailed analysis of flow dynamics wi l l be required to 
make a definitive finding as to heating effects. 
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3.4 Containment Integrity 

During a core melt accident, large amounts of radioactive material w i l l 
enter the containment atmosphere. It therefore is important to 
understand the ability of containment to maintain its integrity under 
accident conditions. Three types of release pathway must be 
considered: (i) a pathway from the core to the outside atmosphere, 
bypassing the containment envelope; (ii) a pathway from the 
containment atmosphere to the outside atmosphere, not involving a 
breach in the containment structure; and ( i i i ) a breach in the 
containment structure. 

The preceding discussion shows one way in which a PWR 
containment could be bypassed — through steam generator tube 
rupture. Another bypass event (at PWRs and BWRs) would be an 
interfacing systems LOCA ~ the so-called event V. In each case, the 
strength of the containment building is irrelevant. 

Potential routes exist whereby a release from the containment 
atmosphere to the outside atmosphere can occur without the 
containment building being breached. Of particular interest in this 
regard are the containment ventilation system and the personnel and 
equipment hatches, all of which present potentially capacious routes 
for egress of gases and particles. In principle, the hatches wi l l be 
closed during plant operation, and the ventilation system and other 
open piping systems wi l l be "isolated" by the automatic closing of 
valves as soon as an accident arises. In practice, the hatches may not 
always be closed and isolation of open piping systems may not always 
occur when needed. 

As for other PRA issues, i t is not possible to provide a statistically 
robust estimate of the probability of isolation failure. Certainly, 
sabotage is not amenable to such estimation. Also, one cannot 
anticipate Chernobyl-type human errors. For what i t is worth, an 
examination of operating experience for US nuclear plants has shown 
that the probability of a containment having a leakage area greater than 
allowed by plant technical specifications is 0.3, and the probability of 
a larger leak (a hole in the containment liner or an open isolation valve) 
is in the range 0.001 to 0.01 (Pelto et al, 1985). 
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Turning now to the possibility of a breach in the containment structure, 
i t should be noted that such a breach can be caused by a variety of 
types of loading (pressure, temperature, radiation, impact). HPME 
events and steam explosions have been mentioned above, but other 
sources of loading may be important as well. Hydrogen explosions, 
slow buildup of noncondensible gases from core-concrete interaction, 
and erosion of the containment wall by molten core material are three 
other important sources. 

For a given core melt accident sequence, there is considerable 
uncertainty about the nature of the containment loading. This 
uncertainty derives both from our incomplete understanding of the 
processes involved, and from the natural variability of those processes. 
If one then considers the range of core melt sequences which might be 
experienced, i t is clear that there is a wide range of uncertainty about 
the containment loadings which might accompany a core melt accident. 

There is further uncertainty about the response of containment 
structures to a given loading. Consider three estimates of the failure 
pressure of the Indian Point Unit 3 containment under internal static 
pressurization. The three estimates were made by analysts at MIT 
(Fardis et al, 1982), Los Alamos National Laboratory ( Butler and 
Fugelso, 1982 ) and at Brookhaven National Laboratory ( Sharma et al, 
1984). 

The MIT analysis, using a relatively crude model, concluded that, if all 
reinforcing bars and splices have the same properties, the containment 
would not fail at 170 psig, despite radial wall displacements exceeding 
20 inches. Although the analysis was terminated at 170 psig, i t was 
estimated that failure would occur at 200 psig (215 psia ), at about 
mid-height of the containment wall. A more sophisticated (finite 
element) model was used by the Los Alamos analysts. This indicated 
that failure would occur at 118 psig ( 133 psia ), at the junction of the 
cylindrical wall and the basemat. The Brookhaven group, using a similar 
model, likewise found that failure would occur at this junction, 
although their estimate of failure pressure was 125 psig ( 140 psia ). 
It is noteworthy that the Brookhaven model found all reinforcing steel 
at cylinder mid-height of the Indian Point containment to be st i l l in its 
elastic range at 125 psig. 
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It is not obvious that the above-mentioned Brookhaven and Los Alamos 
estimates are conservative. This is illustrated by a feature of the MIT 
analysis. Although that analysis was in some senses crude, it did take 
account of the variability of containment materials, particularly 
reinforcing bars and splices. This was done by re-distributing loads to 
surrounding bars when a bar ( or splice ) began to yield. When the range 
of variability within specified levels was allowed for, the estimated 
failure pressure fell from 200 psig to 140 psig, failure again occurring 
at cylinder mid-height. Such a reduction might not be manifested for 
failure at the wall-basemat junction, but is certainly relevant to any 
predictions as to the hoop bar failure mode. 

These varying predictions as to the failure modes of reinforced 
concrete containments are not suprising, given the current state of 
knowledge about failure of reinforced concrete. This is illustrated by 
Exhibit 12, which shows a comparison between predicted and test 
results for two-dimensional loading of a pair of reinforced concrete 
panels. This comparison was part of an international competition, in 
which 15 groups of analysts sought to predict the behavior of panels 
loaded in various ways. It is clear that a wide scatter of predictions 
can occur even for such a relatively simple problem. Thus, it will be 
interesting to compare the predictions and test results generated by a 
recent testing program at Sandia National Laboratories, involving a 
l/6th-scale concrete containment. This model containment was tested 
to failure in July 1987, and analysis of the results is continuing. 

All modelling exercises are applicable to containments which are built 
according to design specifications. However, actual containments may 
have serious defects which arise during construction or as a result of 
aging. Exhibit 13 summarizes the defects which have been detected at 
US nuclear plants with concrete containments. An indication of the 
serious nature of some of these defects is given by Exhibit 14, which 
shows the extent of cracking (delamination) in the dome of the Crystal 
River Unit 3 containment. This problem was discovered two years after 
completion of concrete placement and one year after tendon tensioning, 
when electricians could not secure some drilled-in anchors to the top 
of the dome (Naus, 1986). 
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3.5 Estimating Source Terms 

As mentioned earlier, estimation of the source term for a given 
accident sequence must be done through an integrated process. Many 
sources of uncertainty must be addressed in this process, including the 
containment behavior uncertainties described above. A recent review 
(mentioned earlier in this report) has concluded that significant 
uncertainties arise in the following areas (Kouts, 1987): 

* core melt progression and hydrogen generation 
* natural circulation inside the reactor vessel 
* direct containment heating 
* steam explosions 
* hydrogen combustion 
* core-concrete interactions 
* iodine chemical form 
* revaporization of deposited materials 

It is beyond the scope of this report to address each of these issues and 
to describe the implications of the various uncertainties. Moreover, a 
full exposition of this subject would need to cite a wide range of 
experts, as no one author or group of authors will express the full range 
of opinion. However, for purposes of illustration, i t is worth touching 
on one point, namely the chemical form of iodine. Over recent years, it 
has been widely argued that iodine will be present as cesium iodine, 
and a large body of calculations has been performed on this assumption. 
Yet, the above-mentioned review (Kouts, 1987) has concluded (inter 
alia): 
...numerous effects can dissociate Csl, including surface effects wit/ 
stain/ess steel the presence of BjC in BWRs, the existence of ar. 

oxidizing atmosphere, and the effects of high temperatures. 

In its analysis for NUREG-1150, the NRC staff has attempted to account 
for the various uncertainties. The results of this effort are illustrated 
by Exhibit 15, which shows a range of containment release fractions, 
for each of seven radionuclide groups, given a station blackout scenario 
at the Surry PWR with early containment failure. It will be 
seen that the range of release fractions encompasses the earlier 
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estimates made in the Reactor Safety Study. 

The scenario assumed in Exhibit 15 features early containment failure. 
It is interesting to note the range of early containment failure 
probability (given a core melt) which is estimated in NUREG-H50. 
Exhibit 16 shows that range, for the Surry plant and the other plants 
studied in NUREG-1 150. 

It should be emphasized that the uncertainty analysis underlying 
NUREG-1150 embodies a good deal of "expert judgment" (Benjamin et al, 
1987, Appendix F). Thus, despite the expenditures of large resources, 
and the preparation of elaborate computer models, the level of 
understanding is in some respects primitive. 

A. Canadian Experience in Assessing the Severe Accident Potential of 
CANDU Plants 

41 Introduction 

Canada has, of course, conducted substantial research in the course of 
developing the CANDU design. Part of that research has been devoted 
to understanding the behavior of CANDU plants under accident 
conditions. However, there has been a conspicuous absence of PRA-type 
analysis such as has been conducted in the US. Beginning with the 
Reactor Safety Study in 1975, there is now extensive experience in the 
US in estimating the probabilities and outcomes of core melt accidents 
at LWRs. 

A PRA is being prepared for the Darlington CANDU plant, and its 
publication wi l l be an important step in developing an understanding of 
CANDU severe accident potential. Based on US experience, however, 
caution should be exercised in weighing the results of the Darlington 
PRA. Critical review, continued experimental programs, more refined 
analysis, and plant operating experience have all played a role in 
confounding the predictions of US PRAs. The brief history of the HPME 
phenomenon shows how PRA analysts can fail to recognize, or can 
inadequately understand, an important factor. It would be excessively 
optimistic to presume that the Darlington PRA can avoid such pitfalls. 

Some PRA work has been done by AECL, in cooperation with Dutch 
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authorities. The work, focused on a 600 MWe stand-alone CANDU 
design, is ongoing and results are not publicly available. However, 
AECL has shared its preliminary findings with this author (AECL, 
1987b). Those findings are discussed below. 

Limited but informative analysis on the development of severe 
accidents at CANDU reactors has been performed by J. T. Rogers of 
Carleton University. The findings of AECL and of Rogers are compared 
below. 

4.2 Preliminary AECL Findings 

Exhibit 17 shows part of the findings of AECL's preliminary PRA work. 
This table shows estimated containment release fractions for four 
radionuclide groups and for three categories of CANDU accidents. For 
comparison, the release fractions for two of the Reactor Safety Study 
(WASH-1400) release categories are also shown. 

The Early Core Disassembly event for a CANDU is attributed to a power 
excursion. I'ts probability is currently estimated by AECL to be 
2.5X 10"6 per reactor-year. 

Late Core Disassembly is attributed to loss of moderator (and shield 
water) cooling, or to draining of the moderator, combined with a loss of 
coolant supply to the fuel. A probability of 5.0X10'6 per reactor-year 
is currently estimated by AECL for this event. A variant in which 
containment is bypassed via the emergency core cooling system 
(ECCS) is estimated to have a probability of 3.0X10"9 per reactor-year. 

In regard to release timing, AECL estimates that a release would occur 
immediately after initiation of an Early Core Disassembly event. 
However, the Late Core Disassembly event is predicted to lead to a 
release which begins 24 hours after initiation of the event. 

Until AECL's work is completed and published, there is little more that 
can be said about it. However, the following comparison with Rogers' 
work is instructive. 
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43 Comparison of Analyses by AECL and by Rogers 

On behalf of the AECB, Rogers has performed analysis to estimate the 
behavior of a CANDU core following a large LOCA with either loss of 
moderator cool ing or drainage of the moderator (Rogers, 1984). 
For present purposes, the relevant part of his analysis is that part 
which pertains to a large LOCA with loss of moderator cooling. AECL 
has examined the same situation, yielding results rather different from 
those of Rogers. 

AECL has assumed that the moderator water and shield water would 
evaporate slowly under these conditions. About 20 hours would then 
pass before the calandria was empty, and the release would begin about 
24 hours after the LOCA (AECL, 1987b). 

By contrast, Rogers considers the possibility of two-phase flow 
through the calandria pressure relief ducts. His analysis indicates 
that the entire moderator inventory could be lost at about 45-50 
minutes after the LOCA, and that the core debris could reach the 
melting point of Zr02 (ca.2700°C) at about 130-135 minutes after the 

LOCA. Under this model, the shield water would remain in place and the 
lower part of the calandria would function as a "core catcher," 
cooled from below by shield water (Note: Pickering A reactors have no 
shield water). 

The difference in event timing for these two analyses may be very 
important in regard to offsite emergency planning and the possibility 
of remedial actions within the plant. 

4.4 Conclusions 

It is clear that the status of understanding of CANDU severe accident 
potential is inferior to that for LWRs. This is no reflection on the skill 
of Canadian scientists and engineers, but simply reflects the fact that 
substantial resources have been devoted to this issue in the US over 
more than a decade. 

The above-described difference in the findings of AECL and of Rogers 
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provides an illustration of the primitive state of understanding about 
CANDU accident behavior. If a well-endowed program of severe 
accident research were to be undertaken in Canada, it would not be 
surprising to find further discrepancies of this type. Such 
discrepancies are inevitable accompaniments to the pursuit of 
knowledge; they exist, and wil l continue to do so, within the US 
community of severe accident analysts. 

It has not been possible, within the scope of this examination, to make 
any definitive findings about CANDU severe accident potential, relative 
to that of US LWRs. However, it is not clear that there is as yet a basis 
on which anyone can make such a finding. 

5. Some Areas of Concern Regarding CANDU Severe Accident Potential 

5.1 Introduction 

In the course of this examination, the author has identified a number of 
issues which appear to justify careful consideration . This list of 
issues is neither exhaustive nor definitive. Also, the issues listed here 
might all turn out to be unimportant. Nevertheless, from a first 
examination of the problem, these issues stand out as being of 
potential significance. 

5.2 Containment Bypass or Isolation Failure 

As mentioned earlier, CANDU containments (especially Bruce and 
Darlington) may have a greater potential for containment bypass or 
isolation failure than do LWR containments. 

Consider the question of RCP seal failure. For PWRs, these seals are 
vulnerable if seal injection or cooling flow is lost (eg as a result of a 
station blackout), as demonstrated by experiments conducted by AECL 
under NRC sponsorship (Kittmer et al, 1985). PRA analyses have shown 
that RCP seal failure at a PWR could be an important factor in 
precipitating a core melt. 

In the case of the CANDU, i t would appear that RCP seal failure could 
also be a factor in severe core damage, through the initiation of a small 
LOCA. Moreover, for Bruce and Darlington reactors, the LOCA would 
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discharge outside the containment. 

If a sequence featuring RCP seal failure proceeds to fuel melting at a 
Bruce or Darlington reactor, the amount of radioactive material 
escaping from the containment via the ruptured seaKs) may be 
relatively small (because of the small flow area and low pressure in 
the reactor vault). Even if this is so, the effect of the escaping 
radioactive material on surrounding equipment deserves consideration. 

More generally, because of the large and multi-faceted containment 
envelope employed at CANDU plants, the potential for containment 
bypass or isolation failure deserves careful analysis. 

5.3 High Pressure Seouences 

Although the large LOCA (which leads to a low-pressure core melt) has 
been a primary driving influence on containment design, PRA studies 
have shown that high-pressure core melt sequences are more likely for 
PWRs. This is important because a core melt under high pressure 
creates the potential for phenomena such as HPME and induced steam 
generator tube rupture. Incidentally, high-pressure sequences can arise 
from a variety of initiating events, including RCP seal LOCAs. 

CANDU reactors wil l not experience a core melt under high pressure, 
because the pressure tubes will have ruptured before core melt occurs. 
However, it may turn out that — as for PWRs — PRA analyses wil l 
show that many CANDU severe core damage sequences will begin with 
the RCS at high pressure. 

Ongoing research at AECL is directed at the behavior of pressure tubes 
under stagnated flow conditions, such as could be experienced during a 
high-pressure accident sequence. In the tests carried out to date, one 
out of four pressure tubes has ruptured. Experiments are being carried 
out to investigate the integrity of the calandria tube after its 
associated pressure tube has ruptured (AECL, 1987a). 

Rupture of pressure tubes is potentially important for reasons 
discussed below. Thus, it is important that the likelihood and expected 
characteristics of high-pressure CANDU sequences are carefully 
analyzed. 
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5.4 Pressure Tube Failure 

Pressure tube failure is of particular concern if it is followed by 
failure of the associated calandria tube. If such an event occurs while 
pressures and temperatures in the RCS are at operating levels, i t 
appears that moderator water wil l be vigorously expelled from the 
calandria. Then, if the pressure/calandria tube failure is accompanied 
by a loss of coolant flow to the fuel, the sequence wil l move relatively 
rapidly to a full core melt, since moderator wil l not be 
available to hinder that process. 

It is not hard to imagine a high pressure (stagnated flow) scenario in 
which several pressure/calandria tube failures occur more or less 
simultaneously. Most of the moderator might then be lost either 
through expulsion from the calandria pressure relief ducts or via 
ruptures in the calandria. Core melt would then follow quickly. It 
would be interesting to know if analysis bears out this imagined 
scenario. 

A pressure tube failure under normal operating conditions is a 
relatively unlikely event, and the probability of multiple tube failures 
is presumably much lower. However, during plant transient conditions 
there is the possibility that pressure and temperature variations might 
precipitate failure in one or more pressure tubes which are already in a 
weakened condition. Such a failure could have a benign outcome, or 
could be part of a severe core damage sequence. 

5.5 Hydrogen Burns 

Ontario Hydro has accepted that some degree of hydrogen control is 
required for CANDU containments. It seems that hydrogen igniters are 
now fitted inside the reactor buildings of all the CANDU stations. 

However, the design basis for hydrogen control systems continues to 
reflect the DBA approach. It is assumed that the quantity of hydrogen 
produced wil l not exceed 110 kg-moles, which implies that 30 percent 
of the fuel cladding and end plates in the core has been oxidized 
(Blahnik et al, 1986). However, a glance at Exhibit 1 will show that 
there is much more zirconium available for oxidation during severe 
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core damage events. The fuel bundles account for 25 percent of 
zirconium alloy in the core, which implies that 110 kg-moles of 
hydrogen represents only 7.5 percent of the amount potentially 
available during a severe core damage accident. 

One concern is that hydrogen igniters will not be available during the 
accident. This wil l certainly be true if one of the 
accident-precipitating factors is a loss of electrical power. Another 
concern is that hydrogen will be discharged into the reactor building at 
a time when that building is steam-inerted, with the result that the 
hydrogen is not burned off slowly by the igniters. Then, hydrogen could 
accumulate in other parts of the containment, becoming available for 
deflagration or detonation in those regions when steam is condensed. 
One approach to dealing with that problem would be to vent the 
containment, but it wil l be noted that—if we are presuming a severe 
core damage accident—the containment atmosphere will be heavily 
contaminated with radioactivity. 

Given the relatively low design pressures of CANDU containments, it is 
important that their vulnerability to hydrogen burns be carefully 
analyzed. 

5.6 Earthquake Effects 

Several PRAs have shown that earthquake effects can be an important 
contributor to the estimated core melt probability for LWRs. 
Sometimes the effects are indirect, as when a structure is predicted to 
collapse onto an item of safety equipment. 

Given the uncertainty inherent in estimating the likelihood and 
characteristics of seismic events, it is important that a PRA should 
take a careful look at the sensitivity of a nuclear plant to the severity 
of earthquakes. This becomes even more important if one is claiming a 
very low probability for severe core damage accidents. 

5.7 Multiple Reactor Accidents 

Given Ontario Hydor's practice of co-locating up to eight reactors 
employing a common containment system, i t is very important to 
understand the potential for multiple reactor accidents. 
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It was not possible within the scope of this effort to examine the 
extent, if any, to which common dependencies or interactions between 
reactor support and safety systems could initiate multiple accidents. 
That should clearly be an important task in any PRA effort. Of perhaps 
greater importance is the possibility of a severe earthquake which 
disables support or safety systems at more than one reactor, and which 
might also disable the common containment system. Finally, one should 
consider the effect of an accident at one reactor on the ability to 
control other reactors at the site. 

6. Recommendations 

(i) More resources should be devoted to understanding the severe accident 
potential of CANDU plants. 

(i i) The Darlington PRA, when completed, should be subjected to rigorous 
crit ical review by independent analysts. 

( i i i ) The AECL/Dutch PRA work, when published, should also be subjected to 
rigorous critical review by independent analysts. 

(iv) Additional PRA studies should be performed (especially for Pickering 
and Bruce stations); these studies should be performed by independent 
organizations. 

(v) An effort similar to the Accident Sequence Precursor program in the US 
should be instituted; this effort should be executed by an independent 
organization. 

(vi) US experience in assessing severe accident potential should be 
systematically reviewed and its applicability to the CANDU determined, 
on a continuing basis. 

(vii) Until the above recommendations are executed, statements about the 
severe accident potential of CANDU plants should be regarded as having 
a limited foundation. 
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Exhibit 1 

Water Inventories and Core Masses: Typical PWR. BWR and CANDU Plants 

(kg/MWt) 

PWR(a) BWR(a) CANDU(b) 

(Zion) (Grand Gulf) (Pickering B) 

Reactor Coolant System 76.1 85.5 69.0(c) 

Water Inventory 

Moderator Water ~ — 152.1(c-d) 

Inventory 

U02inCore 30.3 43.4 60.0 

Zirconium Alloy in Core 6.2 20.7 23.2(e) 

Notes 

(a) Data from: Sholly and Thompson, 1986. 
(b) Data from: Ontario Hydro, 1974; AECU 1987b. 
(c) Heavy water. 
(d) Based on a calandria volume of 242 m3 and a density of 1.1 Mg/m3. 
(e) Zirconium alloy in fuel bundles (5.9 kg/MWt), in pressure tubes 

(12.5 kg/MWt), and in calandria tubes (4.8 kg/MWt). 



Exhibit 2 

Source: Ontario Hydro, 1979 

-M-£ J COMPARISON POWER TRANSIENTS DUE TO 
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Exhibit 3 

Source: NRC, 1987b 
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Figure 4.5 Schematic of containment design for Peach Bottom plant 
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Exhibit 4 

Source: NRC, 1987b 
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Figure 4.4 Schematic of containment design for Sequoyah plant 
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Exhibit 5 

Source: NRC, 1987b 
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Figure 4.1 Schematic of containment design for Surry p lant 
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Exhibit 6 

Containment Volumes and Design Pressures: Typical PWR. BWR and CANDU Plants 

Ratio of Free Volume 
to Reactor Power 

(m3/MWt) Design Pressure 
(psig) 

BWR Mark I (Peach Bottom)(a) 

drywell: 
wetwell: 

1.4 
1.0 

56 
56 

PWR Ice Condenser (5eauoyah)(a) 

upper compartment: 
lower compartment 

7.1 
3.1 

11 
11 

PWR Large Dry (Zion)(a) 

containment: 23.6 47 

CANDU (Pickering B)(b) 

reactor building: 

pressure relief duct(c) 

vacuum building: 

29.1 

17.7 

46.9 

6 

6 

-15/+0 

Notes 
(a) Data from : Shol ly and Thompson, 1986. 
(b) Data from : Ontario Hydro, 1974; Ontario Hydro, 1979. 
(c) This duct connects eight reactor buildings to the single vacuum building. 



Exhibit 7 

Source: Silberberg et a l , 1986 
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Exhibit 8 

Source: Sholly and Thompson, 1986 

T A B L E 3 - 1 

Published PRA Stud ies and Core Melt Frequency Resul ts 

P lan t Name 

Arkansas Unit 1 

Big Rock Point 

Browns Ferry Unit 1 

Ca lver t C l i f f s Unit 1 

Calver t C l i f f s Unit 2 

Crys ta l River Unit 3 

Grand Gulf 

Indian point Unit 2 

Indian Point Unit 3 

Plant Type 

PWR, B&W, large dry cont. 

BWR/1, GEf spherical steel cont. 

BWR/4, GE, Mark I cont. 

PWR, CE, large dry cont. 

PWR, CE, large dry cont. 

PWR, B&W, large dry cont. 

BWR/6, GE, Mark III cont. 

PWR, West., large dry cont. 

PWR, West., large dry cont. 

Limerick Units 1 & 2 BWR/4, GE, Mark II cont. 

Midland Units 1 & 2 

Millstone Unit 1 

Millstone Unit 3 

Oconee Unit 3 

Oyster Creek 

Peach Bottom Unit 2 

Seabrook Units 1 & 2 

Sequoyah Unit 1 

Shoreham 

Surry Unit 1 

Zion Units 1 & 2 

PWR, B&W, large dry cont. 

BWR/3, GE, Mark I cont. 

PWR, West., dry subatinos. cont. 

PWR, B&W, large dry cont. 

BWR/3, GE, Mark I cont. 

BWR/4, GE, Mark I cont. 

PWR, West., large dry cont. 

PWR, West., ice condenser cont. 

BWR/4, GE, Mark II cont. 

PWR, West., dry subatmos. cont. 

PWR, West., large dry cont. 

Core Melt 
Frequency 

5.0 x 10~5 

9.8 x 10"4 

1.5 x 10~3 

2.0 x 10~4 

1.3 x 10"4 

4.0 x 10~4 

4.0 x 10-4 

4.0 x 10"5 

4.7 x 10~4 

3.5 x 10"4 

1.9 x 10~4 

3.5 x 10"4 

2.4 x 10~5 

9.4 x 10~5 

3.1 x 10"4 

3.0 x 10"4 

8.1 x 10"4 

6.1 x 10"5 

1.9 x 10~4 

8.0 x 10"5 

2.5 x 10~4 

4.8 x 10"5 

3.0 x 10~5 

2.3 x 10"4 

6.0 x 10"5 

5.5 x 10~5 

1.4 x 10"4 

6.0 x 10"5 

5.2 x 10~5 

3.7 x 10"4 

Notes 

h 

a 

a,b 

h 
h 

i,l 
h 

M
-

a 

a,f 

a 

a,g 

a 
a,e 

a 

h 

n 

a 

a,d 

i 

a 

m 

j 
a 

•i-t 

a,k 

a,k 

j 

a 

a,c 



Exhibit 9 

Source: Andrews et a l , 1986 

TABLE 2 . 1 . Summary of NRC Safeguards Events (1976-1983) 

No. o f 
Type of Event Events 

Bombs 
Threa ts 424 
Device Present 9 

Potential t o damage one system 1 
P o t e n t i a l t o damage m u l t i p l e systems S 
Damage t o p lan t systems 0 

I n t r u s i o n 
Listings 48 
Unknown or Malevolent Intent 17 

Protected Areas 
Potential to damage one system 3 
Potential to damage multiple systems 14 
Actual damage to plant system 0 

Important Areas^3' 
Potential to damage one system 0 
Potential to damage multiple systems 5 
Plant damage occurred 0 

Missing and Assumed Stolen 
Incidents 167 
Those with Power Plant Safety Implications 0 

Vandalism 
Total Acts 47 

Damage to plant systems 37 
Protected Areas (total/operating plants) 

Damage to one system 24/18 
Damage to multiple systems 13/5 

Important Areas(a'(total/operating plants) 
Damage to one system 8/5 
Damage to multiple systems 8/2 

Arson 
Total Events 13 

Damage to plant systems 6 
Protected Areas (total/operating plants) 

Damage to one system 1/0 
Damage to multiple systems 5/4 

Important Areas (total/operating plants) 
Damage to one system 0/0 
Damage to multiple systems 2/2 

Sabotage"' 0 
Firearms 
Total Events 38 
Unknown or Potential Factor 1n Other Events 3 

Miscellaneous 
Total Events 100 
Related to Power Plant Safety 0 

(a) Included 1n protected area Incidents. 
(b) 2 plant trips results (1 from feedwater)» 

1 potential L0CA. 
(c) Gun taken from employee 1n one of plant trip events. 

Not used directly 1n crime. 
(d) NRC defines sabotage as deliberate attempts to endanger 

public health and safety. 

2.2 



Exhibit 10 

Source: Minarick and Kukielka, 1982 

ORNL-OWC 82 -5603 ETD 

10" 

UPPER 95% 
POISSON 
CONFIDENCE 
BOUND S*' 

5 — 

< 2 — 

ASP POINT ESTIMATE 
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(SEVERE CORE OAMAGE) 

9 
cr 
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z 
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a 
UJ a 5 u . •> 
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T M I - 2 E V E N T (SEVERE, 
CORE DAMAGE) 

2 — 

10— — 

GERMAN RISK 
STUOY (CORE 
M E L T ) » 

WASH-1400 
(CORE MELT) 

AIF TASK FORCE 
(LARGE-SCALE 
FUEL MELT) 
• 

LOWER 95% 
POISSON 
CONFIDENCE 
BOUND 

Fig. 1. Comparison of ASP results with other core damage estimates. 
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Exhibit 11 

Source: Sholly and Thompson, 1986 

T A B L E 9 - 1 

Estimated Number of Outcomes of Steam Explosions During 

10,000 Core Mel ts f Based on a Monte Car lo Computation 

a t SNL, for Various Parameter Ranges 

Outcome of Steam Explosion F u l l Range Lower Third Middle Third High Third 

Fa i lu re of Vessel Bottom 2017 0 2126 10,000 

Separat ion of Vessel Head: 
Veloci ty over 50 m/s 460 0 1 9,987 

Separation of Vessel Head: 
Veloci ty over 90 m/s 267 0 0 9,958 

Notes and Sources: 

(a) The r e s u l t s shovm a r e from: Barman, Swenson and Wickett , 1985. 

(b) The f ive major parameters used in t h i s c a l c u l a t i o n were: 

* molten f rac t ion of co re 

* pour diameter 

* pour length 

* conversion r a t i o 

* condensed-phase f r a c t i o n of s l u g . 



Exhibit 12 

Source: Sharma et al, 1983 

(MPa) 

10 

8 

6^ 

4 

2 

Various Predicted Results 

ixïP ô i Ô \ 2 à 4 5 è 
Fig. 6.3 Predicted and Test Results for Panel C100. 

Predic 
Results 

5x10 

Fig. 6.4 Predicted and Test Results for Panel D 100 
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Exhibit 13 

Source: Naus, 1986 

ORNL-DWG 86-4568 ETD 

CONCRETE (77) 

VOIDS/HONEYCOMB 

CRACKING/SPALLING 

DEFECTIVE MATERIAL/LOW f̂  

IMPROPER PLACEMENT/REPAIR 

ANCHORAGE 

REINFORCING STEEL 

OVERTEMPER VOIRE 

DOME DELAMINATION 

POST-TENSIONING SYSTEM ( 17) 

FAILED/CORRODED TENDONS 
ANCHORAGE CRACKING 
LIFTOFF LOAD 

Fig. 18. Distribution of LWR concrete component problem areas. 



Exhibit 14 

Source: Naus, 1986 

ORNL-DWG83-8793A 
0 ° I 3 6 0 ° 

270° 

PLAN VIEW 

INITIAL INVESTIGATION DETAILS 

DIMENSIONS IN cm DETAIL A 

Fig. 20. Extent of dome delaraination for Crystal River Unit 3. 



Exhibit 15 

Source: NRC, 1987b 
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Exhibit 16 

Source: NRC, 1987b 
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Exhibit 17 

Selected Estimates of Radionuclide Release Fractions (Core to Atmosphere) 
for Severe Core Damage Accidents at PWR or CANDU Plants 

WASH-1400 PWR Release Categories*"* 

Radionuclide Group 
Cs Te Ru 

PWR1: 0.7 0.4 0.4 0.4 

PWR2: 0.7 0.5 0.3 0.02 

AECL Preliminary Estimates for CANDU (b-c) 

Early Core Disassembly: 0.3 0.2 0.13 0.04 

Late Core Disassembly: 0.15 0.09 0.39 0.42* 

Late Core Disassembly 
with Containment Bypass via ECCS: 0.16 0.1 0.39 0.42* 

Notes 
(a) From: NRC, 1975. 
(b) From: AECL, 1987b. 
(c) These preliminary estimates were performed for a 600 MWe stand-alone 

CANDU plant. 

(* these numbers seem high -- may represent a transcription error by AECL) 
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EXECUTIVE SUMMARY 

This memorandum examines the legislation, both federal and 

provincial, applicable to the regulation of the nuclear reactors 

operating in Ontario. 

The relevant provisions of the Atomic Energy Control Act and 

the Nuclear Liability Act are described. The constitutional 

validity of both these acts is examined. The criticisms leveled at 

the Atomic Energy Control Act and at the Atomic Energy Control 

Board are identified and possible solutions are proposed. 

The memorandum examines the environmental legislation that 

could be applied to Ontario's nuclear reactors. Again, the 

shortcomings of the legislation are examined. 

Since emergency response in the case of an accident at a 

nuclear plant is considered to be of importance, the memorandum 

describes the legislation, both enacted and proposed, that 

addresses this issue. 

Finally, the memorandum describes Canada's international 

responsibilities in the field of nuclear energy. 
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Our conclusions and recommendations are as follows: 

1. Despite the constitutional challenge currently being 

raised-regarding the Nuclear Liability Act, it may 

reasonably be assumed that all legislation currently in 

place dealing with the nuclear industry is 

constitutionally valid. 

2. It would be desirable to eliminate possible ambiguity by 

amending the Atomic Energy Control Act, the 

Environmental protection Act and the Ontario Water 

Resources Act, to provide expressly that they bind 

agents of Her Majesty in right of Canada and the 

provinces. 

3. Public confidence that all reasonable steps have been 

taken to minimize the risk of nuclear damage would be 

enhanced if additional procedural checks and balances 

were put in place: 

(a) Techniques to permit increased and effective public 

participation in licensing processes should be 

explored, including funding and enhanced access to 

information. 
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(b) AECB should report to a Minister who is not charged 

with promoting nuclear energy and who is not in 

charge of Crown corporations such as AECL and 

Eldorado. 

(c) The AECB should have its mandate broadened to 

specifically give it responsibility for ensuring 

that nuclear reactors are safe environmentally and 

from a health perspective. 

(d) Powers of political authorities to direct the AECB 

should be subject to special accountability 

procedures. 

(e) Any reasonable steps that might maximize public 

assurance regarding the competence and independence 

of the members of the AECB should be adopted. 

(f) Procedures should be explored to encourage or 

require the reporting of concerns by informed 

individuals, including particularly all persons 

working in any part of the nuclear industry or its 

regulation, regarding unreasonable nuclear risks 

and potential remedies. Procedures might include 

financial incentives, assurances of 
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confidentiality, and criminal penalties for 

failure to report. 

(g) Since recent nuclear reactor accidents have shown 

that human carelessness, neglect and complacency 

are serious problems, consideration might be given 

to enacting appropriate deterrents. Mechanisms 

such as criminal penalties, regular supervision and 

ongoing machine testing of operators while on duty 

might be considered. 

(h) Public hearings on environmental aspects of nuclear 

projects should be required, and powers to require 

the participation of all relevant persons should be 

provided. 
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1. INTRODUCTION 

The importance of proper and effective regulation of the 

nuclear industry- results in part from the tremendous potential for 

damage and injury which can arise from a nuclear incident. 

The complexity of regulating the Canadian nuclear 

industry stems primarily from two dichotomies in the system: (i) 

the fact that Canada is a federal state and therefore the 

jurisdiction to legislate over various matters may reside in 

either the provincial or the federal parliament, or sometimes 

both, and (ii) the fact that both the federal and provincial 

governments are involved in both the commercial and regulatory 

aspects of the nuclear industry in Canada. 

This memorandum describes the legal framework that 

applies to the regulation of Ontario Hydro's nuclear plants and 

addresses legal concerns and issues raised by the existing 

legislative scheme. 
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2. GENERAL LEGISLATIVE FRAMEWORK 

2.1 Regulatory and Liability Legislation 

The Canadian nuclear industry is mainly regulated by two 

federal statutes and the regulations passed under them, as 

follows: 

1. Atomic Energy Control Act, R.S.C. 1970, c. A-19; 

(i) Atomic Energy Control Regulations, C.R.C. 

1978, c. 365; 

(ii) Physical Security Regulations, SOR/83-77; 

(iii) Transport packaging of Radioactive Materials 

Regulations, SOR/83-740; 

(iv) Uranium Information Security Regulations, 

C.R.C. 1978, c. 366; and 

(v) Uranium Mines (Ontario) Occupational Health 

and Safety Regulations SOR/84-435; and 
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2. Nuclear Liability Act, R.S.C. 1970, 1st Supp., 

c. 29; 

(i) Canada-United States Nuclear Liability Rules, 

C.R.C. 1978, c. 1240; 

(ii) Minister Designation Order (Nuclear Liability 

Act), C.R.C. 1978, c. 1241; and 

(iii) Order Declaring the United States to be a 

Reciprocating Country for Purposes of the Act, 

SI/78-179. 

2.2 Environmental Legislation 

Two environmental programs, one federal and one 

provincial, apply to aspects of proposed nuclear reactors in 

Ontario: 

1. Environmental Assessment and Review Process 

Guidelines Order, see SOR/84-467, enacted under the 

Government Organization Act, S.C. 1978-79, c 13; 

and 

2. Environmental Assessment Act, R.S.O. 1980, c 140. 
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2.3 Accident Response Legislation 

In addition the following legislation exists federally 

and provincially.to deal with accidents arising from a nuclear 

station in Ontario: 

1. Emergency Plans Act, S.O. 1983, c. 30; 

2. Environmental Protection Act, R.S.O. 1980, c. 141; 

3. Ontario Water Resources Act, R.S.O. 1980, c. 361; 

4. Environmental Contaminants Act, S.C. 1974-75-76, 

c. 72; 

Each of these is examined in this memorandum. 

Supplemental or replacement legislation currently being proposed 

is addressed; as is an earlier proposal to amend the Atomic Energy 

Control Act (Canada), because of its importance in the regulation 

of the nuclear industry. 
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3. CONSTITUTIONAL VALIDITY OF FEDERAL 
ATOMIC ENERGY LEGISLATION 

In order to fully appreciate the legal and regulatory 

framework within-which Ontario Hydro's CANDU nuclear generating 

plants are regulated it is important to understand the way in 

which Canada's constitution allocates law-making powers between 

the federal and provincial governments. 

3.1 The Constitution Act, 1867 

Sections 91 and 92 of the Constitution Act, 1867 

(formerly the British North America Act, 1867), set out the 

distribution of powers between Canada's federal and provincial 

legislative bodies. Section 92 contains an enumerated list of 

subjects over which the provinces have the exclusive right to 

legislate. Section 91 enumerates a list of subjects over which 

the Parliament of Canada has the exclusive right to legislate and, 

as well, grants the residue of legislative authority, not covered 

by the enumerated lists, to the federal Parliament. General 

language in section 91 allocates to the federal Parliament the 

power to legislate for the "peace, order, and good government" of 

Canada. It is this power that dominates the constitutional issues 

involved with the regulation of the nuclear industry in Canada. 
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3.1.1 Peace, Order and Good Government 

The Canadian judiciary has interpreted the federal 

peace, order and-good government power under three distinct 

headings; the "gap" branch, the "emergency" branch and the 

"national concern" branch. It is the last branch of the federal 

power which the courts have determined to be the underpinning of 

Parliamentary jurisdiction over the regulation of the Canadian 

nuclear industry. To state the proposition very broadly, the 

Canadian judiciary has used the "national concern" test primarily 

when dealing with matters which have "a natural unity that is 

quite limited and specific in its extent" (Lederman, "Unity and 

Diversification in Canadian Federalism: Ideals and Methods of 

Moderation" (1975), 53 Can. Bar Rev. 597 at p. 610). The courts 

in Canada have thus confirmed federal legislative authority over 

such matters as aviation, the national capital region and atomic 

energy, by virtue of the fact that these issues are considered to 

be truly matters of national concern. 

Two important judicial decisions have addressed the 

power to legislate in relation to atomic energy and the regulation 

of the Canadian nuclear industry: Pronto Uranium Mines Ltd. v. The 

Ontario Labour Relations Board et al., Algom Uranium Mines Limited 

v. The Ontario Labour Relations Board et al., (1956) O.R. 862 
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(Ont. H.C.); and Denison Mines Ltd. v. Attorney - General of 

Canada/ (1973) 1 O.R. 797 (Ont. U.C.), 

The issue in Pronto Uranium was whether the federal 

labour board constituted by the Industrial Relations and Disputes 

Investigation Act, R.S.C. 1952, c.152, or the Ontario Labour 

Relations Board, had jurisdiction to certify a collective bargain

ing agent for the employees of companies engaged in the mining and 

concentration of uranium ores. The Court stated that if the 

Atomic Energy Control Act and its Regulations were within the 

jurisdiction of Parliament, then the federal labour board had 

jurisdiction. The Court then relied solely on the "national 

concern" branch of the peace, order and good government power in 

order to conclude that the federal government had authority to 

legislate with regard to employees of uranium mining and 

processing companies. 

Viscount Haldane in Attorney - General for Ontario v. 

Canada Temperance Federation, (1946) A.C. 193 (P.C.) at page 205 

had formulated the authoritative test for the "national concern" 

branch of the peace, order and good government power as follows: 

the true test must be found in the real subject 
matter of the legislation: if it is such that it 
goes beyond local or provincial concern or 
interests and must from its inherent nature be the 
concern of the Dominion as a whole . . . then it 
will fall within the competence of the Dominion 
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Parliament as a matter affecting the peace, order 
and good government of Canada, though it may in 
another aspect touch on matters specially reserved 
to the provincial legislatures. 

In Re Anti-Inflation Act, (1976) 2 S.C.R. 373 (S.C.C.) 

the Supreme Court of Canada made the requirement of 

"distinctiveness" a pre-condition for a matter to be of such 

"national concern" for constitutional law purposes. 

In holding in Pronto uranium that the federal board had 

jurisdiction Mr. justice McLennan found that where a company is 

engaged in the production of uranium ores it is subject to the 

Atomic Energy Control Act (Canada) and Regulations made 

thereunder. In assessing the Atomic Energy Control Act (Canada) 

he stated, at page 869» that: 

The real subject matter of the legislation is the 
control of the production and application of atomic 
energy and that control is exercised from the stage 
of discovery of ores up to its ultimate use for 
whatever purpose, be it civil or military . . . 
In this day it cannot be said that the control of 
atomic energy is merely of local or provincial 
concern, and in my opinion it is a matter which 
from its inherent nature is of concern to the 
nation as a whole and the Act and the Regulations 
are within the powers of Parliament to make laws 
for the peace, order and good government of 
Canada. 

Thus, Mr. Justice McLennan utilized Viscount Haldane's "national 

concern" test to uphold the constitutional validity of the Atomic 
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Energy Control Act (Canada) and thereby confirm the federal 

Parliament's jurisdiction over nuclear matters. 

The Atomic Energy Control Act (Canada) was challenged 

again in 1972 by Denison Mines in a suit prompted by Prime 

Minister Trudeau's declaration that the Atomic Energy Control Act 

(Canada) would, if necessary, be amended to prohibit the sale of a 

substantial number of Denison's common shares. Denison argued 

that conditions of uranium availability had changed drastically 

since 1946 when the Act was initially drafted as a defence measure 

(and presumably since 1956 when Pronto was decided). Denison 

argued that since the primary purpose of uranium had switched from 

a military purpose to the production of energy, circumstances had 

changed enough for a court to find that notwithstanding that the 

Atomic Energy Control Act (Canada) may have been intra vires the 

federal Parliament at the time it was passed, and at the time 

Pronto was decided, it should in 1972 be considered ultra vires. 

Mr. Justice Donnelly, in Denison, concluded that even if 

uranium had ceased to be of strategic military importance and the 

demand for uranium for military purposes had diminished, Canada's 

participation in the international control of the civilian use of 

uranium, through the International Atomic Energy Agency, required 

that the federal Parliament have internal domestic control and 
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regulation over its production. As in Pronto, Mr. Justice 

Donnelly discussed the preamble to the Atomic Energy Control Act 

(Canada), which reads as follows: 

Whereas it is essential in the national interest to 
make provision for the control and supervision of 
the development, application and use of atomic 
energy and to enable Canada to participate 
effectively in measures of international control of 
atomic energy which may hereafter be agreed 
upon.... 

Mr. Justice Donnelly stated (at p. 808) that: 

The preamble to the Act . . . shows that 
(Parliamentary) . . . control was also considered 
essential in the national interest to enable Canada 
to participate effectively in measures of 
international control of atomic energy. 

3.1.2 Federal Declaratory Power 

Mr. Justice Donnelly in Denison cited favourably the 

"national concern" discussion in Pronto, despite the changes in 

the use of uranium, but he also based his decision on s.17 of the 

Atomic Energy Control Act (Canada) which reads as follows: 

17. All works and undertakings whether heretofore 
constructed or hereinafter to be contructed, 

(a) for the production, use and application of atomic 
energy, 

(b) for research or investigation with respect to 
atomic energy, and 

(c) for the production, refining or treatment of 
prescribed substances, 
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are and each of them is declared to be works or a work for 
the general advantage of Canada. 

Mr. Justice Donnelly decided that s.17 was a valid and proper 

declaration under s.92(10)(c) of the Constitution Act, 1867 which, 

read in conjunction with s.91(29), gives the federal Parliament 

the power to make laws in relation to: 

Such works as, although wholly situate within the 
Province, are before or after their execution 
declared by the Parliament of Canada to be for the 
general advantage of Canada or for the advantage of 
two or more of the Provinces, (s.92(10)(c)) 

This "declaratory power" enables the federal Parliament 

to assume jurisdiction over a local work by declaring the work to 

be "for the general advantage of Canada." Thus, in certain 

circumstances, a local work may be withdrawn from provincial 

jurisdiction by virtue of s. 91(29), which assigns federal 

jurisdiction for: 

Such Classes of Subjects as are expressly excepted 
in the Enumeration of the Classes of Subjects by 
this Act assigned exclusively to the Legislatures 
of the Provinces. 

The s.92(10)(c) exception to provincial jurisdiction 

over local works combined with the s.91(29) federal power, and the 

s.17 declaration in the Atomic Energy Control Act, thereby 

constitutes a separate head of power under which the Court also 
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found the Atomic Energy Control Act intra vires the federal 

Parliament. 

3.1.3 -Conclusions re 
the Atomic Energy Control Act (Canada) 

It is important to note that the decisions in Pronto and 

Denison both addressed the validity of the federal Parliament's 

jurisdiction at only one end of the nuclear energy industry, 

namely the mining and processing of uranium ores. However, the 

language of the decisions in both cases lends substantial judicial 

support to the proposition that the Atomic Energy Control Act 

(Canada) in relation to the regulation of CANDU facilities in 

Ontario is legislation within the powers of the federal 

Parliament. 

3.2 The Nuclear Liability Act (Canada) 

As discussed in Section 10 of this memorandum, the 

Nuclear Liability Act deals with the issue of liability and 

compensation in the event of injury or damage resulting from an 

accident occurring at a nuclear generating facility. in 

particular, this Act makes the operator and only the operator of a 

nuclear generating station liable for damages, limits the 

liability of the operator to a maximum of $75,000,000, and 
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provides a mechanism for federal financial responsibility in the 

event that the injury or damage exceeds $75/000,000. 

The constitutional issues raised by the Nuclear 

Liability Act (Canada) are somewhat more complex than those raised 

by the Atomic Energy Control Act (Canada). The constitutional 

validity of the Nuclear Liability Act (Canada) is currently being 

challenged by Energy Probe. The challenge rests on the contention 

that the Act contravenes the Canadian Charter of Rights and 

Freedoms, as well as on the basis that it deals with a subject 

with respect to which the provinces have exclusive powers to 

legislate. Energy Probe claims that the Act violates the Canadian 

Charter of Rights and Freedoms in that it limits the right of 

individuals to bring actions against persons who may otherwise be 

legally responsible, by holding the operator of a nuclear 

installation, and only the operator, liable for injury or damage 

caused by the breach of the operator's duty under the Act (s.ll). 

Energy Probe feels that restricting the right of suit will reduce 

the vigilance of suppliers and others to make sure that all 

aspects of nuclear installations satisfy the necessary standards. 

As in Pronto and Denison, the Nuclear Liability Act is 

also being challenged on the basis that it deals with a subject 

with respect to which the provinces have the exclusive power to 

legislate. The preamble to the Act states that it is "An Act 

resj"W;Jting civil liability for nuclear damage" and civil causes of 
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action, it is argued, fall under exclusive provincial jurisdiction 

by virtue of s. 92(13) of the Constitution Act, 1867 ("property 

and civil rights"). 

In MacDonald et al. v. Vapor Canada Ltd., (1977) 

2 S.C.R. 134 (S.C.C.) the Supreme Court of Canada held that 

s. 7(e) of the federal Trade Marks Act was invalid because it 

created a civil liability for breach of its provisions and its 

subject matter was not otherwise under federal power. The Court 

held that s.7(e) did not relate to trade marks at all but rather 

related to civil rights and civil causes of action falling within 

exclusive provincial legislative competence. The decision in 

MacDonald stands for the proposition that 

the federal Parliament has no independent power to 
create civil remedies akin to its power over 
criminal law. This means that if the pith and 
substance of a federal law is the creation of a new 
civil cause of action, the law will be invalid as 
coming within the provincial head of power 
"property and civil rights in the province" (s. 
92(13)). (Hogg, Constitutional Law of Canada 
(2nd éd., 1985) p. 412) 

The Nuclear Liability Act (Canada) was proclaimed in 

force on October 11, 1976 and was therefore passed without 

Parliament having the benefit of the Supreme Court of Canada 

decision in MacDonald. 
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In R. v. Crown Zellerbach Canada Limited, (1984) 

2 W.W.R. 714 the British Columbia Court of Appeal considered the 

constitutional validity of s. 4(1) of the federal Ocean Dumping 

Control Act, which set out a civil liability as well as a penalty 

for a breach thereof, indicating that the real subject matter of 

the legislation was such that it went beyond local or provincial 

concern and thus fell under federal Parliamentary jurisdiction as 

a matter affecting the peace, order and good government of Canada. 

Although the Court held that s. 4(1) itself did not meet the test 

necessary to fall under the peace, order and good government 

heading of federal jurisdiction, it left that argument open for 

consideration in future cases. 

The trial and appeal courts in two cases currently 

pending before the Supreme Court of Canada, namely, 

Attorney-General of Canada v. Quebec Ready Mix Inc. et al.; 

Rocois Construction Inc. et al. mise-en-cause (1986), 24 C.C.C. 

(3d) 158 (Fed. C.A.) and City National Leasing Ltd. v. General 

Motors of Cana_da Ltd. (1986), 54 O.R. (2d) 626 (Ont. C.A. ) , have 

canvassed the issue more completely in dealing with s. 31.1 of the 

federal Combines Investigation Act (now the Competition Act), 

which grants a person who suffers loss or damage as a result of a 

breach of a criminal prohibition under that Act a civil cause of 

action for damages against the person who breached the Act. Doth 

courts of appeal upheld the legislation as a valid exercise of 

federal legislative power. 



- 20 -

In Quebec Ready Mix the Federal Court of Appeal 

distinguished MacDonald on the basis that the statutory provision 

at issue in MacDonald was an isolated provision which lacked any 

rational or functional link to the main purpose of the Trade Marks 

Act. Mr. Justice MacGuigan at p. 175 of Quebec Ready Mix stated 

that: 

Parliament possesses no explicit power to establish 
civil remedies like its jurisdiction to create 
criminal offenses under s. 91(27). If not 
assimilated in some way to the general power over 
peace, order and good government, such legislative 
exercise as that under consideration is defensible 
only on the basis of another head of federal power. 
In this instance the appellant urges s. 91(2), the 
trade and commerce power, as the source of 
constitutional jurisdiction. 

Mr. Justice MacGuigan then concluded, at pp. 186-187, 

that: 

a civil remedy must be genuinely and bona fide integral 
with the over-all plan of supervision. The precise 
balance of governmental regulation and private 
enforcement is, then, a matter of policy for Parliament. 
For a court to interfere with Parliament's legitimate 
discretion would be an unwarranted extension of judicial 
control into the political domain... In my view the 
challenged section is thus within the jurisdiction of 
the Parliament of Canada as having a rational functional 
connection with the over-all federal economic plan 
manifested in the Act in relation to competition, which 
plan also satisfies all the criteria of validity under 
the federal Trade and Commerce power. 
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The Federal Court's decision was cited favourably and followed by 

the Ontario Court of Appeal in City National Leasing. As noted 

above, both decisions are currently under appeal to the Supreme 

Court of Canada.-

Thus, assuming that the Nuclear Liability Act (Canada) 

can pass the Charter hurdles, and that the Supreme Court of Canada 

agrees with the reasoning of the lower courts in Quebec Ready Mix 

and City National Leasing, then the Act will withstand 

constitutional challenge if it can be shown to be in pith and 

substance concerned with the regulation of the nuclear industry in 

Canada and its remedy provisions demonstrated to be necessarily 

incidental to the main purpose of the law. In order to prove the 

integral nature of the remedy provisions a "rational, functional 

connection" must be demonstrated between the relief or remedy 

provisions and the constitutionally valid provisions which form 

the basis of the Act (see Papp v. Papp, (1970) 1 O.R. 331 (Ont. 

C.A.)). 

It is impossible, of course, to be certain as to how the 

courts will ultimately decide on the validity of the Nuclear 

Liability Act (Canada). However, in view of the Charter decisions 

to date and the lower court decisions in Quebec Ready Mix and City 

National Leasing, and taking into consideration the scheme of the 
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Nuclear Liability Ac-<_ (Canada) which provides for a mechanism to 

deal with the damage and injury resulting from a catastrophic 

nuclear accident, we are of the view that the courts will uphold 

the validity of the Nuclear Liability Act. 

If the courts find that the Nuclear Liability Act 

(Canada) is ultra vires (i.e. beyond the power of the Federal 

Parliament), then a person suffering damage or injury resulting 

from an accident at a nuclear generating station would have his 

normal common law remedies for damages. 
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4. APPLICATION OF THE ATOMIC ENERGY CONTROL ACT (CANADA) 
AND FUNCTIONS OF THE ATOMIC ENERGY CONTROL BOARD 

The constitutional power of the federal Parliament to 

legislate with respect to nuclear matters is fairly well 

established. This matter is more fully canvassed below; suffice 

it to say at this point that the Canadian judiciary has in two 

instances (both before the Ontario High Court) found the Atomic 

Energy Control Act (Canada) to be intra vires (i.e. within the 

legislative power of) the federal Parliament. 

4.1 The Atomic Energy Control Board (AECB) 

The federal Parliament, through the Atomic Energy 

Control Act (Canada), has exercised jurisdiction to regulate and 

monitor all aspects of CANDU reactors. The work is carried out by 

the Atomic Energy Control Board (AECB) which was established in 

1946 pursuant to s. 3(1) of the Atomic Energy Control Act 

(Canada). By virtue of ss.7-10 of the Atomic Energy Control Act 

(Canada) the AECB is a self-regulating body and is subject only to 

directions of the federal Minister of Energy, Mines and Resources 

(Minister of Energy), who is designated as the Minister for 

purposes of the Atomic Energy Control Act (Canada), and the 

Governor in Council (the federal Cabinet). 
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The AECB performs two major functions: 

1. the licensing of "prescribed substances" (done 

under ss.3-7 of the Atomic Energy Control 

Regulations); and 

2. the licensing of "nuclear facilities" (done under 

ss. 8-10 of the Atomic Energy Control 

Regulations). 

The day-to-day work of the AECB is carried out by its 

staff and by various advisory committees comprised of 

professional, technical, scientific and other individuals employed 

pursuant to s.8(b) of the Atomic Energy Control Act (Canada). 

Chief among these is the Reactor Safety Advisory Committee whose 

approval is, for practical purposes, a prerequisite to the 

granting of an operating licence. 

4.2 AECB Approval Process 

The Board carries out the licensing of nuclear 

facilities in what might be viewed as a three phase process: 

1. site approval; 
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2. construction approval; and 

3. the granting of an operating licence. 

The only power the Board has over site approval is the 

ability to accept or reject a site. Although the Atomic Energy 

Control Act (Canada) makes no provision for public hearings or 

input into the regulation of the nuclear industry, the federal 

Environmental Assessment and Review Process (EARP) does allow for 

some measure of public involvement at this stage. Unfortunately, 

the federal Crown corporations involved in the Canadian nuclear 

industry are not required to participate in EARP but are merely 

"invited" to participate. 

Construction approval is subject to the requirements of 

s. 10 of the Atomic Energy Control Regulations and is granted only 

if an applicant can demonstrate that the design of the facility to 

be constructed does not produce consequences which fall outside of 

the parameters of the AECB safety requirements for that type of 

facility. Pursuant to s,10(4) of the Regulations the AECB may 

subject its approval to such conditions as it "deems necessary in 

the interests of health, safety and security". However, under 

s,10(3) of these regulations the AECB may also grant an operating 

licence without the required construction approval where the AECB 

considers that no such approval is necessary. 
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The operating licence will be granted only after an 

applicant fulfills the requirements of s« 9 of the Atomic Energy 

Control Regulations and the AECB has received satisfactory 

evidence of compliance with any conditions imposed in relation to 

the construction approval (S.10(1)(b)). An applicant must submit 

all the required information under s. 9(1) and the AECB then 

decides whether the application is acceptable or if it must be 

revised. Paragraph 9(l)(g) of the Regulations grants the AECB 

broad powers over the information it may require in connection 

with the licensing of a nuclear facility by allowing the Board to 

require "any other information necessary to evaluate the 

application". As well, the section (by using the words "setting 

out such of the following matters as the Board may require") 

allows the AECB considerable discretion as to whether or not a 

licence will be granted and what information it requires from the 

applicant in the licensing process. There is no assurance that a 

full operating licence will be granted even though prior 

construction approval is given. Section 8 of the Regulations 

further highlights the discretionary power of the AECB because it 

allows the AECB to exempt operators of nuclear facilities from the 

requirement of a licence. Pursuant to subsection 9(2) of these 

Regulations the AECB may also impose conditions on the granting of 

any licence. Furthermore, subject to s. 27 of these Regulations 

the AECB may revoke or suspend an existing licence or amend the 

terms or conditions thereof. Subsection 27(3) requires that the 
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AECB give the holder of the licence a "reasonable opportunity" to 

be heard by the AECB before a notice to revoke, suspend or amend 

the licence is given. However, ss.27(4) overrides the notice 

provision where the AECB considers it "necessary to do so in the 

interests of health, safety or security". Section 28 allows the 

AECB to require a licence holder to take measures to protect 

persons or property until an action under s.27 is completed or a 

breach of a condition of the licence is rectified. 

Decisions of the AECB have been held not to be subject 

to judicial review. In SEAP (Save the Environment from Atomic 

Pollution) v. Atomic Energy Control Board and Eldorado Nuclear 

Limited (1977), 74 D.L.R. (3d) 541 and AGIP S.P.A. v. The Atomic 

Energy Control Board et al. (1978), 87 D.L.R. (3d) 530 the 

Federal Court of Appeal concluded that decisions of the AECB were 

decisions of an administrative nature, dealing with complex issues 

of national concern over which the federal government must retain 

ultimate control, are not required by law to be made on a judicial 

or quasi-judicial basis, and are thus exempt from judicial 

review. 

Canada's legal system by and large incorporates the 

fundamental notion of "conflict in public" to ascertain the truth 

and to help ensure the proper administration of justice. In our 

view, the licensing scheme under the Atomic Energy Control Act 
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(Canada) has some but not all of the elements of "conflict in 

public". 

1. To the-extent that the AECB has the necessary 

independence and expertise, the "tension" between the applicant 

and the AECB set up in the licensing system described above should 

be helpful in ensuring that safety considerations are adequately 

addressed. This is in contrast to a system, such as that in the 

United States, where the design is prepared (as opposed to being 

challenged and reviewed) by the regulatory body. 

2. However, as discussed further below, some criticism has, 

fairly or unfairly, been levelled at both the degree of real 

independence of the AECB and the lack of public involvement in the 

licensing process. 

4.3 Ministerial and Cabinet Control over AECB 

An important and contentious aspect of the system 

established by the Atomic Energy Control Act (Canada) is the 

sweeping powers granted to the Minister of Energy and the federal 

Cabinet under ss. 7 to 10 of the Atomic Energy Control Act 

(Canada). Section 10 allows the Minister of Energy to take 

various actions with respect to atomic energy, such as the 

promotion of research, the expropriation of mines and minerals 
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containing prescribed substances and the power to incorporate or 

assume control of specified companies for the purpose of carrying 

out the powers of the Minister, section 7 grants the Minister of 

Energy even broader powers by requiring the AECB to "comply with 

any general or special direction given by the Minister". Combined 

with the broad powers of the Minister is the fact that of the 

five member AECB, four members are federally appointed and the 

fifth is the President of the National Research Council. Because 

of the small and tight-knit circle of individuals capable of 

holding a position on a board concerned with such a technolog

ically advanced field as nuclear power, and the fact that the 

federal government through Crown corporations such as Atomic 

Energy of Canada Limited (AECL), Eldorado Nuclear Limited and 

Uranium Canada Limited is Canada's largest nuclear energy 

entrepreneur, the federal government's conflicting mandates of 

being the main proponent and chief watchdog of the Canadian 

nuclear industry has raised doubts about whether the AECB 

maintains enough independence to function as effectively as it 

should. This is especially so when the same Minister is 

responsible for the promotion as well as the regulatory 

functions. 

The following two sections of this report will discuss 

the two dichotomies identified at the outset and analyze possible 

weaknesses in the present system with a view to making positive 

recommendations for the future. 
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5. THE DUALITY OF THE ATOMIC ENERGY CONTROL BOARD 

The AECB has in the past been criticized as being part 

of a government bureaucracy that is on the one hand charged with 

marketing and promoting nuclear reactors and on the other hand 

responsible for regulating nuclear facilities in Canada. 

5.1 Secrecy 

The Atomic Energy Control Act was enacted in 1946 in the 

context of Canada's developments in the nuclear field which grew 

out of its wartime nuclear effort. As such, security and strong 

federal control over nuclear energy were keystones of the Act. 

Subsection 9(e) of the Act allows the Board, with the approval of 

the federal Cabinet, to make regulations which require that 

information related to nuclear energy be kept secret. 

In 1976 the Uranium Information Security Regulations 

were made under this power in order to guard against American 

anti-trust proceedings related to a uranium marketing cartel 

established in cooperation with the federal government. This has 

resulted in giving some credence to those who critize the scheme 

of the Atomic Energy Control Act (Canada) for putting the AECB 

under the direction of the Minister of Energy and the federal 
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Cabinet which may be motivated by considerations collateral to 

safety. 

Section 13 of the Atomic Energy Control Regulations 

also provides that certain information is secret unless the AECB 

decides to make it public. However, it would not appear to apply 

to information relating to CANDU reactors. Furthermore, s. 18 of 

the Atomic Energy Control Act provides for every individual acting 

under the direction of the AECB and every individual working for a 

company incorporated or controlled pursuant to s. 10 of the Act to 

take an oath of fidelity and secrecy. Subsection 8(d) of the AEC 

Act does allow for dissemination of information where the Board 

deems it to be in the public interest; however, this is subject to 

Ministerial approval. Until recently the AECB held no public 

hearings and even now the licensing of nuclear reactors is done 

without public hearings. 

5.2 Federal Nuclear Crown Corporations 

Federal involvement in the nuclear field led to the 

establishment of Eldorado Nuclear Limited in 1944. Eldorado is 

responsible for the refining of all uranium in Canada as well as 

for participating with private firms in the mining and milling of 

uranium ores. Along with Eldorado two other important federal 

Crown corporations participate in the Canadian nuclear industry: 
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(i) Atomic Energy of Canada Limited (AECL), and (ii) Uranium 

Canada Limited. Uranium Canada is the government's unofficial 

purchasing agent for uranium and AECL is responsible for the 

design, development and marketing of CANDU research reactors. 

These three important federal Crown corporations report 

directly to the federal Minister of Energy. 

5.3 Federal Minister of Energy, Mines and Resources 

Since the Minister of Energy is also the Minister who 

supervises and is responsible for the Atomic Energy Control Act 

(Canada), and the AECB, there has been considerable criticism to 

the effect that as both regulator and proponent of the Canadian 

nuclear industry the Minister of Energy, and thus by extension the 

AECB, lacks the independence to effectively regulate the nuclear 

industry. Furthermore, it is argued that this situation is 

further aggravated in that the AECB, while being primarily a 

regulatory body, has the authority via s. 8(e) of the Act to 

grant funds for research and investigations with respect to atomic 

energy, which is viewed by some as constituting promotion of the 

nuclear industry. 
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5.4 AECB 

It has been argued forcibly by some that the AECB1s dual 

powers to promote and regulate the Canadian nuclear industry 

combined with very limited public involvement in its proceedings, 

its power to keep information from public scrutiny, and the 

Minister's broad overriding powers under s. 7 given his dual role 

with respect to the Canadian nuclear industry has led to an 

undermining of the AECB1s credibility with the general public. 

This criticism exists despite AECB's stringent licensing 

practices. It does not stem so much from immediate criticism over 

demonstrated failings, as from increased concern with the adequacy 

of present checks and balances in view of the potentially 

catastrophic results of error or bad judgement. One is reminded 

of the basic principle of the common law judicial system that 

"justice must not only be done but must also be seen to be done". 

In order to ensure that "justice is seen to be done", 

the legal system has developed the following features: 

1. The person making a decision must be independent from 

the persons arguing it. In the licensing of nuclear 

reactors, the AECB, in addition to making the decision, 

also acts (albeit through its staff and committees) as 

the party presenting argument. Further, the power of 
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the Minister of Energy and the Federal Cabinet to 

influence and direct the work of AECB creates some 

unease. 

2. The hearing on which the decision is based is, as a 

general rule, to be held in public. There are 

exceptions in cases involving commercially confidential 

information, or where national security becomes an 

issue. Again, as noted, AECB decisions do not require 

public hearings. 

In some respects, of course, the licensing of nuclear 

facilities is unique and it may therefore be argued that these 

general principles are not entirely appropriate. In the quest to 

ensure that "justice is seen to be done" we must not forget that 

the overriding aim is "to do justice". 

As far as "publicity" is concerned it is arguable that 

so much of the regulatory process relating to nuclear reactors 

falls into the area of commercial confidentiality and national 

security, which should and normally would be dealt with at in 

camera hearings, that to have a public hearing on the balance 

would be meaningless. Since much of the criticism seems to be 

about a lack of public debate over the need for and safety of 

nuclear power generation in general, it may be that a public 

hearing on this issue perhaps by a body other than the AECB, would 
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be helpful. Further, we understand that the AECB is moving 

towards holding some public hearings and it may be that as 

experience on what areas are useful and appropriate to open to 

public hearings is accumulated, requirements for greater public 

involvement in hearings could be provided for in the legislation. 

The criticism that the AECB reports to and must take 

direction from the Minister of Energy, who in turn is responsible 

for the very agencies that in practice are proponents before the 

AECB, may be addressed in part by transferring the Atomic Energy 

Control Act (Canada) to the administrative responsibility of 

another minister. 

However, the power of Cabinet to direct and control the 

board is not as easily dealt with. It is arguable that the issues 

relating to the regulation of nuclear reactors, because of the 

complexities, international responsibilities, and national 

security interests, are not directly comparable to the regulation 

of other areas of activity of utilities, and that the Cabinet, 

which in fact has overall responsibility for a number of important 

national issues, is the appropriate body to be ultimately 

responsible. 

Similarly, it may not be feasible to separate the AECB1s 

analysis function from its decision making function. One 
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possibility would be to require the existing AECB staff and 

committees to report to a body separate from the AECB which would 

have the mandate to challenge applications submitted to the AECB. 

This may require- the AECB to have some duplicate staff to ensure 

in-house expertise. While such duplication may be beneficial, the 

pool of expertise in Canada in the design, licensing and operation 

of nuclear reactors may not be sufficiently large to supply all 

the personnel so required. Also, there is no evidence of which we 

are aware to indicate that the existing arrangement lessens the 

scrutiny to which applications are submitted. An alternative may 

be to enlarge the expertise and social awareness of the AECB by 

appointing people with varied disciplines. We understand that 

steps along these lines have been taken. 
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6. FEDERAL LEGISLATION AND PROVINCIAL CROWN CORPORATIONS 

Ontario Hydro is a provincial Crown corporation, with 

powers as set out in the Ontario Power Corporation Act, R.S.O. 

1980, c.384. 

The regulation by one jurisdiction, such as the federal 

Parliament, of Crown Corporations created by legislation of 

another "sovereign" jurisdiction, such as the Province of Ontario, 

is subject to certain legal complexities, but, in summary, 

provincial Crown corporations can be bound by federal legislation 

when they operate in areas of federal legislative jurisdiction 

provided that certain legislative requirements are met. The basic 

requirement is that the legislation must have been clearly 

intended to bind manifestations of the Crown. 

The Crown enjoys various prerogatives and immunities 

which generally also apply to Crown agencies. Since the Atomic 

Energy Control Act (Canada) does not expressly state that it is 

binding on the Crown, a question arises as to whether it applies 

to Ontario Hydro's CANDU reactors. If it does not, Hydro could at 

any time refuse to comply with the Act and with the requirements 

of the AECB. 
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The Supreme Court of Canada expressed this issue clearly 

in R. v. Eldorado Nuclear Limited/ R. v. Uranium Canada Limited 

(1984), 4 D.L.R. (4th) 193 (S.C.C.) at page 200 as follows: 

This Court is not, however, entitled to 
question the basic concept of Crown 
immunity, for parliament has unequivocally 
adopted the premise that the Crown is 
prima facie immune. The Court must give 
effect to the statutory direction that the 
Crown is not bound unless it is 'mentioned 
or referred to' in the enactment. 

The common law considerations in this area begin with 

the Privy Council's statements in Province of Bombay v. City of 

Bombay, [1947] A.C. 58 (P.C.) at page 62-63 that: 

no statute bound the Crown unless the 
Crown was expressly named therein. 
...But the rule so laid down is subject 
to at least one exception. The Crown may 
be bound, as has often been said, "by 
necessary implication". If... it is 
manifest from the very terms of the 
statute, that it was the intention of the 
Legislature that the Crown should be 
bound, then the result is the same as if 
the Crown has been expressly named... 
...If it can be affirmed that, at the 
time when the statute was passed..., it 
was apparent from its terms that its 
bénéficient purpose must be wholly 
frustrated unless the Crown were bound, 
then it may be inferred that the Crown 
has agreed to be bound. 

This common law doctrine was considered by the Supreme 

Court of Canada in Her Majesty In Right of The Province of Alberta 



- 39 -

v. Canadian Transport Commission, [1978] 1 S.C.R. 61 (S.C.C.) 

where the Court decided that the federal Aeronautics Act, R.S.C. 

1979, 1970, c.A-3 would not be frustrated if the Alberta 

Government did not comply with regulations which the Aeronautics 

Act authorized the Canadian Transport Commission to make. How

ever, the primary basis of the decision was centered on section 16 

of the federal Interpretation Act, R.S.C. 1970, c.l-23 which reads 

as follows: 

No enactment is binding on Her Majesty or 
affects Her Majesty or Her Majesty's 
rights or prerogatives in any manner, 
except only as therein mentioned or 
referred to. 

In dealing with s.16 Chief Justice Laskin, who delivered 

the decision of the Majority of the Court concluded at page 75 

that: 

...the present s.16 tit was restated in 
1968], if it is to be considered as 
referring to the Crown in right of Province 
as well as to the Crown in right of Canada, 
goes farther than the superseded provision 
to protect the Crown from subjection to 
legislation in which it is not clearly 
mentioned... 
It seems to me...that "necessary 
implication" is excluded if it is necessary 
that the Crown be mentioned or referred to 
in legislation before it becomes binding' on 
the Crown. 
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The Court found that the common law "necessary implication" 

principle could not be applied to bind the Alberta Government, 

and this conclusion, given s.16, released the Alberta Government 

from the regulations of the Canadian Transport Commission. 

Furthermore, in JR. v. Eldorado (1984), 4 D.L.R. (4th) 

193 (S.C.C.) the Supreme Court concluded at pages 199-201 that: 

...it is clear that the current common 
law position embraces a broad notion of 
Crown immunity... 
...Parliament has followed the lead of 
the common law, and taken the 
development one step further. Section 
16 of the Interpretation Act removes 
even the necessary implication 
exception... 
...The Combines Investigation Act 
contains no section purporting to make 
the Act applicable to Her Majesty. 
Prima facie then, because of s.16 of the 
Interpretation Act, the Combines 
Investigation Act is not binding on the 
Crown... 
...Section 16 of the Interpretation Act 
requires an express provision to make an 
act binding on the Crown. 

(It may be noted that the Combines Investigation Act, as 

amended by S.C. 1986, c.26, now includes a provision (s.2.1 of the 

present Competition Act) which expressly binds "an agent of Her 

Majesty in right of Canada or a province" in specified cases.) 

\ 
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Unfortunately, some confusion exists as to the interpretation 

of the Supreme Court's decision in R. v. Eldorado. In Re Alberta 

Government Telephones and C.R.T.C. (1985), 15 D.L.R. (4th) 515 

(F.C.T.D.) Madam-Justice Reed, in concluding that the applicant 

was not bound by the Railway Act, R.S.C. 1970, c.R-2 because it 

was an agent of the Crown (provincial) and the legislation did not 

expressly state that it was intended to bind the Crown, went 

further to say that it was also not bound by "necessary 

implication". Counsel for the applicant relied on the Supreme 

Court decisions in Canadian Transport Commission and Eldorado to 

argue that the "necessary implication" doctrine should now be 

considered dead. However, Madam Justice Reed concluded at page 

542 that: 

while the facts in the two cases mentioned 
may not have been such as to substantiate a 
finding of necessary implication, I am not 
entirely convinced that the Supreme Court 
intended to rule out the necessary 
implication doctrine as completely as 
counsel...contends. 

Madam Justice Reed, however, went on to say that: 

In any event, it will not be necessary to 
decide whether the Supreme Court has in fact 
gone as far as counsel...contends unless 
there is a convincing argument based on the 
text of the relevant legislation that the 
Crown provincial is bound as a matter of 
necessary implication. 
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The Court did not find an argument for "necessary implication" 

arising out of the textual provisions of the statute and the 

matter of whether the doctrine nay still be applied in other cases 

was thus left unresolved. The Federal Court of Appeal in CNCP 

Telecommunications v. Alberta Government Telephones and CRTC 

(1986), 63 N.R. 374 (F.C.A.) overturned the Trial Division on 

another point of contention and did not clarify or resolve the 

issue regarding "necessary implication". 

The preceding discussion is important for our review of 

nuclear regulation in Canada, and particularly with regard to 

Ontario Hydro's reactors, because the primary legislation 

governing nuclear regulation, the Atomic Energy Control Act, does 

not have a section which expressly binds the Crown. On the other 

hand, the Act is probably as good an example for the use of the 

"necessary implication" doctrine as any. 

As noted above, when the Act was drafted security, 

federal involvement and wartime activity appear to have been the 

chief concerns of Parliament. Federal involvement at this time 

led to the creation of a Crown corporation in the nuclear 

industry, Eldorado Mining and Refining Limited. The wartime 

legacy, combined with post-war international concerns, led to 
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Canadian "uclear policies aimed at governmental ownership of the 

nuclear industry. 

In light of the history of the Act, the subject matter 

concerned, and the extreme government and Crown corporation 

involvement in both the nuclear industry and the regulation 

thereof, the "beneficent purpose" of the Act could well "be wholly 

frustrated unless the Crown were bound". Madam Justice Reed 

observed as follows in Re Alberta Government Telephones at page 

539-540: 

the omission in a federal statute of a section 
expressly binding the Crown provincial is 
[not] always the product of a conscious 
decision by Parliament that the provincial 
Crown should not be bound. More likely it is 
the failure of anybody to consider the 
question... 

This could well have been the case with the Atomic Energy Control 

Act (Canada) since the later primary federal statute governing the 

nuclear industry, the Nuclear Liability Act, does contain a 

provision (s.33) expressly binding the Crown. 

In light of the Supreme Court's recent comments 

regarding the validity of the "necessary implication" doctrine, 

and in order to remove possible ambiguity, we would suggest that 

the Atomic Energy Control Act (Canada) be amended in order to 
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expressly bind agents of Her Majesty in right of Canada and the 

provinces in order to confirm the validity of the AEC Act as 

legislation governing Ontario Hydro's CANDU nuclear reactors. 
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7. BILL C-14 - THE NUCLEAR CONTROL AND ADMINISTRATION ACT 

The federal Government, in November of 1977, introduced 

Bill C-14 entitled "The Nuclear Control and Administration Act" to 

replace the Atomic Energy Control Act (Canada). While the Bill 

was never enacted and has not since that time been reintroduced, 

it is important in that it sought to deal with a number of the 

criticisms and perceived shortcomings of the Atomic Energy Control 

Act. The following is a brief summary of some of the important 

features of the Act. 

1. The Bill provided for the separation of the regulatory 

aspects of the nuclear industry from those related to its 

promotion and commercialization. Part I dealt with the control of 

the health, safety, security and environmental aspects of nuclear 

energy and Part II dealt with the commercial and promotional 

aspects of the development and the use of nuclear energy. 

2. Different Ministers were assigned responsibility for 

Part I and part II of the Act. 

3. The Nuclear Control Board (the "Board") was established 

under Part I to replace the AECB. 
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4. The membership of the Board was enlarged to be not less 

than five and not more than nine, of whom not less than two and 

not more than five were to be appointed on a full-time basis 

(Section 6). 

5. An owner, shareholder, director or officer, partner, 

debenture or security holder in a corporation promoting or selling 

nuclear material, equipment or facilities was precluded from being 

named a member to the Board (Section 10). 

6. The objects of the Board, set out in section 2, were 

enlarged to include ensuring the preservation of health and safety 

of persons and the protection of the environment, in addition to 

the mandate of the AECB respecting national security and ensuring 

that nuclear energy is used for peaceful purposes in compliance 

with international controls. The Board was also charged with 

acting as a source of information for the public on matters 

relating to the health, safety and environmental aspects of 

nuclear energy. 

7. The Bill also sought to deal with the question of public 

hearings and public involvement in the regulatory process. 

Section 32 gave the Board discretion to hold hearings where it 

deemed it desireable and specified that the Board must hold a 

hearing in connection with the issuance of a construction licence 

for a nuclear reactor having power greater than 1 megawatt 
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(thermal). Section 35 also provided for notices to the public of 

nuclear facilities licence applications and of the issue, refusal 

to issue, amendment, renewal, suspension, or revocation of a 

nuclear facility licence. 

8. Section 28 extended considerably the power of the Board 

by allowing it to take over operation of a facility which was 

abandoned or in situations where it was unreasonable or 

impractical to require the operator to continue to operate or 

supervise the facility. 

9. The Bill, for the first time, would have imposed 

liability on persons responsible for environmental contamination 

to clean up such contamination and allowed the Board to step in 

and take over clean-up operations. A Radioactive Decontamination 

Fund was to be established to pay for such clean-ups. 

10. Finally, the Bill was expressly stated to be binding on 

both the Provincial and the Federal Crown (Section 4). 

The Bill serves as a good model for a revised regulatory 

scheme. 
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8. RELEVANT ENVIRONMENTAL STATUTES AND THEIR APPLICATION TO 
THE REGULATION OF THE CANADIAN NUCLEAR INDUSTRY 

Another area of regulation which must be touched upon 

with regard to the Canadian nuclear industry, and Ontario's CANDU 

reactors, is the field of environmental regulation. At present 

Ontario has the strictest environmental legislation in the country 

(including the federal jurisdiction) and Ontario Hydro is the most 

experienced utility in the Canadian nuclear power business. 

However, as previously discussed, the decisions in Pronto and 

Denison, which granted the federal government formal jurisdiction 

over all aspects of atomic energy, possibly preclude or limit the 

application of provincial environmental controls to nuclear 

power. 

Despite the federal government's constitutional 

authority to legislate with regard to nuclear matters, the "pith 

and substance doctrine" of Canadian constitutional law allows a 

lav/ enacted "in relation to" a matter within a specific area of 

jurisdictional competence to incidentally affect matters beyond 

such competence where there is a "rational connection" between the 

matters (Papp v. Papp, and Multiple Access Ltd. v. McCutcheon, 

[1982] 2 S.C.R. 161 (S.C.C.)) or where it is "essential" to the 

legislative scheme (Regional Municipality of Peel v. Mackenzie et 

al., [1982] 2 S.C.R. 9 (S.C.C.)). Therefore, it is possible that 
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the provisions of Ontario's environmental statutes which apply to 

radioactive contaminants or pollutants may be valid, federal 

competence regarding atomic energy notwithstanding, where the 

statutes themselves purport to be enacted for the protection of 

the environment. 

The principal Ontario environmental statutes concerned 

with the regulation of the nuclear industry are the Environmental 

Protection Act, R.S.O. 1980, c.141, the Environmental Assessment 

Act, R.S.O. 1980, c.140 and the Ontario Water Resources Act, 

R.S.O. 1980, c.361. 

8.1 The Environmental Assessment Act (Ontario) 

The Environmental Assessment Act provides for the 

assessment of projects by or on behalf of the government of 

Ontario, public bodies, or municipalities (s.3). The Act requires 

Ministerial approval for certain undertakings to proceed, approval 

which is based upon acceptance of an environmental assessment 

performed by the proponent of the undertaking (S.14(1) and 

s.6(l)). The Act makes it possible for public hearings to be held 

(s.l2(2) and s.19) and for research and testing to be done (s.32), 

but (as in the case of the Darlington facility) it also allows for 

the exemption of major public undertakings from complying with the 

assessment review process contained in the Act (s.29). 
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8.2 The Environmental Protection Act (Ontario) 

The Ontario Environmental Protection Act includes 

radiation in its definition of "contaminant" (s.l(l)(c)). 

Subsection 5(1) prohibits the discharge of any contaminant in 

excess of the prescribed amount into the environment and s,13(l) 

prohibits any discharge likely to damage the environment or harm 

individuals. Section 7 allows the Director to issue a "stop 

order" to a polluter. Subsections 12(1) and 14(1) require the 

person responsible for the discharge of a contaminant to 

"forthwith notify the Ministry". Section 16 allows the Minister 

to order all steps necessary to repair damage caused by a 

discharge/ and s.17 allows the Director appointed under the Act to 

make orders specifying the construction and/or provision of 

specified equipment, devices, etc. and the implementation of 

specified procedures at the project site, where he is of the 

opinion, on reasonable and probable grounds, that the undertaking 

is such that the discharge of a contaminant from it would impair 

the environment within the terms of s.l(l)(c) of the Act. 

The section 17 power is important to the case of a 

nuclear plant accident and there is no such power in either the 

Atomic Energy Control Act or the Nuclear Liability Act. Such a 

power backed up by a Nuclear De contamination Fund was proposed in 

Bill C-14. 
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Section 19 of the Act makes its provisions binding upon 

the Crown (although the Section fails to specify whether it is the 

Crown in right of Canada and/or the province) and ss.146 and 147 

set out penalties for contravention of the Act, which provide for 

substantial fines and penalties which may be imposed upon 

directors and officers of the corporation as well as upon the 

corporations themselves. 

While the Environmental Protection Act (Ontario) gives 

the Ontario Minister of the Environment broad powers, it appears 

that when read with the Atomic Energy Control Act the powers are 

more limited in connection with Hydro's generating stations. For 

example, the Ontario Minister could not override an AECB 

inspection directive issued to Hydro (subject of course to the 

concerns expressed in Section 6 of this memorandum). 

8.3 The Ontario Water Resources Act 

The Ontario Water Resources Act contains provisions 

similar in scope to those of the Environmental protection Act, 

such as S.16(1) which prohibits the deposit of any material that 

may impair the quality of the water and s,16(3) which indicates 

that the Minister must be notified forthwith of any such discharge 

or deposit. Subsection 18(1) of the Act allows the Director 

appointed pursuant to the Act to order any industrial or 
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commerical enterprise to have on hand any such equipment as it 

deems necessary in the public interest to alleviate the effects of 

any possible impairment of water. 

However, unlike the Environmental Protection Act, the 

Water Resources Act does not have a section which expressly binds 

the Crown. As such, the case of R. v. Eldorado Nuclear Ltd. 

(1982), 34 O.R. (2d) 243 (H.C.) highlights the importance of the 

Crown immunity privilege discussed in the preceding section of 

this memorandum. In the 1982 Eldorado case, Eldorado Nuclear was 

charged with breaching s.32 of the Water Resources Act: the 

Ontario High Court held that Eldorado could not be bound because 

the statute did not so expressly provide and there was 

insufficient support for a finding of "necessary implication". 

Therefore, presuming the first hurdle can be passed allowing 

Ontario environmental legislation to be applied with respect to 

nuclear contaminants and radioactive pollutants (that is, that 

they are not displaced by federal legislation) the statutes must, 

as well, be updated in order to ensure their applicability to 

Crown agencies. 
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8.4 The Environmental Contaminants Act (Canada) 

From the federal perspective the most important 

environmental legislation is the Environmental Contaminants Act, 

S.C. 1974-75-76, c.72 and the proposed Environmental Protection 

Act, Bill C-74, which at the time of writing is pending before the 

House of Commons. 

The Environmental Contaminants Act is essentially 

directed at chemical substances which may cause harm to the 

environment and does not specifically identify radiation or 

radioactivity as a contaminant. The main offence provision of the 

Act, s.8(l), deals specifically with "willful" release of 

contaminants. The Environmental Contaminants Act has not been 

considered to be a very effective tool in the curbing of 

environmental pollution, which is why the new Environmental 

Protection Bill (C-74) has been put forward. Although Bill C-74 

goes much further than the Act in an attempt to discourage 

polluting activity, it is not yet finalized and has been 

criticized for not being forceful enough. Bill C-74 does not 

specifically indicate radioactive materials as being covered, but 

concentrates on toxic substances defined in clause 11 as 

substances which may enter the environment in a quantity that may 

have an "effect on the environment that is likely to interfere 

with important biological processes" or constitute a danger to the 
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environment or human health. Clause 39 deals with the release of 

toxic substances specified by the Schedule to the Act and provides 

for a report on any release to be sent "as soon as possible" to 

the person specified by the regulations (para.(1)(a)), and for the 

individual who has charge of the substance before its release to 

take all reasonable emergency measures to reduce any danger to the 

environment or human health (clause (l)(b)). Paragraph 39(3) 

allows for a report on the release of toxic substances to be made 

to a provincially designated individual where there are provincial 

laws in force adequate to deal with the release. The offence 

provisions of Bill C-74 provide for stringent fines and possible 

prison terms for individual offenders or corporations and their 

directors and officers. Clause 53 of Bill C-74 provides that 

where no other Act of Parliament expressly provides for the making 

of regulations to protect the environment, and where the Act 

applies to a federal undertaking, the Governor in Council with the 

proper Minister's approval may make the applicable regulations. 

8.5 Federal Environmental Assessment Review Process (EARP) 

A final federal environmental program which should be 

mentioned is the federal Environmental Assessment Review Process 

which is administered by the Federal Environmental Assessment 

Review Office. This program was enacted by regulation passed 

pursuant to the Government Organization Act, S.C 1978-79, c. 13. 

No federal law requires programs of the federal government to 
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undertake an environmental assessment and EARP exists merely as an 

administrative procedure by which the environmental consequences 

of projects sponsored by federal departments and agencies or 

projects which are federally funded or for which federal lands are 

involved may be evaluated. This is a preliminary assessment 

procedure the results of which are to be utilized in future 

planning decisions. Unfortunately, federal Crown corporations 

such as Eldorado Nuclear Ltd. are not required, but instead are 

only invited, to participate. The decision to subject a project 

to EARP must come from the federal department or agency which 

intends to undertake the project. By leaving the decision open to 

the initiator as to whether or not a program should be assessed 

EARP has left itself open to much criticism. It would appear that 

public outcry is often the only way to ensure that an 

environmentally sensitive project gets properly assessed. 

From a legal perspective the EARP program is wanting in 

that since there is no legislation backing it up there is 

apparently no way other than political authority to force 

government agencies or departments to comply. Furthermore, the 

administrative nature of the program does not guarantee to the 

public any specific rights of involvement in the process. 

Finally, it is doubtful that the program could apply to 

the activities of a provincial Crown corporation such as Ontario 

Hydro. 
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9. EMERGENCY PLANNING - RELEVANT REGULATORY PROVISIONS 
AND THEIR APPLICATION 

9.1 Atomic Energy Control Regulations 

Section 21 of the Atomic Energy Control Regulations 

provides for the reporting of any occurrence likely to cause the 

exposure of any person to radiation. A complete report must be 

sent to the AECB; to the inspector appointed for that area, and to 

the Radiation Safety Adviser appointed pursuant to s.l6(l) of the 

Regulations (s.21(1)(e)). Subsection 21(2) provides that in the 

event of any occurrence described in s.21(l) the person in charge 

of the nuclear facility shall take all steps to minimize the 

exposure of any person and comply with any instructions given by 

the inspector appointed for the area. 

Section 12 of the Regulations provides for the appoint

ment of an inspector and S.12(3) provides, as indicated in s.21, 

that for any occurrence the person holding the licence must report 

to the inspector and take such action as the inspector deems 

necessary to minimize the consequences of the occurrence. 
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9.2 The Emergency Plans Act, 1983 (Ontario) 

The Mississauga train accident emphasized the need for 

Ontario to have emergency planning legislation to ensure adequate 

emergency measures in the event of major accidents and 

occurrences. At present the Ontario Emergency Plans Act, 1983 

S.O. 1983, c.30 forms the legal basis for emergency planning in 

Ontario. The provincial power to deal with emergencies is based, 

arguably, on ss.92(13) and 92(16) of the Constitution Act, 1867 

(ie. Property and Civil Rights in the Province, and Matters of a 

Merely Local or Private Nature in the Province). 

Section 3 of the Emergency Plans Act, 1983 allows 

municipalities to pass by-laws providing for necessary services in 

emergencies, and subsection 3(4) allows the Lieutenant Governor in 

Council (the Ontario Cabinet) to designate municipalities that 

"shall" have an emergency plan which covers the emergency so 

specified in the designation. 

Section 4 allows the head of council of a municipality 

to declare that an emergency exists and to take the actions 

necessary to implement that municipality's emergency plan. 

Section 6 of the Act provides that every Minister and 

each agency, board or commission of the government designated by 
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the Lieutenant Governor shall formulate an emergency plan in 

respect of any type of emergency assigned to it by the Lieutenant 

Governor. Subsection 6(2) states that an Emergency Planning 

Co-ordinator shall be appointed to help formulate the emergency 

plans falling under this section and to co-ordinate such plans, as 

far as possible, with municipal and federal government plans. 

Section 7 allows the Premier of Ontario to declare that 

"an emergency exists throughout Ontario or any part thereof" and 

to take such action as is necessary to implement the emergency 

plans formulated under s. 6 and 8. Subsection 7(3) allows the 

Premier, in an emergency, to subject the exercise by the 

municipality of its powers and duties in relation to the emergency 

to the direction and control of the Premier. This may occur 

whether or not the municipality is acting under its own emergency 

plan or procedures at that time. Subsection 7(4) allows the 

Premier to require assistance from any municipality not covered by 

the emergency declaration and the Premier may direct and control 

such assistance. 

Section 8 is the most important section for the purpose 

of this memorandum in that it deals specifically with nuclear 

emergencies. It reads as follows: 

8. The Lieutenant Governor in Council shall 
formulate an emergency plan respecting 
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emergencies arising in connection with nuclear 
facilities, and any provisions of an emergency 
plan of a municipality respecting such an 
emergency shall conform to the plan formulated 
by the Lieutenant Governor in Council and are 
subject to the approval of the Solicitor 
General and the Solicitor General may make 
such alterations as he considers necessary for 
the purpose of co-ordinating the plan with the 
plan formulated by the Lieutenant Governor in 
Council. 

Section 9 of the Act sets out what may constitute an 

emergency plan developed pursuant to the Act and s.13 allows the 

Solicitor General to make agreements with the federal Crown and 

other provinces for the provision of assistance during an 

emergency. Section 12 of the Act allows for a municipality or the 

provincial Crown to have a right of action, for recovery of the 

cost incurred in implementing an emergency plan, against any 

person who caused the emergency. As mentioned earlier, the 

Nuclear Liability Act imposes liability on and only on the 

Operator. Therefore, there might well be a conflict in a 

situation in which the province sought recovery from a person 

other than the Operator. If the Nuclear Liability Act (Canada) is 

held to be valid federal legislation, it is probable that the 

federal legislation would be paramount to and override the 

provincial Act in these circumstances. 

Pursuant to section 8 of the Act a new provincial 

Nuclear Emergency Plan has recently been issued (Ontario Ministry 
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of the Solicitor General, "Province of Ontario Nuclear Emergency 

Plan", Part I, Queen's Printer for Ontario, June 1986). As 

emphasized by the Nuclear Emergency Plan, the provincial 

government, the municipalities adjacent to nuclear facilities and 

Ontario Hydro all have vital responsibilities in emergency 

planning for nuclear accidents. The detailed responsibilities of 

each are spelled out in the Emergency Plan and, in general, are as 

follows: 

1. The Province, through the Ministry of the Solicitor 

General, has primary responsibility for the development and 

maintainance of off-site emergency preparedness; 

2. The municipalities have the responsibility to develop 

separate emergency plans and procedures not inconsistent with 

those of the Province to assist the Province in emergency planning 

and implementation; and 

3. Ontario Hydro is responsible for on-site emergency 

planning and the granting of assistance to the municipalities and 

province with respect to their emergency plans. Ontario Hydro 

must keep the provincial response body, which has overall 

responsibility for off-site control, with the municipal response 

group having responsibility for initial off-site decisions, the 
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federal government, the AECB and its representatives, and the 

general public informed. 

Although it appears that the Emergency Plans Act 

provides an adequate legal basis for emergency responses to a 

nuclear incident, there could be some measure of conflict for 

Ontario Hydro if, during a nuclear incident, it received 

instructions from both the Premier or his representative and the 

AEC3 or the inspector appointed to the facility in question. In 

the event of a conflict, in the sense that compliance with one 

requirement was inconsistent with another, it is probable that the 

federal requirements would be paramount with respect to on-site 

plans with the province controlling off-site planning. Although 

Ontario Hydro will establish its emergency procedures based on the 

responsibilities assigned to it by the Ontario Nuclear Emergency 

Plan it must still comply with the instructions given to it by the 

AECB inspector in the event of an occurrence. 

9.3 Bill C-76 the Emergency Preparedness Bill 

It may also be noted that Bill C-76 of the current 

session of parliament, the Emergency Preparedness Bill, provides 

for a body to "advance civil preparedness in Canada for 

emergencies of all types." However, this Bill is intended to 

encourage, support and assist provincial and local emergency plans 



- 62 -

rather than override them (s.7(3)) and to develop policies to 

achieve an appropriate state of national civil preparedness for 

emergencies by co-ordinating governments and government 

institutions at a national, provincial, local and international 

level. 

9.4 Bill C-77 Emergencies Act Bill 

Bill C-77 received first reading in the House of Commons 

on June 26, 1987. It replaces the War Measures Act and Part I 

deals with a "public welfare emergency" which, by the definition 

contained in Section 3, encompasses: 

"an emergency that is caused by a real or 
imminent ... accident or pollution ... and 
that results or may result in a danger to life 
or property, a social disruption, so serious as 
to be a national emergency." 

While the Act is aimed at emergencies on a national or 

multi-provincial scale, Subsection 12(2) allows the provisions of 

the Act to be invoked where only one province is affected if the 

Lieutenant Governor of that province (the provincial Cabinet) has 

indicated that the emergency exceeds the capacity of the province 

to deal with it. 
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The provisions of the Act are invoked by the Governor in 

Council (the federal Cabinet) declaring that a public welfare 

emergency exists, the particulars of it, the territorial extent 

and the anticipated temporary measures that may be necessary 

(Section 4). Once such declaration is in effect, the Governor in 

Council has broad order and regulatory powers under Section 6, 

among other things, to order evacuations; to requisition,to use or 

dispose of property; to direct the rendering of essential 

services; to regulate the distribution of essential goods, 

services and resources and to make emergency payments. 

The Act expressly binds the federal and the provincial 

Crown (Section 2(1)). 

The Act deals with possible conflicts between federal 

and provincial actions in an emergency by providing that: 

1. Consultation with the cabinets of affected 

provinces is to take place before any declaration 

of a public welfare emergency takes place (Section 

12(1)); 

2. The federal Cabinet's order and regulatory powers 

in respect of a declared public welfare emergency 

extending only over a specified area of Canada is 



- 64 -

to be exercised in a manner that will not unduly 

impair the capacity for the province to deal with 

an emergency declared under, for example, the 

Emergency Plans Act, 1983 of Ontario (Section 

6(2)); and 

3. Nothing is to derogate from provincial or municipal 

control and direction over their police forces 

(Section 7(1)). 

Thus, the Act, if enacted, could be invoked in the case 

of a disastrous nuclear reactor accident which affected or 

threatened to affect a number of provinces or even a large 

localized accident which the province felt it was unable to 

handle. It provides for consultation and attempts to reconcile 

competing provincial and federal authority but, with the exception 

of control over local police forces, in the case of a disagreement 

or conflict provides for federal paramountcy. 
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10. THE NUCLEAR LIABILITY ACT (CANADA) 

The Nuclear Liability Act addresses the question of 

liability for damages or injury attributable to certain types of 

nuclear accident. As discussed earlier, the validity of this Act 

is presently being challenged before the Courts. 

This Act places a duty on the operator to secure that no 

injury to any person or damage to the property of any person is 

occasioned as a result of nuclear material in or on its way to the 

nuclear facility or which is in storage in connection with the 

nuclear facility. "Operator" is defined as the holder of a 

licence issued under the Atomic Energy Control Act. The Act 

imposes strict liability on the operator by stating that the 

injured party need not prove fault or negligence (s.4). A 

sufficient relationship between a breach of duty and damage is 

deemed to exist where the injury or the damage is not reasonably 

separable from injury or damage that is causally linked to a 

breach of the operator's duty (s.6). 

Except for the right of recourse to insurance, which is 

discussed in more detail below, and the right of recourse against 

a person where the injury is caused by such person's unlawful act 

or omission with intent to cause injury or damage (s,12(b)), the 

operator has no right of recourse or indemnity against third 
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parties in respect of liability imposed on him under the Act 

(s.10). Further, no person other than the operator is liable for 

an injury or damage attributable to a breach of duty under the Act 

(s.ll). 

There are three general exceptions to the imposition of 

liability on the operator, namely: 

1. where the injury or damage occurs as a direct result of 

armed conflict in the course of war, invasion or 

insurrection (s.7); 

2. where the injury or damage to a person is caused by that 

person's unlawful act or omission with the intent to 

cause injury or damage (s.8); or 

3. where the damage is to property to be used with or in 

conjunction with the reactor on the premises of a 

nuclear installation (s.9(l)). 

A person who is injured or who has suffered damage must 

institute an action within three years of the time he knew or 

reasonably ought to have known of the injury or damage (s.13). 

The Act further limits actions to those that are brought within 

ten years of the date the cause of action arose (s.13). This 
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presumably is intended to refer back to the date of the accident 

although, according to law, causes of action are normally 

considered to arise when all of the elements necessary to make the 

claim, including-the damage or injury, are known or reasonably 

ought to have been known. In cases involving radiation there may 

be substantial delay between irradiation and perception of its 

damaging effects with the result that the 10 year limitation may 

in some cases deny compensation to victims of a nuclear accident. 

One way in which the Act attempts to ensure that funds 

are available to meet the liability imposed by the Act is to 

require that an operator obtain and maintain insurance for an 

aggregate amount of $75,000,000 for each nuclear installation 

(s.15). The definition of nuclear installation treats Pickering, 

for example, as one installation even though it contains more than 

one reactor. A portion of this $75,000,000 is to be placed with 

third party insurers and the remainder is either to be placed with 

third party insurers or may be re-insured by the Minister with the 

approval of the federal Treasury Board. A special account has 

been set up in this respect entitled Consolidated Revenue Fund -

Nuclear Liability Re-Insurance Account. 

The Act is worded in such a way as to effectively limit 

the total amount of damages to which the operator may become 
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liable to $75,000,000. This is accomplished through Part II of 

the Act and section 32. 

If the Governor in Council (the Federal Cabinet) is of 

the opinion that liability may exceed $75,000,000 he can issue a 

proclamation, the effect of which is to remove liability from the 

shoulders of the operator and to stay forever all proceedings 

against the operator (s.19). Once this proclamation is issued, a 

commission called the Nuclear Damage Claims Commission is 

established which then has the exclusive jurisdiction to hear and 

determine the amount of claims (s.24). The Cabinet has broad 

powers to allow interim financial assistance to be distributed 

(s.31) and to restrict and to otherwise limit the compensation 

that might or that can be awarded by the Commission (s.29). 

Under s.34 the operator is not liable for injury or 

damage occasioned outside Canada, unless the Cabinet declares a 

country to be a "reciprocating country" (s.34). In 1978, the 

United States of America was declared to be a reciprocating 

country for the purposes of the Act [see the order Declaring the 

United States to be a Reciprocating Country for Purposes of the 

Act, Appendix Item 2.6.1] 
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As noted above, the Nuclear Liability Act, unlike the 

Atomic Energy Control Act (Canada)„ expressly binds the Crown in 

right of a province and hence binds Hydro as an operator (s.33). 

Subject to: (i) the right of Cabinet to take away or 

limit compensation which would otherwise be available, (ii) the 

courts holding that the Act is unconstitutional in whole or in 

part, and (iii) the potential problems associated with the 10 year 

limitation contained in Section 13, the Nuclear Liability Act 

(Canada) provides a reasonable balance between the need for 

compensation and the need to limit it in order to avoid paralyzing 

the nuclear power generating industry. 
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11. CANADA'S INTERNATIONAL ATOMIC ENERGY RESPONSIBILITIES 

With respect to the regulation of Ontario Hydro's CANDU 

reactors, mention should be made of Canada's involvement in two 

international institutions: 

1) the International Atomic Energy Agency (IAEA}, and 

2) the Nuclear Non-Proliferation Treaty (NPT), [1970] UST 

483, TIAS No.6839 

The IAEA is a United Nations body established to 

monitor non-military nuclear reactors. As a signatory to the NPT, 

Canada is obligated to allow IAEA inspectors access to its nuclear 

facilities. IAEA inspectors scrutinize the handling and use of 

atomic fuels. These inspectors come from a reputable, independent 

body which seeks to develop adequate world-wide safety measures 

and standards. The IAEA has no power to compel member nations to 

correct violations of either its standards or of the NPT. It can 

only report violations to the U.N. Security Council and rely on 

the pressure of international public opinion. 

While not directly related to safety, these institutions 

provide safeguards in a wider sense by seeking to limit access to 

nuclear materials to those who intend to use them for strictly 



- 71 -

peaceful purposes and who adhere to the same international 

standards. 

In 1983 the Physical Security Regulations were enacted 

pursuant to s.9 of the Atomic Energy Control Act (Canada) to 

provide for the establishment and maintenance of security systems, 

equipment and procedures at nuclear facilities in order to fulfill 

Canada*a international obligations with respect to security at 

these facilities. These Regulations apply to all major nuclear 

reactors (over 10 megawatts during normal operation) and designate 

protected areas, the authority to enter such areas, and the 

various security personnel, equipment and programs required at 

such facilities. By limiting access to authorized and presumably 

trained individuals, inadvertent and malicious removal of nuclear 

material is controlled. 
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12. CONCLUSIONS AND RECOMMENDATIONS 

Despite the constitutional challenge currently being 

raised- regarding the Nuclear Liability Act, it may 

reasonably be assumed that all legislation currently in 

place dealing with the nuclear industry is 

constitutionally valid. 

It would be desirable to eliminate possible ambiguity by 

amending the Atomic Energy Control Act, the 

Environmental Protection Act and the Ontario Water 

Resources Act, to provide expressly that they bind 

agents of Her Majesty in right of Canada and the 

provinces. 

Public confidence that all reasonable steps have been 

taken to minimize the risk of nuclear damage would be 

enhanced if additional procedural checks and balances 

were put in place: 

(a) Techniques to permit increased and effective public 

participation in licensing processes should be 

explored, including funding and enhanced access to 

information. 
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(b) AECB should report to a Minister who is not charged 

with promoting nuclear energy and who is not in 

charge of Crown corporations such as AECL and 

Eldorado. 

(c) The AECB should have its mandate broadened to 

specifically give it responsibility for ensuring 

that nuclear reactors are safe environmentally and 

from a health perspective. 

(d) Powers of political authorities to direct the AECB 

should be subject to special accountability 

procedures. 

(e) Any reasonable steps that might maximize public 

assurance regarding the competence and independence 

of the members of the AECB should be adopted. 

(f) Procedures should be explored to encourage or 

require the reporting of concerns by informed 

individuals, including particularly all persons 

working in any part of the nuclear industry or its 

regulation, regarding unreasonable nuclear risks 

and potential remedies. Procedures might include 

financial incentives, assurances of 
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confidentiality/ and criminal penalties for 

failure to report. 

(g) Since recent nuclear reactor accidents have shown 

that human carelessness, neglect and complacency 

are serious problems, consideration might be given 

to enacting appropriate deterrents. Mechanisms 

such as criminal penalties, regular supervision and 

ongoing machine testing of operators while on duty 

might be considered. 

(h) Public hearings on environmental aspects of nuclear 

projects should be required, and powers to require 

the participation of all relevant persons should be 

provided. 
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3.3 Environmental Protection Act, R.S.O. 1980, c.141. 
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participation in international atomic energy control 
programs. 
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jurisdiction over civil causes of action. 

4.6 R. v. Crown Zellerbach Canada Limited, [1984] 2 W.W.R. 
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legislation might include provision creating new civil 
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4.9 Papp v. papp, [1970] 1 O.R. 331 (Ont. C.A.) — source of 
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Limitée, R. v. Uranium Canada Limited - Uranium Canada 
Limitée (1984), 4 D.L.R. (4th) 193 (S.C.C) — on the 
matter of Crown immunity and statutory application. 

4.11 Her Majesty in Right of the Province of Alberta v. 
Canadian Transport Commission, [1978] 1 S.C.R. 61 
(S.C.C.) — as above. 

4.12 Re Alberta Government Telephones and CRTC (1985), 15 
D.L.R. (4th) 515 (F.C.T.D.) — again, in the matter of 
Crown immunity. 

4.13 CNCP Telecommunications v. Alberta Government Telephones 
and CRTC (1986), 63 H.R. 374 (F.C.A.) — as above. 
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4.14 Multiple Access Ltd. v. McCutcheon, [1982] 2 S.C.R. 161 
(S.C.C.) — the "rational connection" criterion for 
legislation which incidentally affects a matter 
otherwise beyond legislative competence. 

4.15 Regional Muncipality of Peel v. MacKenzie et al., [1982] 
2 S.C.R. 9 (S.C.C.)— as above, but criterion stated is 
that matter be "essential" to legislative scheme. 

4.16 R. v. Eldorado Nuclear Ltd. (1982), 34 O.R. (2d) 243 
(H.C.) — Eldorado not bound by Ontario Water Resources 
Act since statute did not expressly bind Crown, and no 
"necessary implication" found in circumstances. 
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I. INTRODUCTION 

The primary objective of this study was to estimate the off-

site financial consequences of a severe accident at the Pickering 

Nuclear Power Station in P i c k e r i n g , Ontario, without 

consideration of the probability of the occurrence of such an 

accident. "Offsite costs" are considered for the purposes of 

this study to be those costs which directly affect the public or 

occur at locations outside the plant site. Indirect costs, while 

discussed in Section II, are not included in the estimation made 

for southern Ontario. The offsite consequences that are 

discussed in the succeeding sections include: radiation-induced 

health effects incurred by the public; population evacuation and 

relocation costs; crop and milk disposal costs; decontamination 

costs associated with farm and non-farm land and improvements; 

and land area interdiction costs. 

The estimation of these consequences was made using the 

MELCOR Accident Consequence Code System (MACCS), an updated 

version of the CRAC and CRAC2 code systems developed at Sandia 

National Laboratories in Alberquerque, New Mexico. Model rune 
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were made at the Center for Environment, Technology and 

Development (CENTED), Clark University, Worcester, Massachusetts. 

Site-specific data for an area 100km radius from Pickering, 

Ontario was provided as input to the model (see Section 111). 

The region was divided first by a series of concentric rings, 

spaced (from the centre) 1km apart (10), 2km apart (5), 5km apart 

(6) and 10km apart (5). The region was then divided into 22.5 

degree sections for a total of 416 spatial units, or subregions. 

All data was provided by subregion and then MACCS was run for two 

accident categories and five weather samples each over three 

directions (for a total of thirty scenarios) as well as a number 

of times within scenarios to test the sensitivity of the solution 

to certain key model variables. The three "directions" chosen 

represented the most likely wind direction (WSW), the direction 

(almost directly opposite) that could be expected to cause the 

greatest financial impact in the case of an accident (a "maximum 

case" scenario) and a third sector designed to complement the 

other two. The results of these runs are presented in Section 

VI. Conclusions that can be drawn from the case studies are 

presented in Section VII. 

A 



II. REVIEW OF EXISTIMG LITERATURE 

Studies on the offeite consequences of nuclear power 

accidents fall into two categories. Most deal with the direct 

costs of an accident, and all but two of these use the CRAC (or 

one of its successors, CRAC2 or MACCS) model developed at Sandla 

National Lab In New Mexico to estimate these costs. Although 

onsite and offsite costs are included in these studies, for the 

purposes of this review only the offslte cost component will be 

discussed. Many of these studies conclude, however, that the 

onsite costs of an accident may be higher than the offsite costs, 

although the conclusion may vary depending on the inclusion of 

health related costs. Consideration of the Indirect, or spinoff, 

costs, yields the opposite conclusion, and for this reason the 

Indirect costs form a separate category, even though only one 

attempt has been made to estimate these costs. 

A. Direct Iatpacts 

The first attempt to estimate the possible consequences of 

an accident at a nuclear power plant was undertaken by the U.S. 

Atomic Energy Commis sion ( 1 957 ) . The study gave very rough 

estimates of personal injuries, relocation expenses and property 

damages of a major accident through consultation with experts in 

the field of reactor technology and safety. The study concluded 

that personal injuries and deaths could vary from zero to 3400 
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deaths and 43,000 injuries and property damage from $500,000 to 

$7 billion, although these estimates were quite subjective. 

The initial attempt to model the economic risks associated 

with an accident at a nuclear power site was sponsored by the 

U . S . Nuclear R e g u l a t o r y Commission (1975a,b>. Titled the 

"Reactor Safety Study" the study estimated the risks to the 

public from the operation of a nuclear power plant and compared 

these to other risks faced by the public. Economic risks and 

their associated costs were based on estimations calculated with 

the Calculation of Reactor Accident Consequence (CRAC) model. 

The CRAC code provided estimates of the direct, offsite 

costs associated with a nuclear accident and included the 

evacuation of residents living in the contaminated area, disposal 

of crops and dairy products, the decontamination of land and 

buildings, the relocation of individuals on a long-term basis, 

and the interdiction of land and production processes in the 

contaminated area. Release and deposition of certain isotopes 

(particularly Cs-134 and Cs-137) dictated the need for land 

interdiction and decontamination. In the original CRAC model, 

land interdiction costs typically made up the greatest portion of 

total costs, accounting for about 60%, while decontamination 

accounted for 20% of the total cost, and evacuation and crop and 

milk disposal accounted for 10% each (U.S. Nuclear Regulatory 

Commission, 1977; Burke, et al., 1984). 

Concern over the public health risks associated with a 

nuclear accident eventuated a new version of the CRAC model, 
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labelled CRAC2 (Ritchie, et al. 19 8 4 ) . In addition to the 

information on the offsite economic costs provided by the earlier 

version, CRAC2 yielded specific estimates of the health effects 

of an accident, although the economic costs of health effects, as 

well as onsite costs, costs of litigation and indirect costs were 

still excluded from the model. Using CRAC2, Strip (1982) 

estimated the offsite financial costs of five types of accidents 

for 91 nuclear power plant sites in the U.S. Economic effects 

included: lost wages; relocation expenses of the evacuated 

population; decontamination costs, loss of crops and milk, and 

interdicted land costs. In sum, these were labelled, "property 

damage." CRAC2 also calculated three major types of public 

health effects: prompt fatalities; early injuries; and latent 

cancer fatalities. Once these health effects were estimated, 

Strip (1982) attached financial costs to the health effects by 

using empirical values of society's willingness to expend 

resources to avert a death. The values chosen were $1 million 

for prompt fatalities and $100,000 for early injuries and latent 

cancers (see the discussion in part C, below). Estimates made 

for the Indian Point Power Plant, approximately 40 miles north of 

New York. City, showed the total health costs to be only 17* of 

the total property damage. On other sites, public health costs 

averaged between 10% and 17% of the total estimated property 

damage . 

Although outside the purview of the CRAC2 model, Strip 

(1982) also estimated the onsite financial consequences of an 
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accident at the 91 sites. Again using Indian Point as an 

example, the onsite costs dominated offeite costs for all but the 

most severe accident (involving severe core damage and a severe 

direct breach of containment). For this type of accident, 

offsite costs comprised 63% of the total costs. 

Burke, et al. (1984) developed a set of new models that were 

designed after the original CRAC codes, but allowed for more 

flexibility in operation and accuracy in supplying input data for 

the offsite cost estimations. Although the onsite component was 

the major emphasis, a prototype offsite economic consequence 

model was developed and used i.® estimate the consequences of a 

severe accident at the Surry Nuclear Power Station. Comparisons 

to estimates generated by the CI;AC2 model were also made for the 

Surry site. Table 1 provides a comparison of the values for the 

various offsite cost components between the CRAC2 model and the 

"new model." This latter model was eventually incorporated into 

the MELCOR risk assessment code series and was used as the base 

model for the southern Ontario case study described below. 
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Table 1. Offslte cost estimates froi a catastrophic accident at 
the Surry Nuclear Power Station: a comparison of CRAC2 
and the new aodel. 

CRAC2 New Model 
Cost Component (million $) (million $) 

Evacuation 3.0 4.5 

Emergency Phase Relocation - 23.0 

Intermediate Phase Relocation - 86.0 

Agricultural Product Disposal 80.0 91.0 

Population Relocation 
During Decontamination - 93.0 

Land and Property 

Decontamination 420.0 660.0 

Land and Property Interdiction 190.0 160.0 

Interdicted Population 
Relocation 49.0 26.0 

Offsite Health Effects - 150.0 

Total Offeite Costs 742.0 1293.5 

Source: Burke, et al., 1984. 
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The most recent use of this model — aside from the present 

study - was a set of reports by the U.S. General Accounting 

Office (1987a, b) aimed at estimating the offsite financial 

consequences of a catastrophic accident at all of the nuclear 

power stations in the United States to assist congressional 

committees in reassessing liability protection provided by the 

Price-Anderson Act. This act establishes a source of funds to 

compensate individuals for personal injury and property damage in 

the case of a nuclear accident and sets limits of liability for 

the private companies involved in such an accident. Estimates 

ranged from a low of 67 million dollars to a high of over 15 

billion dollars (at Indian Point). Total personal injury costs 

accounted for between 12 and 18 percent of the total costs, a 

finding not unlike Strip (1982) as mentioned above. 

Two other studies, discussed in much detail in Burke, et al 

(1984) use models different than CRAC and its successors to 

estimate the financial consequences -of a nuclear power accident. 

Clarke and Kelly (1981) and Clark and Dionan (1982) developed a 

model known as ECONO-MARC for the U.K. that assesses the costs of 

emergency countermeaeures taken after an accident by assuming the 

costs will be a function of the area's contribution to gross 

domestic product(GDP) prior to the accident. Since GDP generally 

reflects the level of economic activity in a region, evacuation 

of the public, lose of agricultural products and population 

relocation will all result in a lower GDP, which can be used as a 

general measure of the financial consequences of an accident. As 
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B u r k e , et al (1984) note, ECONÛ-MARC provides a broad 

macroeconomic measure of offsite impacts and is not comparable 

with CRAC, which has a microeconomic base and is specific to the 

U.S. 

The remaining study of the direct, offsite consequences of 

an accident at a nuclear power station estimates the impact on 

industries using a regional input-output system of accounts 

(Cartwright, et al., 1981, 1982). The model provides estimates 

of economic impacts by sector according to the number of Jobs 

lost as a result of an accident. The standard problems with 

input-output analysis and the incompatibility of the regional 

economic data and the area impacted by the accident severely 

limits the usefulness of this type of analysis. 

B. Indirect Impacts 

The literature on the direct financial consequences of a 

nuclear power accident remains ambiguous as to the relative size 

of offsite versus onsite costs. Only in the case of a 

catastrophic accident, it seems, do offsite costs outweigh the 

onsite component. None of these studies, however, include the 

possible economy-wide effects of a severe accident due to, for 

example, adverse public opinion, concern from investors or 

regulatory changes that might occur after such an accident. 

While most studies allude to the existence of these indirect 

effects, to date only Heleing and George (1985) have attempted to 

estimate these costs. 
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Using four different regulatory options and three accident 

severity categories, event tree analysis was used to estimate 

probability values associated with the events and assign cost 

outcomes. The regulatory options included a total moratorium on 

all nuclear power plant construction and operation; a partial 

moratorium allowing no more construction but continued operation 

at existing plants; stricter regulations; and no changes in the 

regulations. The three accident types were a severe core damage 

incident; a complete core melt; and a catastrophic accident which 

allowed an atmospheric release of contamination. The costs of 

alternative scenarios were then estimated and compared to 

existing onsite and offsite cost estimates. 

Heising and George (1985) used a figure of $1 billion for 

the onsite costs of a severe core damage incident and $3 billion 

for the other two accident types. Offsite costs were estimated 

by doubling the values from the Reactor Safety Study (U.S. 

Nuclear Regulatory Commission, 1975a-) and found to be similar to 

the onsite costs, at $3 billion. The costs of early fatalities, 

early injuries and cancers were ignored. By comparison, the 

costs of decommissioning plants alone, which would result in the 

case of a complete or partial moratorium, would be between $74 

billion and $20 b 1 }. "> j o n . The authors note that converting 

nuclear plants to convent iotsal power plants was not considered 

and that these estimates may be artificially high. 

After assigning probabilities to the various events and 

integrating the cost components, Heising and George (1985) were 
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able to calculate the financial risk to the U.S. of a reactor 

accident. They concluded that each reactor was carrying an 

expected value financial risk of approximately 400 million 

dollars per reactor-year, which represents less than one percent 

of the income from the electric sector alone, and that the costs 

of maintaining a nuclear component in the U.S. was indeed quite 

low. 

C. Public Health Effects 

Assigning a monetary value to the health effects resulting 

from a nuclear accident has been a difficult task, and no single 

method has been accepted by all researchers, Judging by the 

different values used. One method is to impute the value of a 

life from estimating societal preferences for avoiding or 

reducing health effects risks (Cohen, 1981). As Strip (1982) 

notes, however, this leads to widely varying values of human 

lives, from $10,000 to several million dollars. The method used 

by Strip (1982) and Burke et al. (1984) evaluates the medical 

costs and the loss in productivity to an individual as the result 

of an accident. This is analogous to estimating the value of an 

individual's (or society's) willingness to expend resources to 

avert a death. Strip (1982) used values of $1 million for prompt 

fatalities and $100,000 for early injuries and cancers. Burke, 

et al. (1984) used values estimated by Nieves, et al. (1983) to 

develop a more complete list of the costs associated with various 

early injuries and latent cancers. These values are presented in 

13 



Table 2. The present study used these figures In calculating the 

total health costs associated with an accident at Pickering. In 

the southern Ontario example the health effects account for a 

lower percentage of total costs than most of the examples from 

the U.S. In one case, however, the health costs exceeded 70% of 

the total. Accordingly, the results in these cases can be quite 

sensitive to the values assigned to prompt fatalities, injuries 

and cancers. This has been addressed in Section V. 

This section has provided a brief overview of past studies 

on the offsite financial consequences of a nuclear power 

accident. The remaining sections deal specifically with the 

costs of an accident at Pickering Nuclear Power Plant and the 

methods used to estimate these costs. 
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Table 2. Estimates of the financial costs of radiation-induced 
health effects. 

Medical Care and 
Lost Productivity 

Costs 
Health Effects ($1000 U.S.) 

Radiation Injuries 

Prodromal Vomiting 1 
Bone Harrow 129 
Lung Impairment 76 
Gastrointestinal 100 
Hypothyroidism 1 
Prenatal 281 

Cancers 

Leukemia 131 
Lung Cancer 27 
Gastrointestinal 25 
Breast Cancer 24 
Bone Cancer 118 
Others 24 

Prompt Fatalities 500 

Sources: Burke, et al. (1984); Nieves, et al. (1983). 
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III. THE HELCOR ACCIDENT CONSEQUENCE CODE SYSTEM (HACCS) 

A. Reasons for Using Computer Codes 

A computer code Can be a valuable resource for two very 

different reasons. One is technical: the code will perform a 

large number of tedious calculations. The importance of such 

computing power is that it becomes feasible to make comparisons 

and to perform sensitivity analyses. 1 one were only interested 

in reactor accident consequences (or any other issue subject to 

modeling) under a few readily specifiable conditions, it would be 

easier to do the calculations than to develop the code. But if 

one wants to compare accident consequences at many locations, 

under a range of weather and release conditions, then a computer 

code becomes virtually essential as a means of obtaining a 

sufficient and consistent set of calculations. The second value 

of a computer code stems from the social process which occurs in 

its development. The methods of estimation and the internal 

parameters used represent some sort of consensus values, at least 

for the subculture of experts engaged in modeling. 

B. CRAC and CRAC2 Model Codes 

One of the results of the original Reactor Safety Study 

(U.S. Nuclear Regulatory Commission, 1975a, b) was the development 

of a computer code to estimate the public consequences of 
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releases of radioactive material to the atmosphere. Titled the 

"Calculation of Reactor Accident Consequences" or "CRAC," the 

code was designed to evaluate the societal risks associated with 

potential accident at a generic nuclear plant site. The need to 

develop more "realistic" assessments of accident consequences 

eventuated an updated version of the CRAC model, known as CRAC2 

(Ritchie, et al. 1 9 8 4 ) . This model consists of a set of 

mathematical and statistical models that act to release 

radioactive material from the plant after an accident, move and 

disperse the material downwind and estimate the effects on the 

environment from the airborne and deposited material. Figure 1 

represents the sequence of models contained in CRAC2 and the two 

offsite consequences that are evaluated (health effects and 

property damage). 

C. The MACCS Model 

A decade of use has revealed numerous deficiencies in the 

CRAC codes: perhaps the most serious was its relative 

inflexibility for adaptation to the wide range of questions that 

were being asked. MACCS is a full scale update and revision of 

the CRAC codes. Its specific objectives were: 

1) to develop a code structure that is appropriate for 

performing uncertainty and sensitivity analyses; 2) to 

provide flexibility for performing site specific 

calculations; 3) to provide a modular structure that 
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permits incorporation of future modeling improvements; 

and 4) to permit consideration of other fuel cycle 

activities. (MACCS reference manual) 

Numerous improvements have also been included in the treatment of 

emergency response, dosimetry, especially from ground deposition, 

health effects analysis, and economic consequences. The 

structure of the model is the same as that of the CRAC codes and 

is shown in Figure 1. 

D. Inputs to the Model 

MACCS differs from CRAC in that seven separate modular 

program perform the calculations illustrated in Figure 1, and the 

input data and parameters for these calculations are easy to 

specify. Figure 2 shows the principal inputs used in the MACCS 

runs for southern Ontario. They include: 

- the core inventory of the Pickering reactor number 1 

- release fractions for two accident sequences 

- five sets of meteorological conditions with three 

wind directions (MACCS in its present form uses a 

straight line Gaussian dispersion model) 

- health effects probabilities 

- Canadian data on land use, population and land and 

crop values 

- U.S. estimates of decontamination costs 
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These inputs are described In more detail in the following 

sect ions. 
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IV. THE DEMOGRAPHIC, ECONOMIC AND LAHD USE IKPOT DATA USED TO 

RUN HACCS FOR SOUTHERN ONTARIO 

The HACCS model requires a geographic Information base 

structured by a series of concentric rings (radial annuli); up to 

34 rings of operator-specified distances from the power plant 

site. In turn, the region is then divided into 22.5 degree 

wedges or sectors that act to constrain the dispersion of 

radioactive material once it is released from the plant site. 

For the southern Ontario case study, 26 concentric rings were 

used, of varying distances from one another. Moving outward from 

the plant site, there were ten rings one km apart; five rings two 

km apart; six rings five km apart; and five rings ten km apart. 

This allowed for the estimation of consequences In a region 100km 

from the Pickering plant site, but not including the United 

States (see Figure 3 ) . 

Sixteen wedges were then mapped (only three are shown in 

Figure 3 ) , resulting in 416 spatial units or subregions for which 

data was required. Table 3 lists the data used for the economic 

consequences model and its source. Table 4 provides a listing of 

the values of the variables for sector L (see Figure 3) by 

subregion. All values are in 1981 Canadian dollars. 

In addition to the demographic, economic and land use data 

required for model runs, data on evacuation costs and 

decontamination costs were also needed. These data are not 

available for southern Ontario, and the default values in the 
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Table 3. Variables used in MACCS model runs for southern Ontario 
and the sources of information used for calibration. 

VARIABLE 
INFORMATION 

SOURCE 
LEVEL OF 

AGGREGATION 

Area 

Populati on 

m easurement 

Crop Land 

Dairy Land 

Value of Crops 

Value of Dairy 

Value of Land 

Fraction of Value 
in Improvements 

Fraction of Area 
that is Land 

1981 Census of Canada: 
population; selected 
characteristics. 

1981 Census of Canada: 
Use of Land. 

Statistics Canada: 
Small Area Data 
Program; 1981 Census, 
Use of Land. 

Ontario Agricultural 
Statistics, 1981. 

Ontario Ag. Statistics, 
1981; Statistics 
Canada Small Area 
Data Program• 

1981 Census of Canada: 
Selected Social and 
Econ. Characteristics 
Agriculture Ontario; 
Ontario Statistical 
Abstract; personal 
communication with 
municipalities; Ontario 
Assessment Office. 

measurement 

measurement 

census 
divis 
subdi 
enum. 
fed. 
d i s t r 

census 
conso 
subdi 

census 
conso 
subdi 

tracts, 
ions , 
visions; 
areas ; 

electoral 
ic ts . 
division, 
1i dated 
vision. 
division, 
1i dated 
vision. 

census division. 

census division; 
fed. electoral 
districts. 

census division, 
subdivision; 
municipal ; 
county. 
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Table 4. Baseline data for input to the HACCS BOdel: Sector L. 

Value of 
Sub- Area Cropland Dairyland Crops 

Region (acres) Population (acres) (acres) ($/acre) 

LI 
L2 
L3 
L4 
L5 
L6 
L7 
L8 
L9 
L10 
Lll 
L12 
L13 
L14 
L15 
L16 
L17 
L18 
L19 
L20 
L21 
L22 
L23 
L24 
L25 
L26 

48 
146 
243 
340 
437 
534 
631 
728 
825 
922 
2135 
2523 
2911 
3299 
3688 

10917 
13343 
15769 
18195 
20621 
23047 
53372 
63076 
72780 
82484 
92188 

111 
89 
271 

1954 
5095 
4642 
169 
223 
512 
141 

6484 
7768 
4393 

11437 
54105 
37976 
3438 

14453 
2611 
4176 
601 

3056 
5410 
5275 
4362 
90909 

18 
55 
98 
135 
172 
215 
252 
289 
458 
513 
1190 
1409 
1535 
1741 
1934 
6073 
7415 
8827 

10169 
11511 
12852 
26808 
24867 
34118 
38805 
70185 

2 
6 

11 
15 
19 
24 
28 
32 
64 
72 
167 
197 
215 
244 
271 
777 
949 

1130 
1302 
1473 
1645 
3914 
3631 
4981 
5666 
10247 

484 
484 
484 
484 
484 
484 
484 
484 
331 
331 
331 
331 
470 
470 
470 
373 
373 
373 
373 
373 
373 
192 
180 
181 
173 
190 

Dollars are expressed in 1981 Canadian dollars. All other 
figures are for 1981, as well. 
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Table 4 (con't). 

Value of Value of Fraction Fraction of 
Sub- Dairy Land of Value in Area that 

Region ($/acre) (1000$/acre) Improvements is Land 

Ll 
L2 
L3 
L4 
L5 
L6 
L7 
L8 
L9 
L10 
L U 
L12 
L U 
L14 
L15 
L16 
L17 
L18 
L19 
L20 
L21 
L22 
L23 
L24 
L25 
L26 

5 4 0 
5 4 0 
5 4 0 
5 4 0 
5 4 0 
5 4 0 
5 4 0 
5 4 0 
3 8 4 
3 8 4 
3 8 4 
3 8 4 
5 4 7 
5 4 7 
5 4 7 
4 2 8 
4 2 8 
4 2 8 
4 28 
4 2 8 
4 2 8 
2 2 4 
2 1 1 
2 1 2 
2 0 3 
2 2 2 

4 1 . 1 9 2 
3 5 . 9 8 2 
3 2 . 0 3 4 
3 3 . 3 2 3 
3 3 . 5 4 4 
3 2 . 2 1 
3 3 . 1 7 1 
3 3 . 4 5 9 
1 6 . 3 3 5 
1 6 . 2 8 6 
1 6 . 2 0 9 
1 6 . 1 4 
1 4 . 7 4 9 
1 4 . 7 3 1 
1 5 . 2 4 2 
1 1 . 3 4 4 
11 . 3 6 8 
11 . 2 0 5 
1 1 . 2 3 9 
1 1 . 2 6 7 
1 0 . 8 2 1 
1 2 . 8 4 4 
1 8 . 1 1 4 
1 1 . 9 0 2 
1 2 . 2 3 4 
1 0 . 3 3 1 

0 . 6 
0 . 4 
0 . 4 
0 . 8 
0 . 9 
0 . 9 
0 . 1 
0 . 1 
0 . 4 
0 . 1 
0 . 6 
0 . 6 
0 . 4 
0 . 6 
0 . 9 
0 . 6 
0 . 1 
0 . 4 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 1 

0 . 9 8 
0 . 9 4 
0 . 4 5 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 6 
0 . 9 8 
0 . 7 8 
0 . 6 
0 . 7 
0 . 9 
0 . 9 5 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 8 
0 . 9 
0 . 8 5 
0 . 9 
0 . 9 5 

Dollars are expressed in 1981 Canadian dollars. 

MACCS code, based on U.S. information were used. Values for 

prompt fatalitiesi early injuries and latent cancers were also 

based on U.S. studies and are illustrated in Table 2. These were 

converted to Canadian dollars and used as multipliers to 

calculate the health effects in dollar terms. 
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V. ACCIDEHT AND WEATHER SCENARIOS USED AS INPUTS TO HACCS 

The original reactor accident consequences study (tfASH 1400) 

presented its results as averages over a number of possible 

accident sequences, and over a year's worth of weather data. The 

capability to perform such averages was one of the design 

requirements of CRAC and it has been carried over into MACCS. A 

capability for averaging over reactor sites, however, has not 

been built into these models, though it would be relatively easy 

to augment MACCS in this .fashion. In our view, discussion of 

most public policy issues pertaining to nuclear power is better 

informed by descriptions of particular accidents than by averages 

over many very different possibilities whose relative weights are 

often shrouded in controversy. Accordingly, we have not used the 

averaging capability of HACCS, but have instead modeled a number 

of representative accident scenarios. They are to be taken as 

possible events that public policy should consider. The crucial 

determinants of the character of an accident are the amounts of 

radioactive material released and the meteorological conditions 

that act to disperse the material. 

A. Release characteristics 

There have as yet been no published studies of the 

likelihood and characteristics of severe accidents at CANDU 

reactors analogous to the U>S> study of light water reactors, the 

Rasmussen Report (WASH-1400) and a number of subsequent 
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p r o b a b i l i s t i c risk a n a l y s e s . Atomic Energy of Canada is 

presently preparing a first such study, but the results have not 

yet been released. Without anything to refer to, we have taken 

the position that a severe accident for a CANDU reactor, like 

other reactors, is one in which a substantial fraction of the 

volatile radioactive elements in the core are released. We have 

arbitrarily chosen tc use the release fractions of elements that 

c haracterize the accident "PWR-2" of the Rasmussen report, 

applied to the average core inventory of the Pickering reactor 

number o n e . The brief .presented by G. Thompson for ONSR 

indicates that severe accidents with releases of this order of 

magnitude can not and should not be ruled out of consideration. 

CANDU characteristics might lower release fractions a factor of 

two or three and prolong the duration of releases compared to 

light water reactor s e q u e n c e s ; h o w e v e r , uncertainties in 

consequences because of meteorology are much greater than such 

di f ferences. 

We have also modeled a severe design basis accident with 

characteristics provided to us by Ontario Hydro (ref. their 

ground contamination study). This accident is representative of 

the most severe accidents they consider for emergency planning. 

We have had to compress the release time to 24 hours because of 

the limited capability of MACCS; even for this compressed period 

the use of a fixed wind direction is unrealistic and tends to 

exaggerate consequences. The release fractions for the two 

accidents we have modeled are shown in Table 5. 
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B. Meteorological Conditions 

We have chosen three wind directions, directed toward 

sectors D, H and L (see Figure 3), and five combinations of wind 

speed and stability; two of the five examples include rain. The 

choices were intended to cover a range of reasonably common 

weather conditions including unstable, stable and neutral 

conditions, and wind speeds that occur frequently for each 

stability class. The list of choices is summarized in Table 6. 

A sample accident may now be identified by a three element code: 

the accident TD3, for instance, is read T = severe accident, D 

= wind blowing toward sector D, and 3 = the #3 weather 

conditions; CH2 = a small accident in the H sector, with the #2 

wind conditions. We also performed some runs with extremely low 

wind speeds, and they are labeled with an additional S, e.g., 

TD3-S. 
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Table 4. Release fractions for isotope groups. 

ACCIDENT 

GASES PWR - 2 (T) ONTARIO HYDRO (C) 

Noble Gases 90* 2.2* 

Iodines 77% .005% 

Cesiums 50* .005* 

Tellurium 30* .008* 

Strontium 6* -

Ruthenium 2* .00015* 

Table 5. Heather scenarios used in MACCS sodel runs. 

ACCUMULATED LAYER MIXING 
WEATHER WINDSPEED PRECIPITATION STABILITY HEIGHTS 
SAMPLE (m/sec.) (.01 in/hr.) CLASS (metres) 

1 4 0 B 2000 

2 8 10 D 1000 

3 4 0 E 400 

4 8 0 D 1000 

5 2 10 D 1000 
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VI. RESULTS OF HACCS MODEL RUMS FOR SOUTHERN ONTARIO 

As mentioned previously, there were two accident types, five 

weather scenarios and three directions for a total of 30 initial 

runs. Public health effects, direct financial costs and the 

sensitivity analysis ara included as separate sections, below. 

Most of the discussion centers on the catastrophic accident 

outcomes, as set forth in the initial objectives of the study. 

A. Health Effects 

Table 7 lists the health effects of a catastrophic accident 

at the Pickering Nuclear Generating Station with releases of 

radioactivity distributed to the D sector (towards Metropolitan 

Toronto - see Figure 3) under weather scenario 3 (hence, the 

notation TD3). Also included are the effects of a less severe 

accident, the Ontario Hydro-specified severe design-based 

accident (CD3). Output ia reported as prompt fatalities; three 

types of early injuries, prodromal vomiting, lung impairment and 

hypothyroidism; and five type3 of latent cancers, lung, breast, 

gastrointestinal, leukemia and bone. Table 8 lists the same 

health effects of the accident TD3, as well as the dollar values 

of the fatalities, cancers and injuries, using the multipliers 

listed in Table 2. 

The total number of health effects corresponding to the 30 

MACCS run3 are depicted in Table 9. Effects have been aggregated 

into prompt fatalities, early injuries and latent cancers. 
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T a b l e 7 . H e a l t h e f f e c t s f r o a a c a t a s t r o p h i c a c c i d e n t a t t h e 
P i c k e r i n g N u c l e a r P o w e r P l a n t a s g e n e r a t e d by HACCS: 
Runs TD3 and CD3. 

HEALTH EFFECT NUMBER OF CASES 

- T D 3 - -CD3-

P r o m p t F a t a l i t i e s 37.5 

Early Injuries 

prodromal vomiting 
lung impairment 
hypothyroidism 

8 1 1 
320 

4 8 8 0 

0 
0 
0 

C a n c e r D-aa ths 9700 3.8 

lung cancer 
breast cancer 
gastrointestinal 

cancer 
leukemia 
bone cancer 

1370 
3020 

3020 
768 
39 

1 .03 
0.429 

1.44 
1 .09 
0.287 
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Table 8. Health effect costs of a catastrophic accident at the 
Pickering Nuclear Power Plant: HACCS aodel run TD3. 

HEALTH 
EFFECT 

NUMBER 
OF CASES 

COSTS 
(million $ Cdn.) 

Prompt Fatalities 37.5 22.66 

Early Injuries 

prodromal vomiting 
lung impairment 
hypothyroidism 

811 
320 
4880 

0.97 
29.19 
5.85 

Total Cancer Deaths 9700 200.77 

lung cancer 
breast cancer 
gastrointestinal 

cancer 
leukemia 
bone cancer 
other 

1370 
3020 

3020 
768 
39 

1483 

44.4 
86.96 

90.6 
31 .24 
5.54 

44 . 46 
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T a b l e 9 . H e a l t h e f f e c t s r e s u l t i n g f r o » d i f f e r e n t a c c i d e n t 
s e q u e n c e s . 

ACCIDENT PROHPT EARLY LATENT 
SEQUENCE FATALITIES INJURIES CANCERS 

TD1 
TD2 
TD3 
TD4 
TD5 

TH1 
TH2 
TH3 
TH4 
TH5 

TLl 
TL2 
TL3 
TL4 
TL5 

Q 
0 
37.5 
0 
14.3 

1420 
1340 
3370 

0 
3410 

216 
333 
569 

0 
613 

5.12 
2.9 

6011 
0.143 

2028 

355.8 
722.7 

5990 
196.8 

7098 

189.5 
4153 
8780 

27.15 
4958 

6700 
13600 
9700 
6390 
9450 

415 
1180 
1020 
570 
1490 

1080 
2130 
2250 
1010 
2200 

CD1 0 0 0 . 8 3 5 
CD2 0 0 3 . 9 4 
CD3 0 0 3 . 8 0 
CD4 0 0 2 . 2 5 
CD5 0 0 4 . 2 5 

CHI 0 0 0 . 6 1 0 
CH2 0 0 2 . 1 3 
CH3 0 0 2 . 4 2 
CH4 0 0 1 . 2 4 
CH5 0 0 5 . 5 2 

CL1 0 0 0 . 3 3 1 
CL2 0 0 2 . 5 4 
CL3 0 0 2 . 7 3 
CL4 0 0 1 . 0 2 
CL5 0 0 3 . 1 7 
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Table 10. Total costs of health effects resulting froa different 
accident sequences. 

ACCIDENT PROMPT EARLY LATENT 
SEQUENCES FATALITIES INJURIES CANCERS 

(all values are in million 1981 SCdn.) 

TD1 
TD2 
TD3 
TD4 
TD5 

TH1 
TH2 
TH3 
TH4 
TH5 

TL1 
TL2 
TL3 
TL4 
TL5 

0 
0 

22.5 
0 
8.58 

852 
804 

20.2 2 
0 

2046 

129.6 
199.8 
341.4 

0 
367.8 

.01 

.16 
47.95 

.007 
16.224 

4.26 
5.78 
47.92 
3.14 
16.37 

0.227 
70.51 
106.99 

1 .36 
39.67 

271.23 
559.7 
200.78 
258.41 
382.16 

16.78 
47.72 
41.25 
23.05 
60.26 

44.16 
91 .03 
71.76 
40.58 
88.97 

All of the figures for health effects and their associated 

dollar values are well within the range of similar studies that 

have been conducted in the U.S., although some accident sequences 

show quite high levels of prompt fatalities (with correspondingly 

high dollar values associated with the health costs in these 

sequences). This is particularly true for the H sector, which is 

characterized by high population density, close to the power plant 

plant and relatively low property values throughout the sector. 

Uhile in most sectors health costs contribute only two to twenty-

five percent of the total costs, in four out of the five accident 

sequences involving the H sector (TH1, TH2, TH3 and TH5) health 
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coats account for greater than sixty percent of the total costs 

(Figures 4a, b and c ) . Due to the very low level of health 

effects as a consequence of the Ontar' •; 'H-dro severe design-baaed 

accident, dollar values were not calculated. 

B. Economic Effects: Property Damage 

Estimation of the economic costs associated with an accident 

at a nuclear power plant with MACCS includes three classes of 

costs: the radiation induced health effects discussed above; 

emergency response costs, consisting of evacuation and 

relocation; and the costs of long-term mitigating actions, of 

w h i c h t h e r e are four t y p e s , intermediate l o c a t i o n , 

decontamination and interdiction of land (both farm and non-

farm), crop and milk disposal, and the prohibition of farm 

production. The MACCS runs for southern Ontario initially 

assumed no evacuation and relocation (although some default costs 

are recorded), and included only the costs associated with 

decontamination and land interdiction, and crop and milk 

disposal. Data from the U.S. suggests that emergency response 

costs comprise less than 10% of the total economic consequences 

in all cases, and it is expected that they would contribute 

similarly in the present case. As long as the costs of radiation 

induced health effects are a minor percentage of total costs, 

including the evacuation component is unnecessary. Only when the 

health effects become quite large relative to the property damage 

costs, as they do in one of the cases examined below, does the 

33 



TOTAL ECONOMIC CONSEQUENCES 
HEALTH COSTS AND PROPERTY DAMAGE 

m 

TD 1 TD2 TD3 TD4 TD5 

ACCIDENT SEQUENCE 

m HEALTH COSTS Ii9 PROPERTY DAMAGE 

Figure 4a. Heal th  and p roper ty  damage costs for sector D, 
p e r c e n t  of t o t a l .  



TOTAL ECONOMIC CONSEQUENCES 
HEALTH COSTS AND PROPERTY DAMAGE 

THI TH2 TH3 TH4 TH5 

ACCIDENT SEQUENCE 

~3 HEALTH COSTS [g PROPERTY DAMAGE 

Figure  4b. Heal th  and proper ty  damage c o s t s  f o r  s e c t o r  H, 
percent of total. 



TOTAL ECONOMIC CONSEQUENCES 
HEALTH COSTS AND PROPERTY DAMAGE 

TLl TL2 TL3 TL4 TL5 

ACCIDENT SEQUENCE 

69 PROPERTY DAMAGE 

Figure  4 c .  Health and proper ty  damage c o s t s  f o r  s e c t o r  L ,  
p e r c e n t  of t o t a l .  



evacuation component become important. 

The total economic coat (that is, the non-health, offsite 

dollar consequences, which some researchers have labelled 

property damage) for the catastrophic accident sequences run for 

the Pickering case range from $0.11 billion to almost $12 

billion, in 1981 Canadian dollars (Figures 5a - c ) . As expected, 

the values for the design-based accident are substantially lower, 

ranging from $10,800 to $1.81 million. The catastrophic accident 

property damage costs are completely dominated by the 

decontamination and land interdiction components in most cases, 

almost entirely on non-farm land and within 40km of the accident 

site. Thi3 is not true of the H sector, however. Tables 11, 12 

and 13 give the values for the various components of property 

damage, by accident sequence, for the catastrophic accident. 
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TOTAL ECONOMIC CONSEQUENCES 

PROPERTY DAMAGE COMPONENTS 

TDI TD2 TD3 TD4 TD5 

ACCIDENT SEQUENCE 

decontamination &j health costs 

Ei9 interdiction other 

Figure  5a. Total economic consequences, sector D. 



TOTAL ECONOMIC CONSEQUENCES 
PROPERTY DAMAGE COMPONENTS 

ACCIDENT SEQUENCE 

decontamination health costs 

inferdiction other 

Figure 5b. T o t a l  economic consequences, sector H .  



TOTAL ECONOMIC CONSEQUENCES 
PROPERTY DAMAGE COMPONENTS 

ACCIDENT SEQUENCE 

decontamination health costs 

E3 interdiction other 

Figure 5c. T o t a l  economic consequences, s e c t o r  L .  



Table 11. Values associated with the specific components of 
property damage after a catastrophic accident: the 
D sector. 

COMPONENT TOI TDZ TD3 TD4 TD5 
(expressed in 1981 $ million Cdn.) 

Decontamination 

farmland 0 0 0 0 0 
non-farm 284 11600 8450 9.52 802 

Interdiction 

farmland 2.52 88.7 39.9 3.11 7.67 
non-farm 0.383 4.06 2070 0.004 1170 

2.52 
0.383 

0.134 

2.35 

90.7 

88.7 
4.06 

26.5 

0 

0 

39.9 
2070 

53.2 

1.43 

51.1 

Emergency Action 0.134 26.5 53.2 0 40 

Milk Loss 2.35 0 1.43 2.32 2.36 

Crop Loss 90.7 0 51.1 89 7.98 

TOTAL COST 380.1 11719.3 10665.63 103.95 2030.01 
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Table 12 . Values a s s o c i a t e d with s p e c i f i c components of property 
damage a f t e r a c a t a s t r o p h i c a c c i d e n t : the H 
s e c t o r . 

COMPONENT TH1 TH2 TH3 TH4 TH5 
(expressed in 1981 $ million Cdn.) 

Decontamination 

farmland 
non-farm 

0 
129 

0 
562 

0 
123 

0 
109 

0 
241 

Interdiction 

farmland 
non-farm 

4.14 
17.4 

47 
115 

41 .5 
121 

3.25 
7.7 

19.4 
170 

Emergency Action 1.48 4.55 2.79 0.71 5.34 

Milk L.033 2.43 0.619 1.37 2.13 2.15 

Crop Loss 64.8 15.1 33.4 56.7 20.1 

TOTAL COST 219.25 544.3 323.06 179.49 457.99 
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F o r s e c t o r D , n o n - f a r m d e c o n t a m i n a t i o n a n d l a n d i n t e r d i c t i o n 

c o s t s a c c o u n t f o r g r e a t e r t h a n 98% o f t h e t o t a l i n a l l c a s e s 

e x c e p t TD4. For s e c t o r L, t h e p e r c e n t a g e i s a t l e a s t 89%, b u t 

f o r s e c t o r H, f a r m l a n d i n t e r d i c t i o n and c r o p l o s s become more 

s i g n i f i c a n t , a c c o u n t i n g f o r b e t w e e n 1 0 * and 3 3 * o f t h e t o t a l 

p r o p e r t y d a m a g e . T a b l e s 14 and 15 p r e s e n t t h e same i n f o r m a t i o n 

f o r t h e s e v e r e d e s i g n - b a s e d a c c i d e n t . T h e s e p e r c e n t a g e s a r e 

s i g n i f i c a n t l y h i g h e r t h a n t h e U . S . c a s e s , w i t h d e c o n t a m i n a t i o n 

a n d i n t e r d i c t i o n a c c o u n t i n g f o r a p p r o x i m a t e l y 80% of t o t a l 

p r o p e r t y d a m a g e . The d i f f e r e n c e may be due t o t h e d i f f e r e n c e i n 

l a n d v a l u e s and l o w e r v a l u e s of c r o p and d a i r y p r o d u c t i o n . 
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Table 1 3 . Values a s s o c i a t e d t i l th s p e c i f i c components of property 
damage a f t e r a c a t a s t r o p h i c a c c i d e n t : the L 
s e c t o r . 

COMPONENT TL1 TL2 TL3 TL4 TL5 
(expressed in 1981 $ million Cdn.) 

Decontamination 

farmland 
non—farm 

0 
185 

0 
1650 

0 
1270 

0 
1490 

0 
92.8 

Interdiction 

f armland 
non—farm 

12.5 
5.96 

80.3 
166 

61.8 
164 

186 
152 

10.1 
1.66 

Emergency Action 0.44 24 20.2 

Milk Lo33 1.74 0.54 0.8 

Crop Lo33 41.9 12.7 18.7 

18.6 

1.58 

9.74 

0.11 

1.67 

40 

TOTAL COST 247.54 1933.54 1535.5 1857.92 146.34 
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As might be e x p e c t e d , for the c a t a s t r o p h i c accident 

sequences, the property damages when radioactive material gets 

distributed to the D sector are far higher than the comparable H 

and L sector scenarios; in one case over ten times greater. This 

simply reflects the high land values in many subregions in the D 

sector, which includes much of Metropolitan Toronto. The high 

land values, in turn, affect the costs of land interdiction and 

decontamination of buildings. Less clear are the reasons for the 

variability in property damages across weather samples but within 

a specific sector, particularly in D. For the catastrophic 

accident, where decontamination and land interdiction comprise 

most of the total costs, the property damage consequences are 

fairly uniform in sector L (Figure 5c). Damages in the more 

urban D sector, however, vary widely from §100 million for sample 

TD4 to almost $12 billion for sample TD3. The most important 

determinant i3 whether high concentrations of radioactivity are 

deposited on land of high value relatively far away from the 

emission source. Two very different mechanisms can limit thi3 

occurrence: high dispersion, which will lower concentrations 

significantly over distance, and a rapid rainout of radioactivity 

near the reactor. 

The property damage estimates for the Ontario Hydro design-

based accident show quite the opposite effect, with sector L 

being impacted to a g r e a t e r degree than sector D. With 

decontamination and land interdiction costs zero across all 
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a c c i d e n t s e q u e n c e s , d i s p o s a l of crops and milk and lost 

productivity on farmland become the only contributors to total 

damages. Since the amount of farmland and dairyland is much 

greater in sector L, damage estimates range from 20 to 50 times 

higher in L than in D. In both cases, however, the damages from 

weather sample 3 are three times the damages from the other two 

weather samples, due possibly to the low layer mixing heights 

assumed (see Table 6 ) . 

In all cases the property damages resulting from the design-

based accident are lower, than the catastrophic accident by at 

least a factor of 1000. When public health costs are included, 

this difference is even more marked. 
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Table 14. Values associated with specific components of property 
daaage after a severe design—based accident at 
Pickering: the D sector. 

COMPONENT CD1 CD2 CD3 CD4 CD5 
(expressed in 1981 $ thousand Cdn.) 

Decontamination 

farmland 
non-f arm 

0 
0 

0 
0 

0 
0 

0 
0 

0 
Q 

In t erdiction 

farmland 
non-farm 

Emergency Action 

Milk Loss 

Crop Loss 

Other 

0 
0 

0 

0.13 

0 

0.533 

0 
0 

0 

2.84 

0 

8.46 

0 
0 

0 

6.59 

0 

19.81 

0 
0 

0 

6.59 

0 

0 

0 
0 

0 

2. 

0 

0 

84 

TOTAL COST 0.663 11.3 26.4 6.59 2.84 
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Table 15. Values associated with specific components of property 
damage after a severe design-based accident at 
Pickering: the H sector. 

COMPONENT CHI CH2 CH3 CH4 CH5 
(expressed in 1981 $ thousand Cdn.) 

Decontamination 

faril and 
non-farm 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Interdiction 

farmland 
non-farm 

Emergency Action 

Milk Loss 

Crop Loss 

Other 

0 
0 

0 

2.95 

0 

8.85 

0 
0 

0 

308 

0 

922 

0 
0 

0 

211 

0 

633 

0 
0 

0 

67.7 

0 

203.3 

0 
0 

0 

211 

0 

633 

TOTAL COST 11.8 1230 844 271 844 
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Table 16. Values associated with specific components of property 
damage after a severe design—based accident at 
Pickering: the L sector. 

COMPONENT CL1 CL2 CL3 CL4 CL5 
(expressed in 1981 $ thousand Cdn.) 

Decontaminât ion 

farmland 
non—farm 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Interdiction 

farmland 
non—farm 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Emergency Action 0 

Milk Los3 236 

Crop Los 3 0 

Other 710 

0 

57.4 

0 

172.6 

0 0 

1.69 336 

0 0 

5.09 1004 

0 

236 

0 

710 

TOTAL COST 946 230 6.78 1340 946 
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C. Sensitivity Analysis 

The most important sensitivities in the modeled accidents 

are already apparent from the results presented: the reactor 

accident consequences depend very strongly on the meteorological 

conditions which happen to prevail at the time of the accident. 

We may summarize qualitatively this dependence as follows: 

- wind direction 

Land use and population density are critical to both 

economic costs and health effects. The wind direction 

dictates the sector receiving the radioactive material 

and in the present study, the three sectors evaluated 

have quite different characteristics. Sector D, which 

partly lies in Toronto but which is open water near the 

power plant, can have high levels of property damage 

but has relatively few early health effects. Sector H, 

which contains much agricultural land (which is of much 

lower value than urban land) but has a significant 

population close to the plant exactly reverses this 

pattern. And sector L, which is more commonly down

wind than the other two, is intermediate for both early 

health effects and property damage. The differences 

between sectors D and H in both property damage and 

early health effects exceed an order of magnitude for 

particular accidents. 
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— wind speed, stability and rain 

Low wind s p e e d s , stable conditions, and rain all 

promote high amounts of radioactive exposure near the 

plant, including high amounts of deposited radioactive 

contamination. The presence of any of these conditions 

can make an order of magnitude or higher increase in 

early health effects, and likely increase the economic 

costs from decontamination or interdicted property as 

well . 

The sensitivity of the model to a number of other assumptions and 

parameters that are built in have also been examined. 

1) We have found only moderate sensitivities to parameters 

characterizing the release height or the duration of release. 

2) Changing discount rates from the 4% used in the initial model 

runs to 0%, 8% and 1256 had little effect on the final results. 

Only in one sector where land interdiction costs were quite high 

was any significant difference noted. 

3) Because of the large number of early injuries in some of the 

sequences, a subset of runs was performed assuming a radial 

evacuation beginning two hours after release. The results are 

shown in Table 17. Clearly emergency planning can make a 
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substantial difference in early casualties if there is a serious 

accident. 

4) Host of the costs from c o n t a m i n a t i o n are due to the 

decontamination procedures and property value losses for the 

period of time the property cannot be used. The model assigns 

dose criteria for determining when such decontamination and/or 

interdiction is warranted. There are two critical dose criteria: 

a dose not to be exceeded in the first year; and a dose not to be 

exceeded over a long period of time (we used 25 years). The 

values use were .05 Sv (5 REM) for a year and 0.25 Sv (25 REM) 

for 25 years in accordance with present ICRP recommendations. 

Recent public pressure has sought to lower these decontamination 

levels, and the property damages associated with an accident 

could rise substantially. This is illustrated in Table 17, where 

the dose threshold is lowered by a factor of 5 and the costs in 

the D sector double 
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Table 17. The effect of emergency response procedures and lower 
dose thresholds on fatalities and property damage 
in certain accident sequences. 

EVACUATION DOSE THRESHOLD 

no yes .25 Sv .05 Sv 
ACCIDENT (prompt fatalities) (property damage 
SEQUENCE in ^million Cdn.) 

TD1 0 0 387 10,900 

TD2 0 0 11,800 30,900 

TD3 37 0 10,700 28,500 

TL1 216 7 253 1,600 

TL2 333 69 1,940 1,940 

TL3 569 137 1,550 1,700 
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VII. DISCUSSION AMD CONCLUSIONS 

The model results show that a severe accident in which a 

substantial fraction of the volatile radioactive elements of the 

core of a Pickering reactor were released could, in the absence 

of effective emergency response, cause 10's to 100's of early 

deaths, 100's to 1000'a of early injuries and could produce 

economic damages in the range from 100's of million dollars to 

more than 11 billion dollars. The broad range of possibilities 

reflects differences in population densities and in land values 

in different directions from the plant and the great differences 

in the dispersion of radioactivity expected under different 

meteorological conditions. 

Two general questions arise when discussing the results of 

the study. First, are the limitations of the model sufficient to 

invalidate the conclusions? Second, does the model, which was 

designed for use in studying U.S. light water reactors, apply to 

the Canadian situation? 

Perhaps the most serious intrinsic limitation of the model 

is its present restriction to straight-line Gaussian dispersion. 

This means that for a release of reasonably long duration, the 

model will not provide a very realistic description of a possible 

accident. Model estimates of economic consequences might be 

greater or smaller than those expected from a more realistic 

description, depending on amounts of radioactivity released and 
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the d e t a i l s of the meteorology. The health effects of a long 

duration release are likely to be overestimated, if only because 

some sort of protective response should be implemented. In any 

event, the b r o a d range of p o s s i b i l i t i e s that the model gives 

under different meteorological conditions will cover much of the 

range expected with more complicated wind behaviour. 

The main l i m i t a t i o n in applying this model to a Canadian 

reactor is u n c e r t a i n t y about what are appropriate radioactive 

release characteristics. As long as a core melt together with a 

breach or bypass of containment must be considered po33ible, then 

one must consider releases of volatile radioactive material up to 

s i g n i f i c a n t f r a c t i o n s of the core i n v e n t o r y . W h a t e v e r the 

d e t a i l s of s u c h r e l e a s e s , o n c e a g a i n u n c e r t a i n t i e s in the 

c o n d i t i o n s of d i s p e r s i o n mean that m u c h of the range in the 

presented results should be considered possible. 

Accordingly, we conclude that the figures we have presented 

so far represent reasonable "ballpark" figures for the health and 

e c o n o m i c c o n s e q u e n c e s of a severe accident at Pickering. The 

w i d e r a n g e of p o s s i b l e c o n s e q u e n c e s is as s i g n i f i c a n t as 

particular magnitudes. If an accident should occur, it will not 

be an " a v e r a g e " a c c i d e n t a n d it w i l l n o t be p o s s i b l e to 

a n t i c i p a t e the consequences with any accuracy. Two particular 

s e n s i t i v i t i e s are n o t e w o r t h y . F i r s t , h e a l t h e f f e c t s can be 

substantially mitigated by effective emergency response actions. 

Second, f i n a n c i a l consequences are quite sensitive to the dose 

thresholds for decontamination. 
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Additional efforts that draw on our work might provide a 

detailed picture of the situation at Pickering. Refinements in 

some of the economic inputs, better handling of the range of 

meteorological conditions, a broader look at possible release 

scenarios, etc., would all be beneficial. Perhaps of more 

interest are some general uses of this sort of modeling 

capability. Site comparisons of existing and proposed reactors 

would inform any policy debate that takes seriously the idea that 

severe accidents should be considered in siting and emergency 

planning decisions. MAC£S can be adapted to provide broad scale 

comparisons of emergency response options (though it would be of 

only limited use for detailed p l a n n i n g ) . T o g e t h e r with 

probabilistic risk analyses which provide information about the 

spectrum of CANDU severe accident release characteristics, 

modeling with MACCS can be used to help better characterize the 

problems potentially posed by reactor accidents, and thereby aid 

in the better formulation of public policy questions concerning 

nuclear power. 
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Executive Summary 

This report contains the consultant's review of the Canadian program on 

pressure tube metallurgy and its relationship to the safety aspects of 

CANDU-PHW reactors. 

It is concluded that the research and development programs of Ontario 

Hydro and AECL, together with Ontario Hydro's in-service inspection programs 

have fairly adequately addressed all the major concerns associated with 

pressure tube performance. The only criticism of the overall program is 

that it has mainly been of the reactionary-type and has been devised, or 

revised, to reflect deficiencies in design and/or material as they become 

evident. It is recommended that these programs become more pro-active. 

There was no area of pressure tube behaviour that warranted immediate 

concern from a safety standpoint. However, if the high deuterium content 

analysis results from tube P3L09 are confirmed in other tubes, and a high 

deuterium ingress rate is generic to Zr-2.5wt%Nb pressure tubes after 

extended periods of reactor exposure/then the long-term integrity of 

pressure tubes will become a concern. 

CANDU-PHW reactors should be retubed once in their lifetime and current 

expectations are that this will occur after about 20 years. This 20 year 

life for a pressure tube may be shortened if the results from P3L09 are 

truly an indication of a generic problem, or extended because of advances 

such as lower residual iron contents, new fabrication routes and yttrium 

sinks in the production of Zr-2.5wt%Nb pressure tubes. 

The consequences of the majority of the pressure tube failures, i.e., 

those involving single tubes, are economic rather than safety-related. 

Safety concerns lie mainly with multiple or cascading failures which, given 

the current understanding of fuel channel behaviour, appear unlikely to 

occur. 
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INTRODUCTION 

The Ontario Nuclear Safety Review (ONSR) was commissioned to review the 

safety of Ontario Hydro's CANDU nuclear generating stations. Of particular 

concern have been pressure tube failures at Pickering-2 (in 1983) and Bruce-

2 (in 1986) as well as a number of smaller leaks from other tubes. Two 

reactors (Pickering 1 and 2) with Zircaloy-2 pressure tubes were retubed 

because of high hydrogen/deuterium contents and a significant portion of 

radial hydrides. Other adjustments to fuel channels to account for pressure 

tube elongation has proved necessary in most reactors. Recently, Ontario 

Hydro announced that they intend to retube all operating reactors. 

It seemed logical, therefore, for the ONSR to examine the effect on 

reactor safety of these aging effects on pressure tubes. Pressure tube 

integrity is an important component in the safety analysis. For example, 

pressure tubes, whether 1 or 30 years old, are supposed to remain intact 

during transients which may place significant mechanical or thermal stresses 

upon them. Thus a temporary loss of electrical power, which leads to a rise 

in pressure, is not supposed to lead to a Loss-of-Coolant Accident (LOCA). 

Similarly, pressure tube integrity following a large out-of-core break is 

assumed and aids heat removal from the fuel through the moderator system. A 

third safety-related concern is the effect of a pressure tube-calandria tube 

break on adjacent channels. 

Ontario Hydro and AECL have done and are continuing to do a great deal 

of research on pressure tube integrity and failures modes. This information 

is intended to assist Ontario Hydro in an ongoing assessment of its aging 

reactors and whether, for example, future retubing will be necessary in 

other units. 

In early October 1987 ONSR approached the consultant Dr. Derek 0. 

Northwood, who had considerable experience in Zirconium-niobium metallurgy 
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and failure modes of pressure tubes, to review the Canadian program on 

pressure tube metallurgy. In particular, the consultant was asked to 

address the following questions: 

1. Is the understanding of pressure tube metallurgy and the aging-related 
processes of pressure tubes adequate? 

2. Have all the important safety related concerns with respect to CANDU 
pressure tubes been addressed by the designer and the owner? 

3. Is the technical research support programme related to the use of 
pressure tubes adequate? 

4. Is the experience of other countries in the use of the zirconium-niobium 
alloy taken into account by the Canadian designers and users of pressure 
tubes made from this material? 

5. Is the level of in-service inspection and non-destructive testing of 
CANDU pressure tubes adequate? 

6. Based on available information concerning pressure tube metallurgy and 
pressure tube aging, will it be necessary to retube future CANDU units? 
What criteria should determine when retubing is necessary? 

In answering the above questions the consultant was asked to identify 

unresolved safety issues related to CANDU pressure tubes, in particular 

those in which the basic understanding of the problem is poor or non

existent. He was also asked to comment on the level of knowledge related to 

pressure tube metallurgy that exists within Ontario Hydro and the research 

programmes undertaken by Ontario Hydro in this area, and to evaluate the 

Ontario Hydro support programmes with respect to pressure tube metallurgy. 

On the basis of the findings from this review the consultant was 

required to make recommendations with respect to the use of, in-service 

inspection, and non-destructive testing of zirconium-niobium pressure tubes, 

and the future requirements for retubing of CANDU reactors. 

METHOD OF REVIEW 

The ONSR provided the consultant with the most relevant (in the opinion 

of ONSR) documents related to pressure tube integrity, and in particular 
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those document» related to the problems experienced «t Ontario Hydro 

reactors. These documents are listed in Appendix 1, Section A. One of the 

key documents vas A.1, the 'Joint Pressure Tube Project Report,' which 

describes the actions arising from the pressure tube failure at Pickering 

Nuclear Generating Station, Unit 2 in 1983. 

On the basis of a review of these documents, and other documents 

already in the library of the consultant, a series of questions were 

prepared for Ontario Hydro, Atomic Energy of Canada Limited (AECL) and the 

Atomic Energy Control Board (AECB). These questions were both points of 

clarification and requests for further information. These questions plus a 

copy of the consultant's Terms of Reference (Schedule 1 of contract; see 

Appendix 2) were mailed to Ontario Hydro, AECL and AECB. Visits were 

scheduled to these three organisations to review the documents and to 

discuss the questions posed by the consultant. The schedule of these visits 

was as follows: 

(i) November 6, 1987 - Ontario Hydro, 700 University Avenue, 

Toronto. 

(ii) November 13, 1987 - AECB, 270 Albert St., Ottawa. 

(iii) November 18, 1987. AECL, Chalk River Nuclear Laboratories, 

Chalk River, Ontario. 

During the course of these visits, further documentation was provided 

by Ontario Hydro, AECB and AECL. This documentation is detailed in Appendix 

1, Sections B (Ontario Hydro), C (AECB) and D (AECL). 

Based on a review of the documentation provided by ONSR, OH, AECB and 

AECL (Appendix 1, Sections A-D) and documentation already available to the 

consultant (Appendix 1, Section E) plus the information obtained during 
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discussions with OH, AECB and AECL, a final review was prepared. 

DESCRIPTION OP BASIC DESIGN OP FUEL CHANNELS 

In a CANDU reactor, there is no reactor vessel as there is in light 

water reactors. Instead, the primary heat transport system coolant flows 

through the reactor core in a large nuaber of identical fuel channels. The 

high pressure fuel channels pass through the calandria which is a low-

pressure vessel that contains the heavy-water moderator. By using fuel 

channels, the difficulties of a large volume, high pressure and high 

temperature reactor vessel are avoided. 

Pigure 1 shows a cut-away diagram of a CANDU 700 MW reactor. The 

calandria is a horizontal cylinder through which the 380 fuel channels pass. 

Each fuel channel goes through a passage created by the reactor endshield 

lattice tubes and a calandria tube. A simplified diagram of a fuel channel 

is given in Pigure 2. Each fuel channel consists of a zirconium alloy 

pressure tube, sealed at each end with end fittings that have side port 

connections to the heat transport system. The gap, or annulus, between the 

pressure tube and the surrounding Zircaloy-2 calandria tube is filled with 

an insulating gas and contains four close-coiled helical spring spacers 

that provide physical separation between the two tubes and partial support 

for the pressure tube. The annulus is sealed at each end by bellows that 

accommodate relative axial movement between the fuel channel and the reactor 

end shields. The annulus is connected to a process system that incorporates 

moisture detecting instrumentation to warn of leaks from either the pressure 

tube or calandria tube. 

A SHORT HISTORY OF PRESSURE TUBE FAILURES IN ONTARIO HYDRO CANDU REACTORS 

The first failures of pressure tubes in Ontario Hydro CANDU reactors 

occurred in Zr-2.5wtZNb pressure tubes In Pickering Unit 3 in 1974 and 
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Pickering Unit 4 in 1975. These failures were of the leak-before-break 

(LBB) type and were found as a result of the heavy water coolant being 

detected in the gaa anulus system. The leaking channels were first 

identified by non-destructive examination, and then removed and shipped to 

the Chalk River Nuclear Laboratores (CRNL) of AECL for examination. The 

leakage was determined to be from small through-wall cracks that were close 

to the rolled joints between the pressure tubes and the steel end fittings. 

The failure was identified as delayed hydride cracking (DHC) which resulted 

from very high residual stresses in the pressure tubes due to over-rolling 

(i.e., incorrect rolling-in). Another key observation was that although the 

general deuterium uptake in the tubes from corrosion with the heavy water 

was less than expected, there was unexpectedly high ingress into the tubes 

from the end fittings. 

In 1982, three Zr-2.5wt*Nb pressure tubes in Bruce Unit 2 leaked at 

small through-wall cracks and were removed. Although these pressure tubes 

had been installed using the same rolled joint procedure as for Pickering 

Units 3 and 4, and would therefore also contain the same high residual 

stresses, they had been subject to a stress relieving treatment to bring 

down the residual stress levels to values where DHC should not occur. 

However the stress relieving treatment had been performed some time after 

installation and the cracks had initiated and grown sufficiently in the time 

between installation and stress relief that they continued to grow even at 

the reduced stress level leading to a through-wall crack. 

In August 1983 the first of a more serious type of failure, namely a 

rupture (break-before-leak), occurred. This time the failure was in a 

Zircaloy-2 pressure tube in Pickering Unit 2. The failure mechanism was 

different from that for the Zr-2.5wt%Nb pressure tubes in Pickering 3 and 4 
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and Bruce 2. The failure originated at solid hydride blisters. Cracks 

initiated at several of the large blisters and joined together to form the 

critical crack that initiated the rupture. The hydride blisters formed 

because one of the garter spring spacers that maintains the gap between the 

pressure tube and calandria tube was displaced from its design position to 

such an extent that the pressure tube had sagged down into contact with the 

calandria. This produced a cold spot at the contact zone and deuterium 

diffused to this cold spot producing the solid hydride blisters. Again 

there was a much higher than expected deuterium content in the tube. Since 

other tubes had displaced garter springs, high deuterium concentrations and 

hydride blisters it was decided to replace all Zircaloy-2 pressure tubes in 

Pickering Units 1 and 2 with Zr-2.5wt%Nb pressure tubes. The rationale for 

this change was that Zr-2.5wt%Nb pressure tubes exhibit a much lower 

deuterium uptake rate than the Zircaloy-2 pressure tubes. It should be 

noted in this failure heavy water escaped from both ends of the annulus 

between the pressure tube and calandria tube. Thus although the pressure 

tube had ruptured, the calandria tube was still intact. On removal of the 

fuel bundles from the fuel channel it was found that 2 bundles were each 

missing a single fuel pencil. These two missing fuel pencils were found 

lodged in the crack which ran along the bottom of the pressure tube. 

In March 1986, Bruce Unit 2 was shut down to determine a source of 

heavy water leakage to the annulus gas system. The leaking pressure tube 

subsequently ruptured during a repressurizing operation at 45 C designed to 

determine the location of the leaking pressure tube. The resulting 

transient, a waterhammer-type pressure loading, experienced by the calandria 

tube caused it to fail as well. The resulting Increase in volume of heavy 

water in the moderator system caused a small (2 kg.) overflow which was 

recovered. The cause of the leak was later identified as delayed hydride 
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cracking which originated from the tip of a manufacturing lap-type defect. 

A summary of these pressure tube failures is given in Figure 3 which is 

taken from the Ontario Hydro Submission To Ontario Nuclear Safety Review. 

The key point of note is that delayed hydride cracking is the only failure 

mechanism common to all pressure tube failures. Since delayed hydride 

cracking occurs only when hydrides are present at the appropriate 

temperature and when either a very high tensile stress, or some lower stress 

together with a stress î fe-ftsifying flaw is present, then potential pressure 

tube failure rate can be reduced if either the hydrogen/deuterium level is 

kept below that at which hydrides form or residual stresses are kept as low 

as possible (although this may not be low enough). 

CONSIDERATION OF QUESTIONS POSED BY ONSR 

As the consultant progressed in his reading of all the documents 

provided to him by ONSR, OH, AECB and AECL, and after discussions with OH, 

AECB and AECL, he became more fully aware of the enormity and complexity of 

the task assigned to him by ONSR. Working to a short reporting deadline, 

December 15, 1987, and only having a maximum of 16 working days to complete 

the contract did not allow as complete examination of all the safety 

considerations/consequences as the consultant would have liked. However 

given the consultant's background in Zr-Nb metallurgy and pressure tube 

failure mechanisms he was able to examine most of the 6 questions in some 

reasonable detail. The conclusions/recommendations made by the consultant 

are his considered best opinions but the opinions could obviously be 

challenged on the basis of information that was not made available to the 

consultant during the short period of this contract. 

The 6 questions posed by ONSR will now be examined in the order they 

were posed in Schedule 1. Terms of Reference of the contract between ONSR 
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and the consultant (Appendix 2). 

Question 1̂ : Is the understanding of pressure tube metallurgy and the aging-

related processes of pressure tubes adequate? 

Before trying to answer this question, the consultant asked himself the 

question 'adequate for what?' One assumes that the understanding must be at 

such a level that one can safely design with the material so that the 

changes in the properties of the pressure tubes as the aging-related 

processes take place can be accommodated without any adverse safety 

consequences. 

There is a very large body of published information on the metallurgy 

of Zr-Nb alloys. A large proportion of this information has been generated 

in Canada by researchers working at AECL, Ontario Hydro and a number of 

Canadian universities. The original impetus for using Zr-Nb alloys in 

nuclear applications came from Russia and the Russian scientific literature 

also contains much information on Zr-Nb alloys. There have also been 

significant contributions from Australia, Argentina, China, Finland, India, 

Japan, U.K. and U.S.A. Researchers in other countries have at times 

undertaken limited research on Zr-Nb alloys. It Is probably worth noting 

that there is an impressive number of Canadian papers references in the 

International literature and that the Canadian research is generally 

regarded in high esteem. 

Generally the metallurgy is quite well understood for Zr-Nb alloys. 

For example the phase relationships are well established and the effects of 

varying the chemistry, at least that of the major alloying elements, is 

generally agreed upon» The one point where there has been some disagreement 

in the past concerns the solid solubility of Nb in the ct-Zr phase. This is 

particularly important in the case of Zr-lwtXNb where Russian work generally 
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claims the alloy to be single-phased but work within Canada and other 

countries has found the Zr-lwt%Nb alloy to be two-phase and the solid 

solubility limit to be ~0.6wt%Nb. Also well documented are the 

microstructural changes resulting from variations in fabrication procedures» 

Until recently what was less well understood was the nature of the second-

phase impurity particles in Zr-2.5wt%Nb. Although these particles had been 

the subject of numerous investigations in the Zircaloys (Zr-Sn alloys), 

relatively little attention had been paid to their presence in Zr-2.5wt%Nb. 

It has only recently been appreciated that these particles can affect the 

properties of Zr-2.5wt%Nb and in particular that the hydriding/deuteriding 

behaviour is probably related to the Fe impurity content and the presence of 

Zr Fe particles. Now that the possible importance of these second-phase 

particles in Zr—2.5wt%Nb has been realized, considerably more effort is 

being directed to identify and characterize these particles. 

Turning now to the aging-related processes in Zr-2.5wt%Nb pressure 

tubes, these processes are of 3 main types namely (i) thermally-induced, 

(ii) irradiation-induced and (iii) those resulting from the 

corro8ion/hydriding reaction. The changes resulting from irradiation can 

further be subdivided into microstructural and dimensional (e.g., 

irradiation growth and creep) changes. Generally when one tries to model 

the aging-related processes in pressure tubes in CANDU reactors in order to 

predict their behaviour it is necessary to consider the combined effect of 

all 3 of these types of changes. It is interesting to note that Ontario 

Hydro in the section of their brief to the ONSR on 'Management of Reactor 

Aging at Ontario Hydro* emphasize the effects of neutron bombardment and 

irradiation response. Whilst these types of aging phenomena are certainly 

unique to nuclear power stations, it should be noted that irradiation-
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induced changes have not been the key problems for pressure tubes in the 

CANDU reactors but rather the failures have been related to the 

hydrogen/deuterium content and delayed hydride cracking. The three main 

types of aging (degradation) processes will now be examined in more detail. 

(i) Thermal Aging 

For thermal aging it is necessary to consider the consequences of the 

pressure tube operating at a temperature of about 300 C for a period of up 

to 30 years (possibly 40 yrs. if the new design station lifetime is 

obtained). Some microstructural changes will occur over this time and these 

changes are expected to be mainly related to the breakdown of the 3~Zr 

phase. In the as-fabricated pressure tube the Nb is mainly concentrated in 

the filaments of the 3-Zr phase which are present at the grain boundaries of 

the elongated <*—Zr grains. During the autoclaving treatment there ig some 

breakdown of these S-Zr filaments and this breakdown will continue during 

operation at 300 . During this breakdown the 3-Zr decomposes into B-Nb via 

intermediate phases such as 3-enriched and the w-phase. Since B-Nb contains 

considerably more Nb than B-Zr ( 85wt% compared to 20wtX), then there is a 

reduction in the volume fraction of the B-phase as the aging process 

proceeds. The consequences of this breakdown on the mechanical properties 

are probably relatively small and are more than compensated for by the 

effects of irradiation. The effects of this breakdown on the 

corrosion/hydriding behaviour are not as well documented but again should be 

relatively minor with one possible exception. The breakdown of the B-Zr to 

B-Nb is thought to possibly result in the rejection of the (impurity) Fe 

from solution in the B-phase. This Fe would then precipitate out as Zr„Fe 

or other Fe-containing intermetallics which could then possibly cause 

changes in the corrosion/hydriding behaviour (Note the emphasis on possibly 
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since these are very much postulated rather than proven phenomena). The 

relationship(s) between Fe content and corrosion/hydriding behaviour will be 

discussed in more detail in sub-section (iii) when aging consequences of the 

corrosion/hydriding reaction are examined. 

Thus, with the possible exception of the precipitation of Fe-containing 

intermetallicB, the effects of thermal aging on the properties of the 

presf^re tube are considered to be relatively minor. 

(ii) Irradiation-induced Aging 

As noted previously, the irradiation-induced changes can be either 

microstructural or dimensional (with the dimensional changes being related 

to the microstructural changes). 

The effects of irradiation on materials can generally be divided into 3 

main classes, namely ionization effects, atom displacement effects 

(irradiation damage) and transmutation effects. For the case of Zr-2.5wtXNb 

pressure tubes in CANDU reactors the main concern is with the effects of 

irradiation damage. The production of defects by irradiation with neutrons 

gives rise to an increase in strength and decrease in ductility/toughness of 

the material, Figure 4. The increases in strength due to irradiation more 

than compensate for the decrease due to thermal aging effects such that 

there are no concerns with respect to not meeting the 1/3 UTS (Ultimate 

Tensile Strength) design criterion during the operating lifetime. The 

decrease in toughness is of greater concern since the material becomes less 

flow tolerant: see schematic diagram in Figure 5. Results to date do not 

indicate any concerns with respect to lack of toughness resulting from 

irradiation alone but thext are possible concerns when there is a 

combination of high fluences and high hydrogen/deuterium contents. These 

concerns will be addressed further when considering corrosion/hydriding 
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aging effects. 

The dimensions of the pressure tubes change during service due to creep 

and growth resulting in an axial elongation and a diametral expansion. The 

current predictions for the axial elongation and the diamétral expansion of 

pressure tubes during service are summarised in Figure 6. These dimensional 

changes pose no safety problems and can be accommodated in the fuel channel 

design. In addition, since the fuel channel is only supported at eich end 

it sags in the middle during service. The pressure tube can sag and contact 

the calandria tube between the garter springs and some calandria tubes can 

sag and contact horizontal reactivity mechanism tubes. Pressure tube sag 

and the eventual contact with the calandria tube has already had significant 

consequences in the Pickering 1 and 2 reactors. As a result of mislocation 

of garter springs during commissioning the Zircaloy-2 pressure tubes 

contacted the calandria tubes at a fairly early stage of operating life 

resulting in a 'cold spot* at contact. These Zircaloy-2 pressure tubes had 

picked up high deuterium contents from the corrosion reaction and this 

deuterium migrated to the cold spots forming hydride blisters. These 

blisters acted as flaws which initiated delayed hydride cracking in the body 

of the tube. However operating with four garter springs in the correct 

location and the use of Zr-2.5wt%Nb pressure tubes is considered to make a 

blister type of failure mechanism less likely. This is because calandria 

tube-pressure tube contact would not occur until late in operating life (if 

at all) and Zr-2.5wt%Nb is considered less susceptible to high 

deuterium/hydrogen pick-upa from the corrosion reaction. This latter 

statement may have to be modified in the light of the results from P3L09 but 

this will be discussed in more detail later in this report. 
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(iii) Aging Due to Corroslon/Hydriding Processes 

The zirconium alloy pressure tubes in a CANDU reactor are subjected to 

a complex interaction of many variables which can affect the oxidation and 

hydrogen pickup processes. On the water side, it is generally accepted that 

the source of hydrogen (deuterium) is from the basic zirconium-(heavy) water 

corrosion reaction: 

Zr + 2D20 •*• Zr02 + 2D2 

The degree of hydrogen/deuterium pickup in the metal from this reaction 

depends on environment and material variables which include coolant 

chemistry, alloy chemistry, metallurgical and surface conditions, the 

thickness of the oxide acquired and neutron flux. On the insulating gas 

annulus side, hydriding sources may be from contaminants such as water, 

other hydrogenous species and hydrogen itself. Hydrogen pickup from these 

sources depends on the contamination level and the oxidation-reduction 

potential of the environment relative to zirconium. The role of a 

dissimilar metal endfitting on hydriding depends on the material (AIS1 403 

stainless steel in the CANDU) and the nature of the attachment. Potential 

hydriding influences that can be considered at the endfitting include 

galvanic effects on the corrosion reactions on the adjacent pressure tube, a 

hydrogen 'window' effect at areas of metal bonding and local crevice 

effects. Other mechanisms for getting hydrogen/deuterium into pressure 

tubes have been put forward, e.g., neutron knock-in of deuterium (Nicholas 

Teekman, Brief to ONSR), but such mechanisms are unlikely to contribute 

significantly to the overall pickup rate. (Calculations at Chalk River 

Nuclear Laboratories by A. Lone suggest that deuterium knock-in could 

contribute at the most 0.1 ppm/yr. to the overall hydriding rate). 

The extent of corrosion (oxidation) in Zr-2.5wtZNb pressure tubes is 

15 



such that there are no safety concerns because of the loss-of-metal-

thickness in the tube walls. However, there are concerns with respect to 

hydrogen/deuterium ingress, with concentration of hydrogen/deuterium at 

stress raisers and/or low temperature regions leading to the formation of 

solid hydrides and eventual failure by delayed hydride cracking. Even 

without invoking the delayed hydride cracking mechanism, long exposure times 

where there is a combination of higher hydrogen/deuterium levels together 

with high levels of radiation damage could lead to fracture toughness levels 

below those acceptable for the safe operation of the pressure tubes. 

Up until very recently the situation with respect to the oxidation and 

hydriding of Zircaloy-2 and Zr-2.5wt%Nb pressure tubes was as depicted in 

Figures 7 and 8. In Zircaloy-2 pressure tubes the corrosion and hydrogen 

pick-up rates are increasing with time and show a breakaway at an oxide 

thickness of about 15ym but no such increasing rates were seen in Zr-

2.5wt%Nb pressure tubes. Given these very low hydrogen/deuterium levels for 

Zr-2.5wt%Nb pressure tubes after many years of service, Ontario Hydro was 

predicting equivalent hydrogen levels of less than about 20 ppm by the 1990 

in the Pickering & Bruce reactors. Such hydrogen levels would not lead to 

solid hydride at reactor operating temperatures and should not pose a problem 

unless it concentrated at stress raisers and/or high stress regions. 

These predictions may well have to be revised in the light of the 

recent results from pressure tube P3L09 but this will be discussed in more 

detail in a separate section dealing with the implications of P3L09. 

The consequences of the aging phenomena will be further discussed in 

the subsections dealing with Questions 2 and 6, and in the General Overview 

section. 
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Question 2î Have all the safety related concerns with respect to CANDU 

pressure tubes been addressed by the designer and the owner? 

Having reviewed the available literature and having discussed this 

question with OH, AECL and AECB, the overall impression gained by the 

consultant is that most, if not all, safety related concerns seem to have 

been addressed. 

In terms of licensing, AECB has looked at the following failure 

scenarios and assured themselves that there are no adverse safety 

consequences. These failure scenarios are: 

a) Crack in rolled joint causing rupture. 

b) Cracks in blisters at contact location (i.e., between pressure tube 

and calandria tube)• 

c) Cracks in blisters without contact. 

d) In-core LOCA (Loss of Coolant Accident) causing one pressure 

tube/calandria tube rupture. 

e) A full guillotine break of the pressure tube such that the end-

fitting is ejected. 

f) There is stagnation and no coolant but there is still pressure. 

The pressure tube heats up and balloons. 

g) LOCA in one of the main pipes (header) causing ballooning of a 

number of pressure tubes. This is referred to as a Large Stagnation Break 

Accident. 

It should be noted that from a licensing point-of-view the rupture of a 

single pressure tube is not considered a safety concern but only an economic 

concern. However, the prevention of even a single pressure tube failure is 

desirable in the interests of safety through a reduction in the number of 

events which may require intervention on the part of the plant safety 

defenses in probabilistic terms. 
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Failure scenarios a) to g) seem to cover all possibilities. However in 

the future it will be necessary to examine failure scenarios f) and g) again 

but this time include the effects of high hydrogen/deuterium contents in the 

pressure tube. The presence of up to 400 ppm hydrogen/deuterium such as 

found in the Zircaloy-2 pressure tubes in the NPD reactor could 

significantly change the behaviour under ballooning conditions. Also 

boiling is now taking place near the outlet end of fuel channels in a number 

of newer CANDU reactors. The implications with respect to the 

hydriding/deuteriding should be examined. Experience from BWR-type reactors 

would suggest however that although boiling would increase the corrosion 

(oxidation) rate it will decrease the rate of hydrogen/deuterium uptake. 

As has been noted in the section on the history of pressure tube 

failures there have only been two cases of sudden pressure tube failure 

(i.e., break-before-leak) - one in Pickering NGS Unit 2 In 1983 and one in 

Bruce NGS Unit 2 in 1986. Ontario Hydro claims in their submission that the 

probability of similar failures is much reduced because of revised design, 

materials and in-service inspection. To quote Ontario Hydro: 

"The Pickering 2 failure was the result of a combination of higher than 

anticipated deuterium uptake by the Zr-2 pressure tube material and contact 

between the pressure tube and its calandria tube. Pickering 1 and 2 have 

been retubed with zirconium-niobium pressure tubes which are used in all 

subsequent Ontario Hydro reactors. The deuterium uptake rate for zirconium-

niobium pressure tubes is sufficiently low to give confidence in their long-

term performance. 

The tube failure at Bruce, which took place while the reactor was shut 

down, and at low temperature, was attributable to a manufacturing defect in 

that particular tube. A combination of in-service inspections and revised 
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procedures have been implemented to further reduce the probability of a 

similar event." 

Whilst the consultant would agree that tube failures such as at Bruce 

are extremely unlikely because of the ability to detect and thus eliminate 

the lap-type of manufacturing defect which caused the failure, the higher 

than expected deuterium content in tube P3L09 (in Zr-2.5wt%Nb tube) leads to 

some uncertainty as to the confidence placed in not having other failures 

similar to that in Pickering 2. This will be discussed in more detail in 

the section on the implications of the P3L09 results. 

As stated in both the OH and the AECL submissions to ONSR, CANDU 

reactors have a safety system which employs a 'defense-in-depth strategy. 

CANDU nuclear plants are provided with a powerful, self-checking and 

redundant control system, employing dual digital computers with one computer 

in operation and the other ready to assume control should the first fail. 

Loss of both computers simply causes control devices to drive in the safe 

direction, thereby shutting the reactor down. In addition, special saffety 

systems are provided to shut down the reactor, to replenish coolant and to 

prevent any uncontrolled release of radioactivity. With respect to the 

pressure tube failures in CANDU reactors, it should be noted that for all 

leaks and ruptures to date the anulus gas system did indicate the leak. The 

anulus gas system has been further improved by Ontario Hydro such that it 

can certainly respond to the leak within the 12 hour or so in which it is 

anticipated that a crack will grow before becoming unstable. 

Concern has been expressed to ONSR by Energy Probe that "the defense-

in-depth that is built into current plants may be eroded as the plants age, 

and that this erosion may not be detected until revealed by accident 

conditions." Whilst the consultant can see the general sense of such an 

argument, it is difficult to see where this might apply directly to the case 
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of pressure tubes. There is a good argument to be made that we do not know 

enough about the material properties of the pressure tubes after long in-

reactor times where there is a combination of high levels of radiation 

damage and perhaps also high hydrogen/deuterium levels. Instead of testing 

lead materials, i.e., those that are ahead of current reactors in aging 

(fluence, time, hydrogen/deuterium, etc.), we are at best testing materials 

removed from operating reactors, possibly because of failure of the pressure 

tube. This is in part due to the lack of a high flux test facility but is 

also typical of many construction projects. One might argue that the 

Pickering-3 and Pickering-4 reactors should be regarded as test reactors 

that can provide the necessary information to ensure the integrity and 

safety of pressure tubes in later CANDU units. However even if the pressure 

tubes become more failure-prone upon aging, there are still the anulus gas 

system to detect the leak and the other defense-in-depth features to ensure 

the overall safety of the reactor. 

Question 3_: Is the technical research support programme related to the use 

of pressure tubes adequate? 

The research on pressure tubes is carried out at three AECL 

laboratories, CRNL, Sheridan Park and WNRE and the Ontario Hydro Research 

Division Laboratory with the majority of the work being done at CRNL and 

WNRE. This is a large well financed program with over 200 research 

projects. In 1986/87 the AECL laboratories spent $34.9 million and Ontario 

Hydro's Research Division $4.7 million on fuel channel research. The 

utility support for the AECL program through the CANDU Owners Group 

increased from $1.6 million in 1986/87 to $8.6 million in 1987/88. 

The research programs are divided into five technical categories, 
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namely: 

a) Hydrogen ingress and corrosion 

b) Delayed hydride cracking and fracture 

c) Non-destructive examination 

d) In-reactor deformation 

e) Improved components 

In addition to these research programs, data are gathered through 

periodic and in-service inspection programs and detailed examinations of 

pressure tubes removed from the reactors because of failures or defects, or 

as part of the planned pressure tube removal/examination program. 

Much of the current research work is in technical categories a) and b), 

i.e., those related to hydrogen/deuterium. This is reasonable given the 

history of pressure tube failures. Significant advances have been made in 

understanding and modelling the corrosion process and delayed hydride 

cracking and fracture. A major advance in the corrosion and deuterium 

ingress area has been the determination of a possible correlation of 

deuterium ingress rate in Zr-2.5vt%Nb tubes with Fe concentration in the 

tube. As a result the specified maximum iron level for replacement tubes 

has been reduced from 1500 ppm Fe to 600 ppra Fe in order to reduce deuterium 

uptake. However the exact mechanism(s) responsible for this reduced 

deuterium uptake are still unknown and are under investigation. 

In regard to the Fuel Channel Fracture program, this program has 

undergone an extensive independent peer review by Professor E. Smith of the 

University of Manchester, England who is an internationally respected 

authority on fracture. In his report, (AECL Report, WNRE-757, 1987), 

Professor Smith concludes: 

"Proceeding from the basis that, from public concern and 
reliability perspectives, the prevention of unstable crack growth 
in a zirconium alloy pressure tube is the key objective of the 
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Atomic Energy of Canada Limited research programs geared tothe 
integrity of the pressure circuit in the CANDU-type reactor 
system, the author does not, as a result of his review of the 
programs, see any immediately obvious major gap in the programs. 
The important issues are being addressed;..»" 

However Professor Smith comments that: 

"The current research programs are geared to the primary objective 
of ensuring that detectable leakage should occur prior to unstable 
failure, with only limited effort being devoted to the 
consequences of unstable pressure-tube failure. Taking all factors 
into account, this would appear to be a sensible approach at the 
present point of time. Nevertheless, in the event of this view 
being modified in the future, it is desirable to maintain a 
resarch base in the consequence area, as it would then act as a 
springboard for any further work that might be conducted in that 
area." 

The consultant in the main agrees with Professor Smith's 

recommendations but would suggest that perhaps now is an appropriate time to 

put more effort into the consequences area. Professor Smith argues on the 

basis of resource availability and that it would not be prudent to deflect 

resources into the consequences area. Given the fact that we are into the 

regime of aging pressure tubes with high levels of radiation damage and 

perhaps high deuterium contents, unstable crack growth becomes a greater 

possibility and there is a greater need to consider consequences. Rather 

than deflect present resources from the important task of prevention of 

unstable crack growth, additional resources should be made available to 

study consequences. As recommended by Professor Smith this comprehensive 

research program geared to the consequences of pressure tube failure, would 

involve a wide range of parameters and their effects on dynamic fracture and 

arrest in pressure-tube material, together with a study of the effects of a 

wide range of parameters on the failure of calandria-tube material, and the 

ways in which the failure of the two types of tube are coupled. 

The research programs in non-destructive testing/examinâtion (NDT/NDE) 

are designed both to complement other fuel channel programs and to permit 
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collection of statistically valid data that could not be obtained by 

examination of a limited number of tubes removed from reactor and examined 

by conventional destructive means (e.g., metallography, chemical analysis, 

etc.). The program objectives are twofold, namely 

1) To provide the best possible inspection for new components during 

manufacture and reactor construction, and 

2) To develop techniques, procedures and equipment for in-service 

inspection 

The advances made as a result of the research and development programs 

in non-destructive testing have been impressive and have contributed greatly 

to the assured safety of CANDU fuel channels. The major achievements in the 

past years have included: 

- ultrasonic testing methods for delayed hydride cracking in over-

rolled joints 

- eddy-current testing for manufacturing inspection of pressure tubes 

- eddy-current testing for in-service inspection of pressure tubes 

- improved ultrasonic testing for manufacturing inspection of pressure 

tubes 

- eddy-current testing to locate garter springs 

- eddy-current testing for the determination of garter spring 

orientation (tilt) 

- eddy-current testing to determine to calandria tube/pressure tube gap 

The one area where researchers have not been successful is in 

developing a simple, reliable technique to directly measure 

deuterium/hydrogen concentration in-situ in the pressure tube. In fact 

researchers admit they are not close to finding a solution. Recently, 

however, a technique has been developed which, although not truly non

destructive, is virtually non-destructive, can be performed in-situ and 
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gives results in excellent agreement with bulk deuterium analyses. This is 

the 'Pressure Tube Scrape Sample Technique" whereby a 0.1 to 0.2 mm deep 

scraping is taken from the pressure tube surface and this is analysed for 

deuterium using conventional methods. Safety analyses have shown that the 

stress raising effects of these depressions are not a concern. A new 

protective oxide will form on the scraped area within a few days at 

operating temperature. 

Currently there are a number of areas of NDT under investigation and 

these include projects on: 

- improved manufacturing inspection 

- improved blister NDE 

- corrosion/deuterium NDE 

- acoustic emission for leak location and crack detection 

- improved defect sizing 

- reactor core structure monitoring 

The programs are well focused and appear to cover all areas requiring 

attention. Judging from past achievements of the NDT researchers, there is 

every prospect of further significant advances being achieved in the next 

few years. Further consideration is given to non-destructive testing in the 

sub-section dealing with Question 5. 

The in-reactor deformation research is concerned with the changes of 

length and diameter and the sag of pressure tubes and calandria tubes. 

These dimensional changes can limit service life but do not of themselves 

present safety problems. The modelling of these dimensional changes is 

progressing well and researchers are now putting microstructural features 

into the equations to predict irradiation growth and creep. The existing 

models are able to do a pretty good job of predicting contact between 
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pressure tube, and calandrla tube. Based on present knowledge of 

deformation/dimensional changes there is no reason to change pressure tubes 

during the 30 year reactor life. Research is ongoing to improve the 

predictive ability for long term reactor operation. The research work 

planned appears more than sufficient in terms of both scope and content. 

The improved components research program has three main purposes namely 

to: 

i) Provide backups for current components in case their performance is 

not satisfactory 

ii) Develop components that will have a 40-year service life 

iii) Develop improved components that will enable the power from a fuel 

channel in future resetors to be increased. 

As has been noted before in this report, current expectations are that 

the service life of the pressure tube will be limited by their decreased 

ability to resist rupture rather than by cumulative deformation (i.e., 

growth, creep). This decreased ability to resist rupture is related to 

the combined effects of deuterium ingress and the production of hydrides 

coupled with the higher levels of radiation damage. 

As a result of the R & D program on improved components a number of 

developments have been made which should assure superior performance in 

future generations of pressure tubes. These developments are all applicable 

to the current design material Zr-2.5wtZNb and include the following: 

i) Specification of a lower Fe impurity content (600 ppm max vs. 1500 

ppm max.). As already noted this should ensure lower deuterium pick-up 

rates from the corrosion reaction. 

ii) Development of a new tube fabrication route so that the texture is 

such that the basal poles are radial. This should in turn assure that few 

hydrides are formed in the radial orientation which leads to through-wall 
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cracking. 

ill) Design of yttrium sinks for insertion at the ends of pressure 

tubes. These sinks, which are non-structural, will act as getters for the 

hydrogen/deuterium so that there is less hydrogen/deuterium in the body of 

the pressure tubes to cause any hydrogen related failures. 

It is expected that tubes with all 3 of these features will be 

available by 1992. Improvements in the in-reactor reactor deformation are 

also likely to be made through modifications in composition, texture and 

microstructure. 

In summary the technical research support programmes seem to be 

addressing the appropriate problems and generally seem to be staffed and 

funded at adequate levels. The main criticism that can be levelled against 

the program is that it has been 'reactive' rather than 'pro-active'. As 

noted by Ontario Hydro in their submission to ONSR 

"As the reactors have aged and deficiencies in the design and/or 
material have become evident, the R&D program has been revised to 
reflect the new knowledge gained through operation of the 
reactor..." 

This in fact may be the only feasible way to operate but has led in the past 

to a 'surprise, surprise' scenario. As seems to now be AECL's stated 

policy, 'there should be no more surprises'. The emphasis in the past seems 

to have been on showing how one 'can live with the problem'. In future the 

approach should be to show what is being done to cure the problem. This 

change in approach does in fact seem to already be taking place as evidenced 

by the improved tubes program with lower Fe contents, revised texture and 

yttrium sinks. 
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Question ^: Is the experience of other countries in the use of the 

zirconium-niobium alloy taken into account by the Canadian designers and 

users of pressure tubes made from this material? 

This particular question was recently addressed by the consultant in a 

report for AECB jointly prepared with Westinghouse Canada Inc. ("The 

Degradation of Zirconium Alloys in Nuclear Reactors - A Review', D. Lim, 

N.A. Graham and D.O. Northwood, AECB Report INFO-0174, January 23, 1986). 

In essence the conclusions are that the Canadian nuclear program was 

utilizing the available world information on the use of Zr-Nb alloys in 

nuclear reactor applications and further that Canada, through AECL and OH, 

is along with Russia the source of the prime expertise in this area. 

The major user of Zr-Nb alloys for nuclear reactor applications are 

Canada (and CANDU-owners worldwide) and Russia, with Japan having a smaller 

role to play through the utilization of Zr-2.5wt*Nb in the Fugen reactor. 

There was a concern that some of the Russian experience was not available to 

the Canadian designers and users, and it was recommended that efforts be 

made to obtain any such information through some formal exchange agreement. 

The consultant was informed during his visit to CRNL that such an agreement 

was being put into place between AECL and Russia and perhaps more 

information on the Russian experience will be forthcoming in the near 

future. Furthermore it is the consultant's understanding that a technical 

exchange agreement has recently been signed between OH and Japan and again 

useful Information may come from this exchange. However, the Japanese do 

not have the long time in-reactor information that is available to the 

Russians and the consultant thus believes that the most useful information 

will come from the Russians, if in fact they do make it freely available to 

AECL. 
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Question 5_: Is the level of in-service inspection and non-destructive 

testing of CANDU pressure tubes adequate? 

For each nuclear generating unit, a Periodic Inspection Program (PIP) 

is established which conforms to the requirements of CSA Standard CAN3-

N285.4-M83, Periodic Inspection of CANDU Nuclear Power Plant Components. 

Periodic Inspection is a jurisdictional requirement and is monitored by the 

AECB at all stages of its preparation and implementation throughout the life 

of the station. The purpose of PIP Is to provide the necessary assurance 

that the likelihood of system and component failures has not increased since 

the plant was placed in service. It is a long term program which monitors 

generic fuel channel characteristics. 

In CSA N284.4 M83 fourteen pressure tubes In the lead reactor of a 

four-unit station are inspected inaugurally. This inspection Is repeated 

after 5 and then 15 years. The disposition requirements in CSA N285.4 M83 

are more lenient than the AECB currently accept for pressure tubes which are 

hydrided (from operation). In general whilst the newer reactors come under 

the CSA N284.4 M83 program, the remainder are under the disposition process 

for rolled-joint, contact, and boiling problems. Consequently, the CSA 

N285.4 M83 requirements currently serve as the minimum inspection In any 

reactor; most will have additional requirements. 

Ontario Hydro also performs In-Service Inspections (ISI) on critical 

nuclear components, such as pressure tubes, in addition to the requirements 

of the Periodic Inspection standard. The purpose of the ISI program Is to 

ensure continued reliable and safe performance of systems and components. 

By suitable design of the ISI program shorter term specific problems can be 

addressed. 

In their ISI Program for 1987-88 (for reference see Document B3, 
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Appendix 1), Ontario Hydro note that "the specific objective of this ISI 

program is to monitor the Integrity of pressure tubes believed to be at 

higher than average risk due to known causes such as manufacturing defects, 

fuel channel assembly variances, commissionlng-induced damage and fueling or 

maintenance-induced damage". In addition to the directly safety-related 

concerns, the ISI program is intended to generate engineering data on fuel 

channel performance for design and research applications. 

The particular issues which are being addressed by this ISI program 

include the following: 

(1) The effect of pressure tube/calandria tube contact on high 

hydrogen equivalent (i.e., high hydrogen + deuterium content) tube-. This 

inspection includes channels from Pickering Units 3 and 4 and Bruce Unit 3. 

(2) Manufacturing flaws. This is primarily concerned with the top 

tubes from ingots which experienced an inadequate "hot topping" practice 

during manufacture. These tubes are the most likely to contain lap type 

defects. This inspection would include tubes from Pickering Units 3 and 4 

and Bruce Units 1 to 4. 

(3) Rolled joint flaws. This includes channels in Pickering Unit 4 

with reported rolled joint cracks and 83 pressure tube rolled joints in 

Bruce Unit 2 which have not previously been inspected. 

(4) Commissioning-induced flaws 

(a) Fretting. Channels in Pickering Unit 8 are to be inspected 

to monitor the in-service effect on the primary/secondary fret marks 

incurred during commissioning. 

(b) Debris damage. Channels in Pickering Units 5 and 6 will be 

inspected to monitor the effects of debris in the heat transport system. 

Channel M07 in Bruce Unit 6 which has experienced multiple 

'debris/mechanical' damage to its fuel is also to be inspected. 
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In addition to this Ontario Hydro proposed to examine all available 

pressure tube offcuts from Pickering, Bruce and Darlington units. Offcuts 

are the excess length from tube which is cut-off tube when sizing the tube 

to final length: there are usually back and front end offcuts. The 

examination of offcuts is intended to identify any manufacturing flaws or 

other anomalies which could adversely reflect on pressure tube integrity. 

The pressure tube inspection program would be revised should any 

manufacturing flaws be detected in these offcuts. 

The channels selected for inspection are to be examined using 

ultrasonics (CIGAR/CIGARette) whereas the offcuts are to be inspected by 

ultrasonics and metallography where appropriate. In addition to this in-

situ Inspection, 3 channels (1 from Pickering Unit 4 and 2 from Bruce Unit 

3) were scheduled for removal and full destructive examination. 

AECB's review of Ontario Hydro's Proposed Fuel Channel Inspection 

Program 1987-88 (B. Jarman, AECB Report 87-PRC-73, 25 September 1987) finds 

that the inspection strategy meets the periodic inspection requirements of 

CAN 3-N285.4 and that the removal rate of 3 tubes in the 1987-88 inspection 

period is acceptable (however they do recommend that these tubes be selected 

from Bruce Units 1 and 2 and Pickering Units 3 and 4 so as to be 

"conservative"). 

AECB did however suggest some modifications/additions to the ISI 

program in order to be better ensure pressure tube integrity. The 

consultant has reviewed AECB's recommendations and finds most of them to 

warrant further consideration by Ontario Hydro. The main points warranting 

attention are: 

a) Although the CIGAR inspection procedure is able to identify small 

cracks (as small as 0.005 inch), Ontario Hydro should indicate their 
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proposed course of action should such cracks or other flaws be found. 

b) Although it has been fairly well proven that there are not many 

manufacturing flaws present, how should the inspection program be modified 

as to identify flaws initiated in service, particularly at blisters or at 

rolled joints. These types of flaws (cracks) are unlikely to be picked-up 

using CIGAR with a 2 year interval between inspections. 

c) The inspection program should be structured so as to confirm both 

that the consequences of contact between a Zr-2.5wtZNb pressure tube and its 

calandria tube is benign and that the bulk hydrogen acquisition rate remains 

as low and at levels very much below that where previous experience shows 

integrity may be compromised. In this regard it should be noted that 

hydride blisters cannot be detected by NDE unless they are cracked and that, 

as previously mentioned, no NDE method is available for the direct 

measurement of hydrogen/deuterium contents (apart from the scrape sampling 

technique which is destructive to a localized shallow surface layer on the 

tube). 

d) The potential for increased hydriding because of boiling in the 

fuel channels should be examined. There are differing opinions on the 

potential effects of boiling with both increased and decreased hydriding 

rates being predicted but there is a definite need-to-know. AECB believe 

this problem should be monitored in service by withdrawing tubes at the rate 

of 1 per year or taking in-care measurments on pressure tubes. The 

consultant believes that the pressure tube scrape sampling technique can 

give the required answer. The tests already conducted show the results 

using this technique are in excellent agreement with data obtained using 

bulk samples taken from a pressure tube removed from reactor (see Figure 9 

for tube P3-L09). 

The main thrust of the AEC8 criticisms seem to be that since crack 
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detection is unlikely to be effective as a means of guarding against 

failures from cracks initiating in service, confidence in pressure tube 

integrity for further long-term operation will need to be obtained from in-

service measurements of hydrogen levels and related studies on the potential 

for crack formation. The consultant is in general agreement with these 

views. 

In general the PIP and ISI programs are adequate to make safety 

decisions. However they are not adequate to find a solution to the problem 

if it is as large as the initial data from P3L09 may lead one to believe. 

This last conclusion is arrived at by the simple reasoning that Ontario 

Hydro are not inspecting a statistically large enough sample of pressure 

tubes to be able to identify the 'good and bad actors' and thus 

differentiate what makes a tube a 'good actor'. 

Question 6̂: Based on available information concerning pressure tube 

metallurgy and pressure tube aging, will it be necessary to retube future 

CANDU units? What criteria should determine when retubing is necessary? 

Subsequent to the initiation of the ONSR and the generation of a series 

of questions to be answered by the ONSR staff and consultants, Ontario Hydro 

have taken the decision that it will be necessary to retube a reactor once 

in its lifetime. Given a 30 year lifetime, it is planned to retube after 20 

years at which time procedures will be applied to extend the life of the 

steel components. This seems a reasonable decision given the current state 

of pressure tube technology where it is unlikely that a 30 year lifetime can 

be assured. The improved components routes, e.g., reduced Fe content, 

modified fabrication route and yttrium sinks for Zr-2.5wt%Mb, may make it 

possible to extend pressure tube life up to 30 years but this could not be 
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assured for a number of years. 

With respect to pressure tubes currently installed in reactors there is 

a potential problem with the scenario of retubing after 20 years. The 

indications from tube P3L09 is that similar tubes will have a top life of 13 

to 15 years, thus making retubing necessary after this time when the tube is 

very close to the 'end of its life' and the replacement tube would also be 

close to the 'end of its life' at the 30 year reactor lifetime. Obviously 

if it turns out that P3L09 is not typical of many other tubes in current 

reactors then the 30 year reactor lifetime with one retubing after about 20 

years will be possible. 

Turning now to the development of criteria for determining when 

retubing is necessary, the consultant notes that all three of the major 

organizations (OH, AECL and AECB) are examining this problem. The 

consultant was unable to determine the degree of collaboration between OH, 

AECL and AECB but his initial impression was that all three were 'going-

their-own-way'. This in itself may not be a bad thing since the separate 

findings can then be synthesized into one comprehensive policy. 

The development of criteria is an extremely difficult task and one 

which the consultant was obviously unable to fully consider in the short 

duration of this review. Obviously one must first decide what properties of 

the pressure tubes are critical for their safe operation. Then one must 

delineate to what levels these properties could be allowed to degradate 

before they become a safety concern. Finally one must identify all the 

factors that control the degradation of these key properties, so that 

knowing all the material and operating specifications for each tube a 'time-

for-retirement' can be determined. It is the consultant's opinion that we 

are a long way from being able to develop such criteria. 

AECL are in the process of developing a 'Fitness-For-Purpose code for 
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pressure tubes. The main thrust of their work is to ensure that there is 

Leak-Before-Break rather than a fast rupture. Any criticism of such a code 

would be that perhaps one should go a step further and try to assure that 

there are no through-wall-cracks at all, i.e., no leaking or breaking. 

AECB are in the process of putting out a contract for the formulation 

of an 'Index-for-retirement*. Perhaps the contractors (who would be 

independent of AECL or OH) would after careful study of the literature and 

discussions with OR and AECL be able to establish a listing of factors that 

should be contained in such an index. It is quite possible that for some of 

the factors experimental data would be either non-existent or incomplete and 

experiments would have to be designed to obtain the necessary information. 

Only then can the retirement index be finally formulated. AECB's approach 

appears to be that one must first of all find out why it doesn't meet design 

life in order to be able to formulate such an index. This is a most 

reasonable approach. The impression gained by the consultant was that AECB 

believe that the criteria for retubing will be based on hydride limits 

rather than defects. The consultant is also of this opinion. 

Ontario Hydro appear to be the furthest advanced in the development of 

a Fitnes8-For-Purpose criteria. Their code will contain 5 components 

namely: 

1. Pressure tube elongation. The concern here is that there will not 

be enough bearing travel. It should be noted that the pressure tube doesn't 

fall apart from overelongation. 

2. Reduced confidence in the assurance of Leak-Before-Break. 

Considerations here would include: (a) changes in DHC velocity (there is a 

documented increase with increasing neutron fluence); (b) Anulus gas system 

response; does the response time change with aging and/or must the system 

respond In a shorter time; (c) critical crack length; this is decreasing 
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with aging of the tube; (d) changes in other materials properties affecting 

pressure tube behaviour. 

3. Break-Before-Leak. Included here are effects of such flaws as lap 

defects and blisters which have previously caused rupture of pressure tubes. 

4. Increased adverse consequences related to pressure tube failures. 

Points to be examined would be the economic and safety considerations of a 

large number of Leak-Before-Break failures. Also could there be a cascading 

of failures? 

5. High deuterium contents, i.e., significantly above terminal solid 

solubility. This has an effect on factors 2, 3 and 4 considered above. 

Given the fact that all of factors 1 to 5 depend on material and 

environmental variables and the position in pressure tube, the formulation 

of such an index will not be an easy task. 

Having mentioned material variables, it is probably appropriate at this 

time to note the consultant's concerns with respect to material variability 

and modelling pressure tube behaviour. Pressure tubes are essentially 

individual items with no two being the same. Furthermore their structure 

and hence properties, vary along the length of the tube. These differences 

would include, among other things, differences in: 

(i) Chemistry, particularly impurities (e.g., Fe) 

(il) Microstructure 

- ct-Zr grain size/ shape 

- 3-phase size, shape, chemistry, distribution, etc. 

- precipitates 

- dislocation density 

(iii) Strength 

- varies with structure, oxygen content, neutron fluence, etc. 
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(iv) Processing 

- B-treated or not 

- single, double or multiple autoclaving 

If the tubes are so different, how can we model their behaviour? The 

response obtained by the consultant on asking this particular question to 

OH, AECL and AECB was that primarily properties are controlled by more large 

scale variations in chemistry, fabrication route, etc. and in general the 

pressure tube response can be modelled fairly well with our present 

'average1 material structure. It is admitted that these are exceptions to 

this, e.g., corrosion/hydriding behaviour and Fe content, but in general 

this holds true for mechanical behaviour and fracture. The consultant can 

in general accept this argument but would point out that it is precisely 

these exceptions to the rule that can cause unexpected behaviour. 

The consultant also had a concern with respect to the use of continuum 

mechanics to model deformation and fracture. The structure present in a Zr-

2.5wt%Nb pressure tube is certainly not a continuum. AECL's response to 

this concern was that from an engineering point of view their laboratory and 

in-reactor tests are using the same mateial as an actual pressure tube and 

thus the application of continuum mechanics Is valid. This particular 

question probably warrants further investigation. 

In summary, reactors will have to be retubed at least once in their 

lifetime. The criteria for determining retubing are extremely complex, and 

the formulation of a retirement-index or fitness-for-purpose code will 

probably take some period of time. 
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AN EXAMINATION OP THE IMPLICATIONS OF THE RESULTS FROM PICKERING UNIT 3_ 

CHANNEL L09 

Pressure tube P3-L09 was removed from reactor during August 1987 in 

accordance with the ISI program. The tube satisfied the major requirements 

of the program, namely: 

i) High predicted hydrogen equivalent. This was based on a high 

initial hydrogen content (10-12 ppm) and higher predicted deuterium ingress 

rates due to a high residual Fe content in the tube. 

ii) Pressure tube/calandria tube contact toward the outlet end. 

Metallurgical analysis of the removed pressure tube was performed at 

CRNL and indicated the following: 

a) Pressure tube/calandria tube contact had occurred and ran from 3.45 

m to 4.65 m (from the inlet end). No hydride blisters were Identified in 

the contact region. 

b) The deuterium concentration was considerably higher at the outlet 

end than measured in previously removed Zr-2.5wt*Nb pressure tubes, Figure 

10. This observation was more obvious when only the results from the 5.8 m 

location are considered for all removed tubes, Figure 11. Also to be noted 

is the 'double-hump' behaviour with peak deuterium contents recorded at 6.0 

m and at outlet. The reasons for the nature of this deuterium profile are 

unknown. It does however appear to be an important characteristic and the 

reasons for its occurrence could shed light on the basic mechanisms for 

deuterium ingress. 

c) No blisters were found metallographically at the 4.6 m location 

which has the highest equivalent hydrogen concentration (approximately 24 

ppm) in the contact area. This would agree with the fact that the measured 

deuterium levels in the contact area were below threshold levels for blister 
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formation. 

d) The hydride orientation at both locations samples (5.8 m and 4.6 m 

was generally circumferential (the consultant would note that, at least for 

the limited number of micrographs given in the report on P3L09, there was 

evidence of an increasing tendency to a more radial orientation of some of 

the hydrides at the mid-wall location. This could be limited to the 

micrographs chosen for inclusion in the report and not be reproduced in 

micrographs of other areas. 

e) The oxide film thickness on the inside tube surface was similar to 

that for previously examined Zr-2.5wt%Nb tubes (i.e., 10-20 m). 

The immediate concern with these results is the much higher than 

predicted deuterium levels particularly near the outlet end. As noted 

previously when discussing aging due to the corrosion/hydriding process, the 

general belief, and previous results, for Zr-2.5wt%Kb tubes was that the 

deuterium uptake from the corrosion reaction was very small and given no 

breakaway in corrosion rate, there would be no breakaway in deuterium uptake 

rate; see Figures 7 and 8. The results from P3L.09 suggest that this may not 

be the situation. However any immediate concern must be tempered by the 

facts that: 

1) This is, at least for the moment, an isolated result for one tube. 

2) This particular tube was previously identified as one likely to 

have a higher deuterium content (because of its high residual Fe content). 

3) Although there is an increased deuterium content there is not an 

accompanying increase in oxide thickness such as observed in Zircaloy-2 

where a breakaway occurs in both oxidation and hydriding rates at some 

particular oxide thickness. 

4) No blisters have been found and any hydrides are circumferential in 



nature. Thus fracture toughness and critical crack lengths would not be 

reduced at these hydrogen equivalent concentrations. 

5) The equivalent hydrogen concentration in the outlet rolled joint is 

very similar to that found in other tubes. Thus the susceptibility to DHC 

at the rolled joint is not greater than other tubes and there is every 

confidence in the timely detection of a leak-before-break. 

Ontario Hydro argue that P3L09 should be considered representative of 

the worst case and that the new information derived from inspection of P3L09 

does not indicate a significant increase in the probability of failure or 

immediate concern for the integrity of any other pressure tubes. They 

further reason that should a pressure tube rupture, the expected 

consequences of the event are similar to those which occurred following the 

P2G16 incident. They therefore conclude that there is no public safety 

concern. 

The consultant agrees with most of this reasoning by Ontario Hydro and 

consequently agrees that there is probably no immediate concern. However if 

we accept the fact that the results for P3L09 indicate that we do not have a 

constant ingresB rate (from time zero) for deuterium but rather we have 

passed the breakaway point and that there is now an accelerating (or at 

least very fast) deuterium ingress rate then the predictions for the future 

integrity of pressure tubes is not as certain. The 'double-hump' deuterium 

profile observed for P3L09 would indicate that the high deuterium is not 

coming from or through the end-fitting but rather more likely from the 

corrosion of the bulk tube. There is the possibility that it could be 

coming from the anulus gas system and if this was so it would modify the 

predictions for deuterium contents after further reactor operation (AECL did 

in fact inform the consultant that this may be the case; the oxide thickness 
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on the OD of the pressure tube is thinner than expected indicating possible 

reducing conditions in the gas anulus). However if we adopt a pessimistic 

point of view (as was suggested to the consultant by AECB) and plot the 

deuterium content of P3L09 on the graph of deuterium pickup vs. effective 

full power days for Zircaloy-2 and Zr-2.5wtZNb in different reactors, Figure 

12, we find the result sits on the Zircaloy-2 curve for NPD (this is 

probably purely fortuitous but it can serve as an example of a more severe 

consequence than assuming that deuterium ingress rate is constant from time 

zero). Taking a deuterium ingress rate of 40 ppm/yr (an average rate for 

Zircaloy-2 once breakaway has occurred) we find that other tubes similar to 

P3L09 should reach a deuterium content of 300 ppm (the deuterium content at 

which Pi and P2 were shut down) in 1990 and a deuterium content of 400 ppm 

(the level at which NPD was shut down) by 1992. At these hydrogen/deuterium 

levels and high neutron fluences the fracture toughness, critical crack 

lengths would be reduced and remedial measures, such as perhaps pressure 

tube replacement, would have to be implemented. However there is much that 

is still unknown and the P3L09 results are for one tube at an isolated point 

in time. 

The P3L09 result does reinforce the need for an expanded and redirected 

ISI program and Ontario Hydro have recognized this fact. The pressure tube 

scrape sample technique for deuterium determination seems to hold the 

greatest promise for the resolution of the causes of the high deuterium 

ingress rate. Sampling of tubes with different material and operating 

conditions over a period of time should allow the establishment of the 

nature (shape) of the deuterium content-time curve and its variability with 

material (e.g., Fe content) and operating conditions. Until these 

relationships are established for pressure tubes in P3 and P4 (and 

subsequent reactors) then any conclusion/recommendatins are purely 
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speculative. 

GENERAL OVERVIEW AND RECOMMENDATIONS 

The overall impression gained as a result of this review is that the 

research and development programs together with the in-service inspection 

programs have fairly adequately addressed all the major concerns associated 

with fuel channel, in particular pressure tube, performance. Any criticism 

of these programs is to be directed at the fact that many of these programs 

have been of the reactionary-type and have been devised, or revised, to 

reflect deficiencies in design and/or material as they become evident. 

There has also been a tendency to use this expertise to demonstrate why 'one 

can live with a particular problem' rather than solving the root-cause of 

the problem. The programs should become pro-active and there should be 'no 

more surprises'. 

This said, the consultant did not find area of pressure tube behaviour 

that warranted immediate concern from a safety standpoint. The aging 

related processes seem to be relatively well understood with the exception 

of those associated with corrosion and the associated ingress of deuterium. 

The isolated result for tube P3L09 has led to some uncertainty as to whether 

Zr-2.5wt%Nb pressure tubes will continue to demonstrate low deuterium 

pickups during their lifetime or whether Zr-2.5wtZNb will, like Zircaloy-2, 

show a breakaway in deuteriding rate at some stage in their lifetime. 

Detailed deuterium ingress data is needed on a statistically significant 

sample of pressure tubes over a period of time so that the exact nature of 

the deuterium pickup time relationships can be established for tubes with 

different material properties under different operating conditions. The 

consultant believes such data can be obtained by the pressure tube scrape 

technique. This new technique compliments well the other NDE techniques 
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developed by AECL and OH. 

It is the consultant's belief that the Zr-2.5wtZNb alloy can continue 

to be used for pressure tubes in CANDU reactors, unless subsequent 

inspections show P3L09 to be typical of most pressure tubes and not 

necessarily the worst case. The improvements to Zr-2.5wtZNb such as the 

lower Fe contents, revised fabrication routes and application of yttrium 

sinks will help to ensure their increased resistance to the hydrogen-

associated failures which have taken place in current pressure tubes. The 

consultant when considering the 6 questions posed by ONSR has made some more 

specific recommendations and these are summarised briefly as follows: 

1) The effect of second phase impurity particles on the behaviour of 

Zr-2.5wtZ pressure tubes should be better established. This particularly 

applies to the corrosion/hydriding behaviour. 

2) The effects of aging on the nature (size, shape, distribution, 

etc.) of the second phase particles, particularly those containing Fe, 

should be established. 

3) The affect of high hydrogen/deuterium contents on the ballooning 

behaviour, such as occurring during stagnation, should be established. 

4) The effect(s) of boiling on the corrosion/hydriding behaviour 

should be established. Of particular concern is whether boiling leads to a 

higher rate of deuterium ingress. 

5) There is a need to be testing 'lead materials' which are ahead of 

current reactors in aging (fluence, time, hydrogen/deuterium, etc.). The 

best source of such materials appears to be Pickering Units 3 and 4. 

6) Increased emphasis in the R&D program should be placed on the 

consequences of unstable pressure tube failure. 

7) The in-service inspection program should be expanded to gain 
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statistically valid data on the bulk, deuterium acquisition rate and to 

confirm that the consequences of contact between a Zr-2.5wtZNb pressure tube 

and its calandria tube are benign. 

8) Ontario Hydro should indicate a proposed course of action in the 

event of small cracks and other flaws being detected by the CIGAR inspection 

procedure. 

9) The question of the variability (chemistry, microstructure, 

strength, processing, etc.) of pressure tubes, both from tube to tube and 

along tube length, and its effect on behaviour should be addressed. 

Turning now to the question of retubing, it is generally accepted that 

a reactor will be retubed once in its lifetime and it is proposed that this 

occur after about 20 years. Fitness-For-Purpose codes or retirement-indexes 

are being formulated to determine when this retubing should occur. It seems 

that retirement will be mainly controlled by concerns related to hydrides 

rather than in-reactor deformation. In this regard, it is of paramount 

importance to establish whether the P3L09 is an isolated or is typical of 

most Zr-2.5wt%Nb pressure tubes. Advances in the production of Zr-2.5wt%Nb 

pressures (such as lower Fe contents, new fabrication routes and yttrium 

sinks) promise to extend the life of pressure tubes perhaps even to the 

extent that retubing may not be necessary. 

With respect to safety concerns it should be pointed out that the 

consequences of most failures of pressure tubes (those involving single 

tube) are economic rather than safety-related. The concerns with respect to 

safety would lie with multiple or cascading failures which given the current 

understanding appear most unlikely. 
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Figure 1 CANDU 600 MW Reactor (One Fuel Channel Emphasized). (From B. 
Strachan and D.R. Brown, "Operating Performance and Reliability 
of CANDU PHWR Fuel Channels in Canada, AECL-7543, March 1983). 
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Figure 3 Pressure Tube Failures in Ontario Hydro Power Reactors. 



YEAR OPERATION M 8RUCE 

5 

a 
«A 

NEUTRON aUENCE rt/wf 

Figure 4 The effect of neutron irradiation on tensile properties of Zr-
2.5wtXNb pressure tubes (From B.A. Cheadle, 'Confidence in Fuel 
Channel Components,1 CNS Conference, St. John, N.B., June 15-17, 
1987). 



oc 
u. 

s 
UJ 

S 
ce 

REACTOR OPERATING TIME/FLUENCE 
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fracture toughness of Zr-2.5wt%Nb pressure tubes (from B.A. 
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Conference, St. John, N.B., June 15-17, 1987). 
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Figure 6 Deformation of an average Zr-2.5wtXNb pressure tube during 
service in the Bruce reactors (from A.R. Causey, V. Fidleris, 
S.R. MacEwen and C.W. Sehulte, 'In-reactor Deformation of Zr-
2.5wt%Nb Pressure Tubes,' ASTM Conference, Seattle, June 1985). 
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Documents Obtained Froa Ontario Nuclear Safety Review 

AECL - Ontario Hydro, '"Joint Pressure Tube Project. Final Report," 
December 1984 

This summary report also contained: 

(a) G.R. Fanjoy, "Pressure Tube Failure - Pickering NGS Unit 2," 
Ontario Hydro Report CNS-75, 14 pp., July 1984. 

(b) G.J. Field, J.T. Dunn and B.A. Cheadle, "Analysis of the Pressure 
Tube Failure at Pickering NBS 'A' Unit 2," Atomic Energy of 
Canada Limited Report AECL-8335, 5 pp., June 1984. 

(c) J. Baron et al, "Fuel Channel Research Programs," Atomic Energy 
of Canada Limited Report. CRNL-2708-01, 69 pp., August 1984. 

"A Submission to the Ontario Nuclear Safety Review by Atomic Energy of 
Canada Limited," Atomic Energy of Canada Limited Report AECL-9427, 92 
pp., August 1987. 

"Ontario Hydro Submission to Ontario Nuclear Safety Review," August 
1987. 

B.A. Cheadle, C.E. Coleman and H. Licht, "CANDU-PHW Pressure Tubes: 
Their Manufacture, Inspection and Properties," Nuclear Technology, 57, 
413-425, 1982. 

B.A. Cheadle, "Confidence In Fuel Channel Components," CNS Conference, 
St. John, N.B., June 15-17, 1987. 

B. Cox, "Mechanism of Oxidation and Hydrogen Uptake in Zirconium 
Alloys," Atomic Energy of Canada Limited Report AECL-9018, 50 pp., 
November 1985. 

V.F. Urbanic, B. Cox and G.J. Field, "Long-Term Corrosion and Deuterium 
Uptake in CANDU-PHW Pressure Tubes, 7th International Conference on 
Zirconium In the Nuclear Industry, Strasbourg, France, June 24-27, 
1985. 

V.F. Urbanic and B. Cox, "Long-Term Corrosion and Dsuteriding Behaviour 
of Zircaloy-2 Under Irradiation," Canadian Metallurgical Quarterly, 24, 
189-196, 1985. 

C.E. Coleman and J.F.R. Ambler, "Delayed Hydrogen Cracking In Zr-
2.5wtZNb Alloy," Reviews on Coatings and Corrosion, lil(2&3), 105-157, 
1979. 

L.A. Simpson and M.P. Puis, "The Effects of Stress, Temperature and 
Hydrogen Content on Hydride-Induced Crack Growth in Zr-2.5Pct Nb," 
Metallurgical Transactions, 10A, 1093-1105, 1979. 

L.A. Simpson, "Criteria for Fracture Initiation at Hydrides in 
Zirconium-2.5Pct Niobium Alloy," Metallurgical Transactions, 12A, 2113-
2124, 1981. 
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12. R. Dutton, "Materials Degradation Problems in Hydrogen Energy Systems," 
International Journal of Hydrogen Energy, £, 147-155, 1984. 

13. C.E. Coleman, B.A. Cheadle, J.F.R. Ambler, P.C. Lichtenberger and R.L. 
Eadie, "Minimizing Hydride Cracking In Zirconium Alloys," Canadian 
Metallurgical Quarterly, 2±, 245-250, 1985. 

14. C.K. Chow and L.A. Simpson, "Analysis of the Unstable Fracture of a 
Reactor Pressure Tube Using Fracture Toughness Mapping," ASTM STP 918, 
78-101, 1986. 

15. L.A. Simpson and C.K. Chow, "The Effect of Metallurgical Variables and 
Temperature on t'uc: Fracture Toughness of Zirconium Alloy Pressure 
Tubes," 7th International Conference on Zirconium in the Nuclear 
Industry, Strasbourg, France, June 24-27, 1985. 

16. A.R. Causey, A.G. Norsworthy and C.W. Schulte, "Factors Affecting Creep 
Sag of Fuel Channels in CANDU-PHW Reactors," Canadian Metallurgical 
Quarterly, 2j4_, 207-214, 1985. 

17. V. Fidleris, "Irradiation Growth in Zirconium Alloys: A Review," Atomic 
Energy of Canada Limited Report AECL-7053, 46 pp., September 1980. 

18. E.G. Price and P.J. Richinson, "Thin-Walled Large-Diameter Zirconium 
Alloy Tubes in CANDU Reactors," Atomic Energy of Canada Limited Report 
AECL-6345, 13 pp., August 1978. 

19. C.E. Ells, C.E. Coleman, V. Fidleris, E.T.C. Ho and A.R. Causey, "The 
Behaviour of The CANDU Calandria Tubes," CNS Conference, St. John, 
N.B., June 15-17, 1987. 

20. Staff from NSSD, NSD and CNS, "Bruce NGS "A" Unit 2 Pressure Tubes," 
Ontario Hydro Report, June 22, 1986. 

21. "Appendix I. Cause of the B2 N06 Pressure Tube Crack and its Subsequent 
Propagation," Reproduced from Attachment 4 to letter E.P. Horton to 
J.D. Harvle/P. Marchildon, "Pressure Tube Integrity, June 9, 1986, File 
NK21-00531P. 

22. Package of Correspondence from Ontario Hydro to AECB re Pickering NGS 
Unit 3 Fuel Channel L09 Inspection Results (Transmitted under cover of 
letter C.L. Taylor (OH) to Peter Fraser (0NSR), October 26, 1987, File 
104.11). Package includes: 

(a) E. Dewar's September 29, 1987 letter to B.J. Pannell transmitting 
Interim report number CNS-lR-31110-31 on the P3-L09 inspection 
results and a pressure tube ISI program addendum prepared for a 
followup investigation on Pickering Unit 4. 

(b) Mr. Pannell's October 6, 1987 reply requesting additional 
Information. 

(c) E. Dewar's October 21, 1987 response, with attachments. 
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Nicholas Teekman, "A Review of Nuclear Sources of Hydrogen Ions and the 
Effect of Hydrides on CANDU Zirconium Niobium Pressure Tubes," À Brief 
Submitted to The Ontario Nuclear Safety Review, 97 pp., September 1, 
1987. 

(General Package of Information on Ontario Nuclear Safety Review 
Including): 

(a) Letter dated December 18, 1987 from V.G. Kerrio, Minister for 
Energy to Professor F.K. Hare outlining scope of review. 

(b) 2-page document dated May 1987 titled, "The Ontario Nuclear Safety 
Review." 

(c) Biographies of Advisory Panel. 

Ontario Nuclear Safety Review Report, "A Workshop On The Safety of 
Ontario's CANDU Reactor," September 24-26, 1987. 
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Documents Obtained From Ontario Hydro 

B.A. Cheadle, "Fuel Channel Research Program Work Packages," Atomic 
Energy of Canada Limited Report CRNL-2708-11/OHR-86-110-H, 301 pp., 
June 1986. 

K.A. Knutson and D.A. Brooks, "Fuel Channel In-Service Inspection (ISI) 
Program for Ontario Hydro Owned Reactors. 1987-1988. R-l, Ontario 
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August 11, 1987. 

Anon, Computer listing of Work Projects for Working Parties: No. 22 
Fuel Channel Design, No. 24 P/T Supply; No. 31 DHC and Fracture; No. 33 
Improved Fuel Channel Components; No. 34 Non-Destructive Engineering; 
No. 35 Corrosion and Hydrogen Ingress. 
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APPENDIX 2 

CONSULTANT'S TERMS OF REFERENCE 



Ontario Nuclear Safety Review 
SCHEDULE 1 

TERMS OF REFERENCE 

The Contractor shall conduct a review of and provide a written 
report on the safety issues related to the metallurgy of the 
pressure tubes used in Ontario Hydro's CANDU nuclear reactors. 
In so doing, the Contractor shall examine written material 
provided by the ONSR and conduct meetings with Ontario Hydro 
representatives and others as required with the objective of 
answering the following questions as fully as possible: 

1. Is the understanding of pressure tube metallurgy and the 
aging-related processes of pressure tubes adequate? 

2. Have all the important safety related concerns with respect 
to CANDU pressure tubes been addressed by the designer and 
the owner? 

3. Is the technical research support programme related to the 
use of pressure tubes adequate? 

4. Is the experience of other countries in the use of the 
zirconium-niobium alloy taken into account by the Canadian 
designers and users of pressure tubes made from this 
material? 

5. -Is the level of in-service inspection and non-destructive 
testing of CANDU pressure tubes adequate? 

6. Based on available information concerning pressure tube 
metallurgy and pressure tube aging, will it be necessary to 
retube future CANDU units? What criteria should determine 
when retubing is necessary? 

The Contractor shall identify unresolved safety issues related to 
CANDU pressure tubes, in part-icufar those in which the basic 
understanding of the problem is poor or non-existent. He shall 
comment on the level of knowledge related to pressure tube 
metallurgy that -exists within Ontario Hydro and the research 
programmes undertaken by Ontario Hydro in thi3 area, and shall 
evaluate the Ontario Hydro support programmes with respect to 
pressure tube metallurgy. 

The Contractor shall be available for short consultations with 
ONSR staff to discuss the progress of his work. During the 
course of his review, the Contractor may wish to contact another 
ONSR consultant, Dr. David Burns, who is working in a related 
area. 

The Contractor shall endeavour, on the basis of his findings, to 
make recommendations with respect to the use of, in-service 
inspection, and non-destructive testing of zirconium-niobium 
pressure tubes, and the future requirements for retubing of CANDU 
reactors. 
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This report vas done under a contract between the Ontario Nuclear 

Safety Review Commission and Resources for the Future. Specifically, the 

contract called for: 

"The Contractor [RFF] shall appoint Dr. John Ahearne, a member of its 

staff and former Chairman of the United States Nuclear Regulatory 

Commission (the "US NRC") to provide an overview report on the 

regulation of the nuclear industry. This report should include a 

comparative evaluation of the respective roles of the US NRC and the 

Canadian Atomic Energy Control Board in nuclear regulatory matters." 

The research was done by and this report written by John Ahearne, Vice 

President and Senior Fellow at Resources for the Future. Dr. Ahearne was 

educated as a physicist and spent many years doing and directing analysis 

of weapons systems and managing programs in the United States Department of 

Defense and the United States Department of Energy. From 1978 to 1983, he 

was a Commissioner of the United States Nuclear Regulatory Comission, and 

served as Chairman from 1979 to 1981. 

This report represents only the views of the author and does not 

represent the positions of either the Ontario Nuclear Safety Review or 

Resources for the Future. 
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I. Introduction 

This report addresses the similarities and differences between the 

approach to the regulation of commercial nuclear power in the United States 

and Canada. This report is based on more than 30 hours of interviews, 

supplemented by reading pertinent documents. The interviews were with 18 

different individuals at many levels, including senior management, in the 

Atomic Energy Control Board of Canada (AECB), Atomic Energy of Canada 

Limited (AECL), Ontario Hydro, and the Provincial Government of Ontario. 

In addition, discussions were held with two professors of political science 

and government who have studied and written on governmental relations in 

Canada. Documents reviewed included the submissions by AECL and Ontario 

Hydro to the Ontario Nuclear Safety Review, other documents from Ontario 

Hydro, and many documents from the AECB. A list of these documents is 

included in the references and Appendix 2. A list of the individuals 

interviewed is not included. I promised confidentiality in several cases 

and I do present conclusions and even quotes from the individuals. Because 

of the extreme frankness and candidness of those I interviewed, I must 

honor the requests, and not list their names. I owe them a debt of 

gratitude for their willingness to spend substantial time with me and to 

answer many questions, even those which asked for them to describe 

weaknesses in the system in which they participate. 

This report is only a surface comparison for three reasons: 

(1) The time for the report was limited. There are additional 

individuals to whom I would have liked to have spoken, but did not. There 

are documents that I would like to have read, but did not. Furthermore, 

insights from any research are improved by allowing time to pass between 

the initial drafting and a final report. This time often clarifies 

perspectives and provides deeper insights. 
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(2) Although I am reasonably familiar vith nuclear regulation in the 

United States, my knowledge of the approach to regulation in other 

countries has been based upon dealing with countries that use a regulatory 

approach similar to the NRC or reactors similar to those which the NRC 

regulates. Prior to this effort, I had minimal familiarity with Canadian 

regulation. A few months is enough time to gather only a superficial 

impression. 

(3) The fundamentals of regulation have more to do with history and 

culture, including the role of institutions, than with technology. The 

Canadian culture and institutions are quite different than those in the 

United States. I bring a U.S. perspective, which may miss some critical 

uniquely Canadian factors. 

Nevertheless, I am reasonably confident that my fundamental 

conclusions are correct. 

Finally, in what follows, the reader should insert phrases, "I 

believe," "it appears," etc. I will not, but the following are obviously 

my conclusions, my opinions, and how the situation appears to me. 

II. Differences 

I see five significant differences in the approach to the regulation 

of commercial nuclear power in Canada and the United States. These are 

- size and character of the regulatory agencies; 

- the legalism and formality used by the regulatory agencies; 

- the implementation and enforcement approaches used by the 

regulatory agencies; 

- the relationships of the regulatory agencies to the government 

and to the public; and 

- the basic philosophy of regulation. 
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These are interconnected. The most important difference, from which 

many of the other differences flow, is the philosophy. In a slight 

exaggeration, the philosophical differences can be seen in the approaches 

taken to resolving disputes between the regulatory body and utility: 

Canada: We are a family; let's sit down and talk this out. 

United States: I'll see you in court. 

A. Size and Character 

The first, and most immediately obvious difference between nuclear 

regulation in the United States and that in Canada is the relative size of 

the regulatory agencies and the range of what they regulate. 

Table 1 compares several fundamental characteristics of the two 

agencies. The numbers were correct at given times, but these are not 

necessarily the same time. Furthermore, each number may have changed since 

published, but the changes will have been marginal. Neither of these 

effects should be significant. 

As can be seen from the table, the AECB has more responsibilities. In 

the United States, mines come under a separate Federal agency (Mine Safety 

and Health Administration) which also regulates coal mines. Except for 

suggestions at Congressional hearings every 4 or 5 years, no attempt has 

been made to bring accelerators under Federal regulatory control. However, 

there has been serious debate concerning regulatory control of U.S. 

government reactors. U.S. government reactors are almost entirely those 

operated by the Department of Energy (DOE) for the production of nuclear 

weapons material. (The N-reactor at Hanford, Washington, also produces 

over 800 MW electrical energy which is sent to the commercial grid.) A 

U.S. National Academy study is reviewing the safety of the DOE reactors, 

the U.S. General Accounting Office has issued several reports criticizing 

the DOE's operating practices, and bills have been introduced into the U.S. 
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TABLE 1 
COMPARISON OF U.S. NRC AND AECB 

Characteristics 

(1) Responsibilities 

United So^ .es 

Commercial Reactors 
Non-Government Research 
Reactors 

Non-Defense Government 
Reactors 

Materials Handling Licenses 

High Level Waste Disposal 

Uranium Mills 

(2) Number of utilities regulated 

(3) Number of reactor manufacturers 

60 

Canada 

Commercial Reactors 
Non-Government Research 
Reactors 

Government Research 
Reactors 

Materials Handling 
Licenses 

High Level Vaste Disposal 
Uranium Mines 
Uranium Mills 
Accelerators 

(4) Number of commercial reactors 

Operating 
Under Construction 

(5) Agency employees 

(6) Employees devoted to reactor 
regulation (approximate) 

(7) Reactor employees per reactor 

(8) Number of lavyers in the agency 

(9) Annual Budget 

107 
14 

3400 

2200 

18 1/2 

96 

18 
4 

260 

120 

4 1/2 

$410 Million (U.S.) $24 Million (Can.) 

(10) Research Budget 
$110 Million (U.S.) $ 4 Million (Can.) 
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Congress to establish an independent organization to provide oversight of 

these reactors. One possibility that has been discussed is to give 

oversight responsibility to the NRC. 

Each agency licenses the use of radioactive materials. In the United 

States, more than half of the states have signed agreements with the NRC 

under the terms of which the state licenses and monitors the use of 

radioactive materials other than those involved in reactors. Regulation of 

mines and mills is an area of fundamental difference. The AECB also 

regulates heavy water plants. Perhaps the most hazardous facility at the 

Bruce site is the heavy water plant, which has 800 tons of hydrogen 

sulfide. The AECB licenses uranium mines and mills for radiological 

safety. Although the AECB does pay the Provinces to regulate non-

radiological questions, this is an area of contention with the Provinces, 

who argue the AECB gets involved between management and the unions. 

The responsibilities are similar for reactors, but the numbers are 

significantly different. The tabular presentation masks another major 

difference, the relative size of the utilities. In the United States, 

there is a wide range among the 60 utilities, with a few small utilities 

operating a single nuclear reactor, but also two reactors being operated by 

one of the largest utilities in the United States, Pacific Gas and Electric 

5 
(in California). The largest numbers of reactors per utility belong to 

three very large utilities, Commonwealth Edison, with 12, Duke Power which 

operates in North and South Carolina, with 7, and the Tennessee Valley 

Authority, with 6 licensed reactors, none of which are operating at the 

present time, and three under construction. TVA is somewhat similar to 

Ontario Hydro in that it is a publicly-owned utility, part of the 

government, and huge: TVA has approximately 48,000 employees. Although 

most electric power in the United States is generated by private companies 

(investor-owned utilities), six publicly-owned companies operate a total of 

15 nuclear reactors. 
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In Canadaf however, although there are three utilities with nuclear 

power plants, two have only one each. Ontario Hydro is essentially the 

nuclear utility in Canada. Ontario Hydro is quite large, with 32,000 

employees (including temporary staff), end has 16 operating nuclear 

plants and 4 under construction. Consequently, nuclear regulation in 

Canada is essentially the regulation of Ontario Hydro. 

The types of reactors regulated are quite different. Canada has one 

type, the heavy-water moderated CANDU. The United States has two basic 

light-water moderated types, pressurized water reactors (PWR's) and boiling 

water reactors (BWR's). (There is one gas-cooled reactor in operation.) 

Canada has one manufacturer, AECL. The United States has four: General 

Electric (BWR), Westinghouse (PWR), Babcock. and Wilcox (PWR), and 

Combustion Engineering (PWR). 

The US NRC is over ten times larger than the AECB, with a research 

budget over thirty times larger, although it has oversight over only 5.5 

times as many reactors. Differences in numbers of utilities and types of 

reactors explain some of the differences in size, but do not explain the 

reasons for the people/reactor difference: 18 1/2 for the United States 

and 4 1/2 for Canada. 

This large difference indicates there must be a fundamentally 

different approach to regulation taken in the two countries. The 

difference also raises the questions of whether the NRC has too many people 

or the AECB, too few. 
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B. Legalism and Formality 

The second readily apparent difference between the United States and 

Canadian approach to reactor regulation is in the amount of formalism and 

the role of legal procedures. The 96:2 ratio of lawyers hints there is a 

substantial difference. 

The United States system is adversarial, based upon the many NRC 

regulations and extensive use of the legal system. For example, after a 

utility files for an operating license, a construction permit, or certain 

amendments, the application goes to a 3-member licensing board within the 

NRC. This board is chosen from a mixture of full-time and part-time staff. 

Many part-time members, particularly the technical members, are university 

professors. The board, chaired by a lawyer, hears evidence in a formal, 

courtroom-like setting in which the NRC staff and the applicant propose 

that the application be approved, and those in opposition, called 

interveners, have the opportunity to present their points of view. After a 

decision is reached by this board, the decision is forwarded to a second-

tier board within the NRC. This second board, with a fulltime technical 

and legal staff, is called an appeals board, but it is really a review 

board. It reviews every case that has been decided by a licensing board. 

The appeals board can accept the decision, modify the decision, or send it 

back to the licensing board for further hearing. Unless sent back, the 

decision then goes to the Commission, which also can accept, modify, or 

send back the decision. After the Commission has made its decision, unless 

it is to send the case back to the appeals board, the decision can be 

appealed to the District of Columbia Court of Appeals in the Federal Court 

system of the United States, after which it can be appealed to the U.S. 

Supreme Court. A number of cases have been appealed to the D.C Court, and 

several have gone on appeal to the Supreme Court. Thus, the system is 
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heavily laden with a legal approach. All hearings are held under the 

Administrative Procedures Act, a Federal lav which governs the approach 

taken by regulatory agencies such as the NRC. The extensive use of legal 

procedures in the United States is made possible by the codification of the 

regulatory approach. (Some argue that codification is the cause of the 

legal approach.) 

When a Canadian licensee asks for an operating license, the AECB staff 

reviews it, then sends its recommendation to the Board. This 

recommendation is public and the Board must meet twice on this 

recommendation. When the utility applicant is given operating license 

approval, the Board can issue a license for reduced power until issues are 

resolved. The Board also can impose hold points, e.g., at 10, 25, 50, and 

100 percent power. To go beyond a hold point requires the approval of the 

AECB staff. The NRC grants a low-power license, usually for up to 5 

percent of full power, and then a full-power license. 

The differences between the two countries are stark, and begin with 

the basic laws establishing the two regulatory bodies. The AECB was 

established by tb.2 Atomic Energy Control Act. It is 9 pages long, and in 
g 

the two official languages. The NRC legislation begins with the Atomic 

Energy Act of 1954, which established the Atomic Energy Commission (AEC). 

The Energy Reorganization Act of 1974 separated the AEC into the Nuclear 

Regulatory Commmission (NRC) and the Energy Research and Development 

Administration (ERDA), which in 197/ became part of the new Department of 

Energy. The NRC was slightly reorganized by Reorganization Plan No. 1 of 

1980, following the Three Mile Island Accident. The Atomic Energy Act, as 

amended, which ïreats both the NRC and ERDA activities, covers 158 pages. 

The sections dealing with regulation of commercial reactors, which do not 

cover other functions of the NRC, are 20 pages long, more than twice .the 

9 
Canadian Control Act. 



10 

In Canada, the regulations are fev and relatively short. The 

principal ones are Regulatory Document R-10, Consultative documents C-

6,7,8, and 9, and a few others, such as the Siting Guide, a six page 

paper which clearly lays out the radiation exposure envelope within which 

Canadian nuclear plants are to operate. 

In contrast to the few regulatory documents of the AECB, the NRC 

incorporates its regulations into a Federal Regulation, which has the force 

of law. These regulations are developed in a process which, like the 

licensing process, comes under the Administrative Procedures Act. The 

usual procedure to develop a regulation has four steps: 

(1) Publish an advance notice of rulemaking in the Federal Register. 

The Federal Register is published daily to make available public 

regulations and legal notices issued by Federal agencies. It is carefully 

read by representatives of industry, special interest groups, and the 

media, and by lawyers. The advance notice describes in general terms the 

problem to be addressed, may mention possible approaches to solving the 

problem, and requests suggestions and comments, often on whether a new rule 

is desirable. The comment period is usually 60-90 days. 

(2) Comments are received and reviewed by the NRC staff. If a 

decision is made to continue to develop a rule, a proposed rule is 

published in the Federal Register. This proposal will describe what 

problem leads to a need for a new rule, how the proposed rule addresses the 

problem, and will give the exact language of the new (proposed) rule. 

Comments are requested. The comment period is usually 60-90 days. 

(3) Comments must be reviewed and responses developed. These are not 

responses directly to the commentors, but are required by the 

Administrative Procedures Act. The Act requires the agency to consider 

comments on the proposed rule. A final rule can be appealed to the Federal 

courts, which will examine whether the process was fair and comments were 
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actually considered. (In theory the courts do not examine the substance, 

only the process. Considerable and often heated debate has occurred over 

the last 10 years as to whether—and how far—courts enter into reviewing 

the substance.) 

(4) A final rule is then published in the Federal Register. Although 

the NRC staff prepares the rule, reviews the comments, and summarizes the 

arguments, the Commissioners vote out any final rule and most proposed 

rules. 

Thus developing a new rule is a lengthy process. At best, it can be 

completed in slightly less than a year, although it usually takes 2-3 

years. Some rules have taken much longer. The ATWS rule (Anticipated 

Transient Without Scram) took over 10 years to complete. These rules then 

are incorporated into Title 10 of the Code of Federal Regulations, referred 

to as 10CFR. The NRC regulations are in the first 200 parts of 10CFR. In 

12 
1983, these regulations filled 857 pages, and they continue to increase. 

The 1987 version is over 1000 pages long. 

These regulations do cover all activities of the NRC. However, the 

section on licensing commercial reactors, Part 50 (10CFR50) has 141 pages 

of regulations. In addition, other sections have regulations relating to 

commercial reactors, such as environmental protection, operator licensing, 

physical security, siting criteria, and reporting requirements. 

The formal U.S. regulatory framework does not end at the Federal 

Regulations. These regulations describe what a licensee must do. The U.S. 

approach is also to help the licensee understand how to do, what it must 

do. The NRC therefore publishes Regulatory Guides, usually referred to as 

Reg Guides, each from 2 to 20+ pages. These are not mandatory 

requirements, hence do not come under the Administrative Procedures Act. 

The NRC staff develops these guides and usually requests comments from the 

industry and from the NRC's advisory committee, the ACRS (Advisory 
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Committee on Reactor Safeguards). The Reg Guides explain how to meet the 

regulations. An applicant need not follow the Reg Guides, but the path to 

approval is much smoother if the applicant's proposal follows the 

appropriate guides. 

As of June 1987, there were 141 Reg Guides on power reactors, and 

others on reactor-related areas, such as spent fuel storage, siting, 

13 
physical security, and occupational safety. Thus the United States 

regulatory regime is very prescriptive; the Canadian, descriptive. A 

Canadian professor of government noted that, in Canada, the tradition is to 

keep the courts out of government. Bringing in the courts requires written 

texts. He believes there is no general movement in Canada to get the 

courts involved in nuclear power, although there are a growing number of 

lawyers arguing for public hearings, all local governments require public 

hearings, and the nuclear power opposition is pushing for increased 

legalism. 

C. Inspection and Enforcement 

(1) Inspection 

The large number of NRC regulations is a challenge to licensees and to 

the NRC staff. Each regulation is to be followed, and the NRC staff has 

the responsibility of checking to see if licensees are in compliance. To 

do so, the NRC operates five regional offices (in California, Texas, 

Illinois, Georgia, and Pennsylvania) from which teams of 5-10 inspectors 

periodically visit reactors for a few days to a few weeks. In addition, 

every reactor has at least one "resident inspector" who is stationed at the 

site. Inspectors have inspection modules to follow, to insure key points 

are checked. In some cases, these are physical inspection of elements of 

the plant; in others, review of documentation. This process is basically 

an audit, and the licensee is held accountable for living up to both the 
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spirit and the letter of the regulations. This includes inspecting during 

construction, vith the on-site inspectors, and teams coming from regional 

offices to spend one-to-two weeks going through the construction work in 

detail. Because of the number of people available, the person-years of 

review per reactor in the United States should be much higher than in 

Canada. Furthermore, the regional directors develop annual performance 

reviews for the plants in their region. These reports essentially rank 

each plant in terms of how well the owning utility has been found to comply 

with the NRC regulations. The regional inspection effort for the following 

year is then adjusted so that poorer performing plants get increased 

attention. 

In Canada, because of the far smaller staff available per reactor, 

most of the monitoring is done by the personnel assigned as residents to 

the plants. The Control Board does essentially no inspection in the 

construction phase, by its own decision. Although the number of AECB 

personnel per site may be larger than that in the United States, the number 

per reactor is less, since most Canadian sites have 4-8 reactors, whereas 

most U.S. sites have one. The Canadian on-site personnel do have more 

authority than do those in the United States. A U.S. resident is an 

official link to the NRC, but approval for changes must be made at a higher 

level than the resident. Once a plant goes into operation, the on-site 

AECB staff are on the front line of licensing. In Canada, the resident, 

called the project officer, has the authority to approve actions of the 

licensee, including 

"(e) minor changes to a facility's emergency procedures; 

(f) trip set points of shutdown systems of a facility; 

(g) changes to measures to ensure the physical security of 

fissionable substances and a facility; and 

14 
(h) the putting into service of systems or equipment." 



u 

This greater delegation of authority in Canada is also seen in the 

responsibilities at the next level. The Managers of the Power Reactor 

Divisions have the authority to approve (among other actions) 

"(c) changes to process systems and to procedures that may involve 

possible hazards different in nature or greater in magnitude or 

probability from those stated or implied in an applicant's 

safety report...; 

(d) major changes to the special safety systems of a facility." 

Such changes in the United States at a minimum would require approval 

of a Division Director (equivalent to a Director General in the AECB) and 

probably would require a license amendment. 

However, the AECB is changing to reduce some of the on-site 

flexibility. The Board has concluded that although the AECB residents 

should not blindly follow a checklist, if the requirements for the on-site 

personnel are too general, some areas of the plant never get reviewed. The 

objective is to have 20 percent on the checklist and 80 percent of the time 

on individual initiative. The AECB also has started a plant report card, 

which is filled out by the Senior Project Officer at the plant. 

(2) Penalties 

Another major difference between the U.S. and Canadian regulatory 

systems is in the methods of enforcement. The Nuclear Regulatory 

Commission provides continuous inspection to see whether or not its 

regulations are being followed. Violations of the NRC regulations are 

subject to a range of penalties, from warnings through significant fines 

(which have reached $1 million). The plant also may be shut down during 

construction or in operation. These shutdown orders are not rare. The 

utility owning a plant under construction which gets a stop work order 

receives a significant penalty: the stoppage delays receiving an operating 
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license, while the owning utility must continue to pay interest charged for 

the money borrowed to build the plant. The interest charges can reach $100 

million a year. In most cases, a shut-down operating plant must be 

replaced by purchasing power. The replacement power costs can range 

between $500,000 to $1 million a day, and may not be recoverable from 

ratepayers if the state regulatory commission concludes that the shutdown 

was due to imprudence on the part of the utility management. 

This latter feature is only a direct concern for privately-owned 

utilities, where stockholders must then pay the costs of "imprudence." 

Although replacement power and all other penalities must be paid by the 

ratepayers of publicly-owned utilities, the NRC has levied fines against 

such utilities with the same frequency and criteria as against privately-

owned utilities. The many reactors in the TVA system are not operating 

today as a result of NRC stop-work and cease-operation directives. 

The Canadian system of regulation has no financial penalties, perhaps 

because there are so few written regulations to enforce against. The AECB 

does not have the authority to levy fines but must go to court to do so. 

This is only done for radioisotope license violations. As does the NRC, 

the AECB does have the major lever of withholding an operating license or 

construction approval. This has been done very rarely in both countries, 

although the threat has been used by the NRC and the AECB to get license 

applicants to take steps with which they disagreed. Another major 

difference between nuclear regulation in Canada and the United States is 

license renewal. In the United States, an operating license is granted for 

the life of the reactor, 35 or 40 years. In Canada, the license is granted 

for a far shorter time. Once a complete station is operating, the license 

of the station comes up every two years for renewal. This lever may not be 

as powerful as it appears. Although renewal licenses have had conditions 

attached, the AECB has never recommended against renewal. Several 
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participants in Canada said there vould have to be a fundamental problem 

with the reactor not to have the license renewed, but if there were such a 

problem, the license would not have been granted in the first place. 

However, a Hydro official noted there is extra pressure to clean up action 

items at license renewals, and one former industry manager said the renewal 

lever has been used (and that he had "many scars to prove it"). 

In the United States, an unwritten but major element of enforcement 

policy is publicity. Utilities do not like bad publicity. In particular, 

private utilities do not like bad publicity, because their economic 

regulatory body tends to view the utility with some suspicion when it comes 

in to claim that the ratepayers ought to pay for expenses incurred as a 

result of NRC actions. Similarly, the penalty of publicity was described 

by both Control Board and Ontario Hydro personnel as being a very 

significant lever which the Control Board has to apply pressure on Ontario 

Hydro to take action. 

The AECB must rely on the truthfulness of the licensee. The licensee 

is obliged to tell of problems "promptly," but AECB staff believe Ontario 

Hydro tends to find the solution before they tell the AECB of the problem. 

The NRC imposes severe penalties for lack of truthfulness (so-called, 

"misleading, false statements"), including requesting the utility to 

suspend senior plant management. According to a Hydro official, the system 

in Canada "is built on mutual respect and trust, especially on the 

operating side, but less so on the design end." The AECB has no little 

sticks, only the big one of refusing an operating license. These are 

fundamental differences from the United States system, where the 

adversarial process does not lead to trust, although there can be mutual 

respect, and the NRC has a number of sticks, ranging from twigs to cudgels. 
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(3) Qualifying Operators and Other Personnel 

The greatest similarity in the approach taken by the NRC and the AECB 

is in qualifying operators. Both regulatory bodies write and give the 

qualifying exams. Consequently, in both countries the regulator has direct 

control over who is allowed to be an operator. In the United States, the 

heavy NRC involvement occurred only after the Three Mile Island accident. 

The reviews of that accident highlighted weaknesses in operator training, 

procedures, and understanding. Consequently, the NRC became directly 

involved, over objections of many in the industry and some within the NRC. 

The AECB's involvement is anomalous with respect to its overall 

approach to regulation. Although still describing its role as auditing, 

the AECB actually runs the qualification process. The Control Board's 

authority in the area of operating personnel approval is actually greater 

than that of the NRC since the Control Board also must approve the Station 

Manager. No such approval is required from the NRC. 

D. Governments and the Public 

(1) Relation to Governments 

A fundamental difference between the United States and Canada is the 

relative authority of Federal vs. regional government. Both countries use 

the term, "Federal government." However, observers in both countries 

conclude that the other country is not really a Federal government. 

Canadians believe the states have too little power. U.S. observers believe 

the Provinces have too much power. Particularly in the area of nuclear 

regulation, the roles of states and Provinces are quite different. In 

Canada, Provinces provide inspectors from the Ministry of Consumer and 

Commercial Relations who do the inspection of all pressure vessels, 

including the pressure tubes of the CANDU reactors. For example, there are 

two on-site inspectors from the Ontario Ministry at the Darlington Station. 
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In the United States, the states do not have the responsibility for any 

aspect of nuclear pover regulation, although at least one state (Oregon), 

does have an on-site inspector. However, this inspector has no authority 

with respect to safety regulation, which in the United States is reserved 

for the Federal government. Other states, such as Illinois, have devoted 

substantial resources to emergency response systems. Nevertheless, the 

ability of the states to influence the operation of nuclear power plants 

(other than through the rates allowed to be charged) is only through the 

NRC. 

In Canada, the Provinces are responsible for emergency planning off-

site. Although in the United States the local governments are responsible 

for emergency planning off-site, the degree of involvement of the Province 

and its ability to enforce plans during an emergency is much greater than 

those of the states of the United States. A Provincial official, 

addressing emergencies, noted the Province is interested in anything that 

plant personnel do that could affect off-site conditions, for example, 

venting. Ontario Hydro has agreed that it will get Provincial concurrence 

before taking any actions that could have off-site effects. The Control 

Board has only a watching brief—it can not take action. Board staff do 

not want to assume responsibility to tell plant personnel what to do, 

although the latest Board regulation indicates the President of the Control 

Board can issue emergency orders. The Province would like to use the 

Control Board as a check on what Ontario Hydro tells the Province. 

Therefore, the Province would like to set up a more formal link to the 

AECB. However, the Control Board is not alone at the Federal Level. 

Health and Welfare Canada oversees effects, Environment Canada has some 

responsibility for monitoring, and Emergency Preparedness Canada is the 

FEMA equivalent. Therefore, the Control Board may be uneasy about setting 

up a Control Board-Provincial committee. 
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It must be noted that two very controversial nuclear power plants in 

the United States, Seabrook in Nev Hampshire, and Shoreham on Long Island, 

in New York State, are being held up in their licensing approval solely by 

the local authorities. The ten-mile boundary emergency planning zone of 

Seabrook crosses into Massachusetts. Massachusetts has refused to submit 

an emergency plan for review by the Federal government. (The review of 

such plans is done by the Federal Emergency Management Agency (FEMA), which 

provides recommendations to the NRC.) In the case of Shoreham, the 

government of Suffolk county, where the plant is located, has refused to 

submit an emergency plan for review, and the State of New York has refused 

to develop its own plan. Consequently, given the emergency planning 

regulation of the NRC, these plants could not be licensed, because that 

regulation requires participation by the local officials. 

Faced with the intransigence of local officials, the NRC Commissioners 

concluded meeting their public responsibilities required changing the 

emergency planning rule. Accordingly, the rule has been modified to permit 

consideration of a plan developed by the utility without the cooperation of 

local or state officials. The NRC argues that "in an actual emergency, 

state and local governmental authorities will act to protect their 

citizenry." The NRC describes this as the "realism doctrine." I have 

described it as implying "that nine years after Three Mile Island and in 

spite of Chernobyl, the U.S. Nuclear Regulatory Commission has concluded 

18 
that a major nuclear power plant accident cannot happen." 

Another possibly significant difference is that the Province of 

Ontario both owns the utility and is responsible for emergency planning. 

Even in those cases where the U.S. reactor is owned by a public utility, 

usually some other government is responsible for emergency planning. Thus, 

although the Ontario Parliament's control over Ontario Hydro appears 

gossamer, in principle the government could enforce emergency planning 
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requirements. In general, in the United States such pressure must come 

from the NRC. 

The other significant regulatory-governmental difference is in the 

re'^tion of the regulatory body to the legislative government. In Canada, 

£he AECB is an independent organization, reporting to the Federal 

Parliament through the Minister of Energy, Mines and Resources. In 

practice, this link appears to be tenuous, perhaps to guarantee 

independence. The Control Board has essentially no interaction vith 

Parliament. The AECB appears before a Committee of Parliament only once a 

year, to review the AECB request for funds, and Control Board staff sense 

no direct interest by Parliament in AECB activities. Several people, in 

and outside the AECB, gave as indicators of such lack, of interest (1) the 

many months which elapsed before a President was named to replace Jon 

Jennekens, after he resigned to go to the IAEA, and (2) the belief that the 

previous Minister (Ms. Carney) did not speak to Jennekens once in two 
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years. 

The NRC is also described as an independent regulatory agency. 

However this does not carry the same meaning as within the Canadian system. 

The Commissioners of the NRC are Presidential appointees in the sense that 

they are nominated by the President, and confirmed by the Senate. They are 

appointed for 5-year terms and cannot be removed by the President. The 

President's only authority over the NRC is that the Chairman of the NRC is 

selected by the President, and can be demoted at any time. Thus, the 

President may, merely by writing a letter to the two Commissioners 

involved, substitute one sitting Commissioner for an incumbent Chairman, 

who still remains as a Commissioner. The five Commissioners are full-time, 

unlike four of the five members of the AECB. 

However, the U.S. Congress exercises extensive oversight of the 

operations of the NRC. The Commissioners and senior staff are called to 
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testify many times every year. This usually begins in February, when the 

NRC is required to present and defend its budget proposal. Any significant 

20 
event at a reactor will also lead to several hearings. The NRC is 

responsible to, and frequently appears before, nine House and Senate 

Committees and it is not unusual for an NRC Chairman to testify before 

Congress on more than 20 different days in a year. 

(2) Relation to the Public 

A noticeable difference between regulation in the United States and 

that in Canada is the involvement of the public. A person who has worked 

in the nuclear industry in both the United States and in Canada said that 

in the United States the principal appropriate regulation is the Freedom of 

Information Act, and in Canada, it is the attitude represented in the 

United Kingdom's Official Secrets Act. The Freedom of Information Act is 

based on the premise that everything that the Federal government does 

should be available to the public, with limited exemptions. The Official 

Secrets Act is based on the converse, that nothing that the Federal 

government does should be available to the public, with limited exceptions. 

I do not know of the accuracy of the second description, I can vouch for 

the accuracy of the first. The NRC operates in the open: its meetings 

must be open and the material submitted to it is quickly made available to 

the public. Except for matters affecting national security, privacy of 

individuals, or judicial review, deliberations must be open to the public. 

In Canada, very little information is available to the public, and the 

meetings of the Control Board are certainly not open. Even meetings 

between the Control Board and the license applicant are closed to the 

public, and the discussions between them, and the letters and materials 

that are exchanged are not available to the public. 
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This lack of availability of information may lead to the lack of 

public involvement. Certainly there is far less of a public interest group 

movement in opposition to nuclear power in Canada than in the United 

States. This also may be related to the lack of visibility of the AECB, 

particularly to the media and to the legislature. In contrast to the 

apparent invisibility to the public of AECB resident project officers, NRC 

resident inspectors are highly visible in the local community. They 

frequently talk to community groups and the media and have a responsibility 

to be present as a Federal representative. Media representatives attend 

most NRC meetings. For some of the more contentious meetings, television 

coverage appears on nightly national news. It is my impression that the 

Atomic Energy Control Board is not very visible in Canada. It was quite 

interesting to note in the Ontario Hydro submission to the ONSR that poll 

results show the public turns to the scientific community and to Ontario 
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Hydro for information. It did not seem that the public turned to the 

AECB, perhaps because the public was unaware of the AECB's existence. The 

NRC is viewed in the United States, even by those who do not like it, as 

being a fundamental source of information on nuclear power. 

A Provincial official said that the concerns of the public have not 

been enough to push for the opening of the process. He believes it is not 

a matter of great concern either in Ottawa or Toronto, because there is an 

acceptance by the public that the nuclear issues are highly technical 

matters. Also, he sees a fundamental difference in the United States and 

Canadian attitude towards authority. In Canada, there is a degree of 

deference to authority, a greater degree of an attitude that public 

officials have been put in place and are scrutinized by their political 

masters, who are accountable every day in Parliament. 

Similar views were expressed by a Canadian professor of government, 

who agreed that public participation is much less in Canada. He said there 
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is a limited tradition of participatory decisionmaking. The issues are 

thought to be complex and technical, and hard for the public to grasp, so 

better decided in the boardroom. Also, the Parliamentary system, a 

representative democratic system, discourages direct participation. Power 

passes in elections to the members of Parliament, and never returns back. 

The members of Parliament pass it on to the bureaucracy. The attitude is 

that once a statute creates an agency, then gives power to the agency, the 

power should not revert back to the public. This professor believes there 

is a greater deference to authority in Canada than in the United States, 

but not necessarily trust. He perceives that Canadians hesitate, and do 

not challenge authority as much as is done in the United States. 

The access of the U.S. public to information does not translate into 

significant ability to directly influence the formal process. As described 

earlier, that process is run under the Administrative Procedures Act in a 

formal legal setting. Although public groups can participate, they must 

meet legal standards of standing and raise issues that fall within the NRC 

regulations. Many of the issues which seem to be of greatest concern to 

the public stem from a sincere belief that nuclear power is not safe 

enough, and therefore a specific plant should not operate. However, their 

challenge must be whether the plant meets NRC regulations. By assumption, 

if the plant does meet the regulations, the plant is safe enough. The 

regulations themselves cannot be challenged in a procedure relating to a 

specific plant. To challenge a regulation requires petitioning for a rule

making, and going through the lengthy process of revising a rule, which is 

the same as making a new rule. Consequently, many participants in the U.S. 

process, both industry and intervenors, believe the process is too 

legalistic, more ritual than reason, and should be drastically simplified. 
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(3) Relation to Industry 

There is no prohibition within the Canadian structure for what is 

called in the U.S. "the revolving door" phenomenon. This phrase describes 

two situations. First, a member of an industry that is regulated by or 

does business with the government, joins the government, particularly the 

same agency with which his former employer interacts. Then, after some 

time in the Federal government, the employee goes back to industry. 

Second, a regulator or government employee joins the industry with which he 

or she dealt. There are strong prohibitions in the United States against 

such activities, for example, a one to two year ban on employees dealing on 

matters within the government on which they worked in industry, or in 

industry, on matters on which they worked in the government. 

In Canada, employees move between Ontario Hydro, AECL, and the Atomic 

Energy Control Board. Perhaps this movement is due to the lack of other 

sources of supply of technically-trained personnel available to the Control 

Board. In the United States, in addition to universities, a major source 

of technical talent has been nuclear Navy ships and shipyards. The last 

source has been particularly valuable for recruiting inspectors. 

The U.S. public and legislators are skeptical of the objectivity of 

people who try to regulate their former colleagues. I gather this is not 

the case in Canada, although some opposition groups seem interested in 

raising this issue. If the choice must be between knowledge with 

familiarity, and ignorance, the former is to be preferred. However, 

perhaps more effort should be spent recruiting in universities. 

E. Philosophy 

In both the United States and Canada, commercial nuclear power grew 

out of programs begun in World War II in association with the Manhattan 

project which led to the first atomic bombs. In the United States, this 
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program led to the formation of the Atomic Energy Commission, which was 

responsible for the nuclear weapons program in the United States and for 

the transition of nuclear power to commercial operation. The development 

of commercial nuclear power in the United States was closely tied with the 

program to develop nuclear propulsion for the Navy, led by Hyman Rickover. 

Both the boiling water reactor and the pressurized water reactor, which 

form the basis for U.S. nuclear commercial plants, were originally part of 

the Naval reactor prototype program. In Canada, the development of nuclear 

power stemmed from work in World War II on the use of heavy-water-moaarated 

production reactor designs. This led to the CANDU reactor for commercial 

power, and to the formation of Atomic Energy of Canada Limited to 

commercialize the CANDU reactor. 

Thus, the United States and Canada started out with fundamentally 

different technologies: in Canada, the CANDU reactor, a heavy-water-

moderated pressure tube reactor using natural uranium; in the United 

States, boiling water and pressurized water reactors, light-water moderated 

reactors using enriched uranium. In Canada, a government company developed 

the reactor. In the United States, four private manufacturers developed 

their own versions of reactors. 

In addition to these historical differences, and the basic differences 

in governmental institutions, the underlying philosophy of regulation is 

very different in the two countries. This philosophical difference 

underlies the others described earlier. 

The AECB philosophy is that responsibility rests with the licensee. 

Therefore, regulatory documents are general, they identify goals, not how 

to achieve them. The AECB does not have anything equivalent to technical 

specifications (usually called "tech specs") in the United States. The 

licensee proposes how it will meet the goals and it is up to the AECB to 

agree or disagree. A Hydro official explained, "Ultimately, a lot of the 
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Control Board approach is based on trust that Ontario Hydro is doing the 

job correctly." Further explanation was given by a professor of government 

who has taught in Canada and the United States and has written several 

books comparing the governments of Canada, the United Kingdom, and the 

United States. He believer that Canadians will try to satisfy a government 

regulation. The Canadian tendency will be to try to pick what is sensible, 

and only give broad guidelines. 

A long-time student of nuclear regulation in Canada believes that the 

United States and Canada represents the two extremes. He views neither 

being right because they are extremes. In the United States, there is an 

excessive documentation of regulations; the volume is impressive. In 

Canada, one is hard pressed to translate practice into a set of 

requirements to the outsiders. Canada, in his view, has ended up at this 

extreme because of the legal and the country climate rather than by 

deliberate attempt. He believes the Canadian approach could not work in 

the United States. In his view, "it would be an unmitigated disaster." In 

the view of a Hydro official, the strength of the Canadian approach is that 

the Control Board sets criteria, and then allows engineers to find the best 

way to meet the criteria. This flexibility allowed the development of the 

CANDU reactor. 

The Canadian system is based upon the concept of a family working 

together. Many of the senior people in the three principal organizations, 

AECL, Ontario Hydro, and the Control Board, have known each other for many 

years. In some cases, they worked together on the same project. The 

senior nuclear community is small, and has seen the CANDU reactor develop 

into where it is now one of the most efficient commercial reactors in the 

world. CANDU reactors usually rank high in world capacity factors, several 

consistently being in the top ten, and all those involved with the CANDU 

development are justifiably proud. There was, and still is, substantial 
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mutual respect and trust amongst this senior community. However, this 

collégial attitude also spread into the approach to regulation. There was 

an approach which generally meant sitting down together across the table, 

to decide what should be done. One senior official reflected that nuclear 

power started out with one Provincial utility, with the Federal government 

designing, and the Federal government regulating. There was a close 

association amongst all participants, although probably occasionally some 

negotiations were at arms-length. Consequently, in the view of this 

official, there was not a need for prescriptive volumes. "When problems 
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came up, we just sat down and talked." 
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In this environment, few things were written down. Practice became 

tradition, tradition which was known to the participants. However, a 

fundamental difficulty in this approach is that when the participants 

disagree on the tradition, they have no recourse to a written history. 

This difference came up on the question of a second shutdown system for 
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Pickering, and on the boilers outside of containment at Darlington. 

This collégial, family atmosphere led to a regulatory philosophy in 

which the AECB provides an overall framework, an envelope, within which the 

designers, constructors, and operators develop details. This approach 

provides flexibility to the industry professionals. It is a "top down" 

approach to regulation and is in direct opposition to the prescriptive 

approach taken by the United States, which is regulation from the "bottom 

up." Each has some advantages and each has disadvantages. 

The principal advantages to the prescriptive approach are that all 

participants have a reference to what is required. In the United States, 

the Standard Review Plan is a set of documents, put together based upon the 

Regulation and the Reg Guides, which the NRC staff use to review plants 

that are proposed for construction and licensing. The Standard Review Plan 

is available to the license applicant and, consequently, the applicant 
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understands what it is that must be met. In addition, Branch Technical 

Positions provide further information. Consequently, in the United States, 

an applicant can get a clear picture of what is required to get a license. 

Similarly, the staff performing the reviews has a fairly clear 

understanding of what it is that the licensee must meet. The weakness in 

this approach is that it can become too focused upon the details of the 

regulation and lose sight that the fundamental purpose is to ensure safety 

of the plant. This overemphasis upon regulatory detail was harshly 
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criticized by reviews of the NRC following the Three Mile Island Accident. 

Another advantage of this prescriptive approach is that new utilities 

entering for the first time into nuclear power can quite readily find out 

what it is that will be required of them. Similarly, a foreign country 

interested in buying a reactor that has been licensed in the United States 

has complete information provided to it in answer to the question, "What 

standards does this reactor meet?" 

The Canadian approach of flexibility has a definite advantage in that 

new circumstances can be addressed directly, without becoming enmeshed in 

the details of multiple volumes of regulations. The flexible approach has 

a fundamental difficulty in that when there is disagreement as to what is 

required, this disagreement can not be resolved by reference to any 
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specific document. The same difficulty is faced by a new entrant. If a 

new utility, in another Province, wishes to become involved in nuclear 

power, developing an understanding of what is required will be quite 

difficult. It is the same difficulty which foreign countries meet when 

they ask, "What standards has the CANDU met?" Providing them with a thin 

sheaf of papers is not an adequate response. According to one official, 

foreign countries are saying "You can't license on the basis of one page." 

Although the philosophies differ, the regulatory bodies often sound 

the same. For example, the U.S. NRC has formally stated: 
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"Although the Commission and the nuclear industry fulfill necessarily 

different roles and have different responsibilities, the fundamental 

objective of both is to assure that the public health and safety is 

28 
protected." 

To identify who is responsible for safety, the Commission in the same 

document also states 

"...licensees have the primary responsibility for the safe design, 
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construction, and operation of nuclear facilities." 

These statements are similar to descriptions given by the AECB of the 

Control Board and utility roles. For example, a senior AECB official said, 

"The AECB does not design or operate nuclear facilities; they monitor and 

audit activities to ensure that the licensing requirements are met." The 

words are similar. It is how they are translated into action that is so 

different. 

However, I must note that some changes are visible. The AECB is 

taking small steps to writing down the tradition, a step towards 

prescription. The Board staff recognize flexibility has an advantage in 

dealing with responsible licensees. The licensee can search for and make 

improvements. However, in that setting, once the Board has said a plant is 

safe, unless there is new information, there are no grounds for requiring 

modifications to the plant. A modification can be requested only if there 

is new operating information or research experience. In the view of some 

Board staff, it is the Chernobyl accident, which led to new understanding 

of the possible interaction between the positive void coefficient and 

transients, that has justified a réévaluation of the Pickering single 

shutdown system. 

Industry officials detect the movement towards more detail, and are 

not pleased. One official said although the Board is arguing that they are 

just documenting the existing practices, many stronger requirements are 
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being listed for the final stages to be met to get a license. Hydro also 

has problems with restrictions on going ahead with orders or construction 

before Control Board approval. The Control Board had been proposing this 

for some time but Hydro had been resisting it. They believe it is 

appropriate for the regulators to understand that Hydro is spending the 

public's money, and this restriction may hurt the economics of nuclear 

power. 

In the United States, the NRC is taking steps towards more 

flexibility, seen in such actions as the formation of a committee to review 

generic requirements (CRGR), a new backfit rule which requires the NRC 

staff to show a backfit is advisable, and the recent reorganization which 

moves the NRC more towards being an inspector of operational plants rather 
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than a developer of regulations for new plants. 

III. Additional Comments and Discussion 

A. Siting Guide versus Safety Goal 

The differences in the two countries' philosophies of nuclear 
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regulation are epitomized by two documents, the AECB Siting Guide and the 
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NRC's Safety Goal Policy Statement. 

The Siting Guide lays out categories of failure, allowable 

probabilities (in terms of frequency), and allowable off-site doses. This 

envelope formed the design and operating criteria. Although somewhat 

expanded, this envelope continues to form the fundamental regulatory 
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criterion. It is given in Table 2. However, there is a typically 

Canadian obscurity as to what exactly these numbers mean. For example, a 

Senior AECB official described them as not being objectives. However, he 

said "the assumption is that a well-designed plant will meet them." Many 

arguments over nuclear power in Canada appear to be over whether the 

allowable dose at the boundary is too low or too high, and whether the 
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OPERATING 

Situation 

Normal 
Operation 

Serious 
Process 
Equipment 
Failure 
(Single 
Failure) 

Process 
Equipment 
Failure 
plus Failure 
of any 
Special 

DOSE LIHITS 

Assumed 
Maximum 
Frequency 

1 per 3 
years 

1 per^ 
3xlOJ 

years 

Safety System 
(Dual Failure) 

TABLE 2 

AND REFERENCE DOSE 

Meteorology 
to be Used in 
Calculation 

Weighted according 
to effect, i.e., 
frequency times 
dose for unit 
release 

Either worst 
weather existing 
at most 10% of 
time or Pasquill 
F condition if 
local data 
incomplete 

Either worst 
weather existing 
at most 10% of 
time or Pasquill 
F condition if 
local data 
incomplete 

LIMITS FOR ACCIDENT CONDITIONS 

Maximum 
Individual 
Dose 
Limits 

5 mSv/yr 
whole body 

30 mSv/yr 
to thyroid 

5 mSv 
whole body 

30 mSv 
to thyroid 

250 mSV 
whole body 

2500 mSV 
to thyroid 

Maximum 
Total 

Population 
Dose 

Limits 

100 man-Sv/yr 

100 thyroid-Sv/yr 

100 man-SV 

100 thyroid-SV 

10* man-SV 

104 thyroid-SV 
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frequencies are too low (probabilities too high). This is surprising from 

a U.S. perspective, because of the implicit assumption that the plants vere 

designed and are operated to guarantee these limits are met. The debate 

seems to be based on the premise that if the levels are changed, 

straightforward calculations will show what must be done to achieve the new 

levels. 
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The Ontario Hydro submission to the ONSR describes the approach 

taken at Darlington was to identify all events which could lead to public 

exposure with event frequency of greater than 10" per year. Events with 

the frequency of 10 to 10 were examined on a case-by-case basis. 

Combinations of initiating events and safety system failures for 

frequencies of greater than 10~ per year were also identified. In 

discussion with Hydro officials, I noted this is more quantitative than one 

would find in the United States, and asked what uncertainties were there in 

the numbers which Hydro used and how are the uncertainties carried through 

the analysis? I was told by Ontario Hydro that this is "judgemental to a 

large extent." 

As described earlier, the NRC has a prescriptive approach to 

regulation that is based on detailed guidance for plant design, 

construction, and operation. The guidance is based on deterministic 

analysis, the bottom up approach. The Reg Guides have been developed over 

many years based on the philosophy of defense-in-depth (a philosophy 

endorsed by almost all nuclear power nations, but with a variety of 

meanings). In the United States, defense-in-depth has meant several layers 

of engineered safety systems. Following the TMI accident, the NRC reviewed 

its regulatory approach and concluded that relying solely on deterministic 

analysis had a major flaw. It was unable to identify unknown weaknesses. 

The Commission, under prodding from two professional engineering societies 

(the Institute of Electrical and Electronic Engineers and the American 
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Nuclear Society), has moved to endorse and even require PRA (probabilistic 

risk analysis). The NRC believes a plant-specific PRA can identify weak 

points in the plant, a concept strongly endorsed by industry. The NRC, 

industry, and the professional societies do not believe PRA can provide 

absolute levels, primarily because uncertainty can not validly be carried 

through the calculation without producing a meaningless spread in the final 

estimate. 

However, the NRC did establish Safety Goals. A seven-year development 

process led to publication of a policy statement in 1986, in which the 

Commission stated: 

"The Commission has established tvo qualitative safety goals which are 

supported by two quantitative objectives...based on the principle 

that nuclear risks should not be significant additions to other 
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societal risks." 

Essentially the goals are 

(1) nuclear power plants should not add significant additional risk 

to individual members of the public, and 

(2) the risk to society from a nuclear power plant should be less 

than or equal to the risk from alternative ways of generating the 

electricity. 

To determine whether the goals are achieved, the NRC provided 

quantitative criteria: 

(1) for an individual one mile from the site boundary, the risk of 

prompt fatality from a plant accident should be less than or equal to 0.1% 

of that person's risk from all other accidents, and 

(2) for the population within 10 miles of the plant, the risk of 

dying from cancer caused by operation of the plant should us less than or 
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equal to 0.1% of the risk of dying from cancer from all other causes.-
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These statements were published after many years of intense debate 

within the NRC and between the NRC, industry, and interest groups. A major 

issue in this debate was how the NRC staff would or could use the safety 

goals. 

To apply them to a plant requires three major elements be known: 

(1) how likely is an accident that would cause offsi te doses; 

(2) how large would those doses be; and 

(3) what would be the effects of those doses. 

The third, dose-response, is not an NRC direct responsibility. The 

NRC uses estimates developed in the U.S. Department of Health and Human 
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Service BEIR reports (Biological Effects of Ionizing Radiation). 

The second element is what in the United States is called the source-

term, the amount of radiation, by radionuclide, that would be released in 

an accident. This has been under review since the TMI accident, which 

showed significant differences between the material (within containment as 

well as elsewhere) produced in a major accident and that predicted by the 

NRC source term descriptions in the 1962 Technical Information Document 

14844 [referenced in 10 CFR 100.11(3)] and Regulatory Guides. In 

particular, iodine was captured in the water and significant amounts of 

material plated-out on surfaces inside the containment. 

Large research programs were started by the NRC and by industry (the 

IDCOR program). A major review was done for the NRC by the American 
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Physical Society (APS) to determine whether enough new information had 

been developed to warrant a revision of the source term, in particular, a 

reduction. The APS concluded that although many uncertainties had been 

resolved, and some parts of the source term should be reduced, additional 

uncertainties had been uncovered. Consequently, the APS recommended 

continuing research and not changing the source term at this time. To 

summarize: the NRC is not yet confident in calculations of what comes out 
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in an accident and, therefore, is not confident of the accuracy of dose 

estimates. 

The first element, probability of an accident, has been calculated 

voluminously since VASH-1400 (the Rasmussen Reactor Safety Study). 

Nevertheless, the NRC is not yet ready to specify a definite probability as 

a regulatory criterion, although some licensing board decisions imply 10" 

is an acceptable probability of annual occurrence for a major event. The 

Supplementary Information section of the Policy Statement indicates the 

Commission is considering a criterion: 

"...the overall mean frequency of a large release of radioactive 

materials to the environment from a reactor accident should be 
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less than 1 in 1,000,000 per year of reactor operation." 
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This was proposed "for further staff examination." 

These statements indicate the NRC is moving towards a more descriptive 

approach. But the movement is cautious, for the Commission closed the 

policy announcement by stating: 

"These safety goals and these implementation guidelines are not meant 

as a substitute for NRC's regulations and do not relieve nuclear power 

plant permittees and licensees from complying with regulations. Nor are 

the safety goals and these implementation guidelines in and of themselves 

meant to serve as a sole basis for licensing decisions. However, if 

pursuant to these guidelines, information is developed that is applicable 

to a particular licensing decision, it may be considered as one factor in 

the licensing decision." 

B. Research Program 

The Canadian regulatory approach to research was described by a former 

industry participant as follows: 
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"Many national regulatory agencies maintain independent research 

capabilities in order to 'verify' the results obtained by licensee-directed 

research. This system is deemed to be unnecessary in Canada. Adequate 

power over licensees is available to the regulatory agency so that the work, 

which needs to be done to support operating licenses to the satisfaction of 

the regulator is funded directly by the li censées. Through this process it 

is assured that the regulatory agency remains independent and is never 

required to defend a previous decision based on research which the sĝ Siiy 

has funded and directed. An indirect benefit is avoidance of the 

institutionalization of regulatory research activities in the long term, 

beyond the levels required to support operating licenses. This goal is 

achieved naturally through a negotiated balance between the regulator's 

continuing desire for further proof and the funding organization's 
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willingness to pay the price of the work." 

The CANDU Owner's Group runs the research program. Hydro puts in 

about $43 million, the other owners contribute $3-4 million, and AECL 

matches these contributions. Until 1985, the Canadian Federal government 

had supported nuclear R&D and had been giving AECL about $200 million a 

year. However, in 1985, the Federal government decided it would be cut to 

$100 million by 1991 in a staged decrease. This led Ontario Hydro to put 

more money in, although not on a one-to-one replacement, because Hydro 

concluded some money was being wasted. However, from Hydro's view (the 

principal funder of this R&D), the amount of effort put into R&D on the 

CANDU is not equivalent to that put in on PVR's and BUR's. 

The Board staff perceives the AECB research program as miniscule. The 

AECB research budget enables the AECB only to work on small projects, 

although some of the AECL/Hydro research program can be driven by the 

Control Board. The Control Board can ask questions which Ontario Hydro 

cannot answer. The Control Board then asks why questions can not be 
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answered, resulting in Hydro-initiated research. Board staff also believe 

they can influence the research done by Ontario Hydro and AECL by 

threatening to do the research if the other organizations do not, or by 

threatening to withhold or delay a license unless research is started. 

Most of the research is done at the AECL facilities at White Shell or 

Chalk River. The AECB does attempt to monitor this work, but the 

researchers can provide more information to the AECB than the Board staff 

can read. Consequently, the Board staff commented they are never quite 

sure what the researchers will think of next, and the AECB often finds out 

about a problem when a new research program is announced. 

Although the NRC has no research facilities, the NRC has a large 

research program, conducted primarily at U.S. national laboratories (e.g., 

Brookhaven and Argonne) and in universities. The program provides the NRC 

with a capability to explore the boundaries of existing regulations and to 

test claims of licensees. For example, computer code calculations have 

become important in safety analysis and the research program enables the 

NRC to benchmark industry's codes. In this process, an NRC code, and the 

industry code are used on the same problems. If the results are 

significantly different, the industry code is examined in detail. 

The AECB does not have this capability, and this lack appears to be 

significant. The AECB's computer budget was described by industry as being 

only a few hundred thousand dollars, compared, for example, with the $5-6 

million for Ontario Hydro. The Ontario Hydro submission to the ONSR lists 
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sixteen different codes used by Hydro for safety analysis. The AECB does 

not benchmark the codes used by Hydro or by AECL. In addition, Hydro and 

AECL have moved aggressively to introduce computer-controlled shut down 

systems. The AECB is dangerously close to being unable to do anything more 

thgn to take Hydro on faith as to the validity of safety analyses or the 

appropriateness of the control software. 



38 

C. Regulator vs. Regulated 

For many years, the Canadian regulatory environment consisted of three 

key players: AECL, AECB, and Ontario Hydro. One submission to the ONSR 

pictures this relationship as an equilateral triangle. However accurate 

that symbol may have been in the past, it no longer describes the 

relationship. 

Ontario Hydro has become preeminent. Hydro has always been its own 

architect-engineer and now does its own safety analysis. Hydro considers 

AECL to be merely a sub-contractor, an attitude shared by both the AECB and 

AECL. Consequently, the real symbol now is a line, with Hydro at one end 

and the AECB at the other. But Hydro is swamping the AECB. For example, 

compared to the approximately 80 people in the Directorate of Reactor 

Regulation, the Hydro Nuclear Studies and Safety Department—just one 

element in the reactor operations side of Hydro—has 140 people (including 

temporaries) and Ontario Hydro has its own research division of about 600 

people, primarily focused on structures and geology. The Hydro people 

appear to be quite competent, as do those in the AEC3. But the 
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organizations are mismatched to an extent not seen in the United States. 

The mismatch is seen in the capability to analyze computer codes. The 

AECB does not have the capability to verify the codes used by Hydro or 

AECL. 

A Provincial official said the Province would like the Control Board 

to provide more technical advice, since the Province has very limited 

resources. He believes Ontario Hydro is the center of knowledge, and that 

AECL is not independent, since they are heavily committed to the CANDU 

program. In his view, although the Control Board is independent, it does 

not have the resources, and Ontario Hydro is so massive that they may be 

able to overawe the Control Board and exert undue influence. He believes 

Ontario Hydro has browbeaten the Control Board staff, and forced the staff 
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to vithdrav objections by the enormous effort Hydro mounts. He also 

believes Hydro has better people than the Control Board, "plays hard ball," 

has large resources, is supremely self-confident, and is used to having its 

own way. He did say that Hydro is, by-and-large, a very responsible 

organization, and he has never felt Hydro tries to take shortcuts or get by 

with shoddy equipment. 

According to a Hydro official, the Control Board has a few good 

people with broad perspective, but the other staff are naive. Senior site 

people are quite good and they know the plant inside and out. He noted, 

however, it is always easier for the Control Board to ask questions than 

for Ontario Hydro to answer them. But he concludes "there is no way the 

Control Board can compete with Ontario Hydro" because the Control Board 

does not have the money, or, except for a few people, the knowledge. 

The strains are becoming visible between the participants. The 

defensiveness by those under attack is seen in many responses by Ontario 

Hydro. The strain of a moribund industry is seen in AECL. The weariness 

and frustration of being stretched too thin are seen in the AECB. The 

public mistrust of nuclear power is seen in polls by Ontario Hydro 

indicating the public does not want more nuclear power. And complaints of 

over-regulation can be seen in the Ontario Hydro submission to the ONSR, 

particularly in claims that the AECB has caused costly and unecessary 

retrofits. 

D. Cost of Safety 

"What is the cost of nuclear safety?" is a complex question. The U.S. 

nuclear industry does not talk about the cost of nuclear safety, but rather 

the cost of regulation. They do not wish to imply that there is a direct 

link between regulation and safety, and, in particular, do not wish to have 

the question posed as "How much is the public willing to pay to make a 
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nuclear reactor safe?" The issue in the United States is more often 

couched as "What is the cost of excessive regulation?" In this vein, 

industry groups periodically discuss the increased number of regulations 

since the NRC was formed, and the onerousness of backfitting plants to meet 

NRC regulations. The costs that have received the most attention in the 

NRC and in NRC-industry debates have been those associated vith backfitting 

the requirements of new regulations upon plants, either during construction 

or in operation. Clearly some regulations have been developed too hastily 

and, consequently, in some cases have had to be modified after more 

thought. If the final form of the regulation requires a different 

approach, then funds expended to meet the earlier form were wasted 

resources. 

Asking the question "What are the costs of nuclear safety?" leads to 

discussing what is the base case. I do not believe it worthwhile to 

discuss the base case as being an unsafe plant, because an unsafe plant is 

likely to be a highly uneconomic plant. Many features put in by a designer 

or an operator to insure high reliability are the same features and 

practices required to make the plant safe. Consequently, a plant that is 

operated well will also tend to be a safe plant. Recognition of these 

characteristics has led the industry to concentrate on what they call 

excessive regulation. 

A similar attitude, that regulation has been excessive, can be seen in 

the Ontario Hydro submission to the ONSR. Section 17 of that document 

notes that "a direct comparison of costs attributable to nuclear safety for 

the process system is not feasible since requirements for a high quality 

process system are integrated into the safety approach which, at the first 

level of defense, requires prevention of failures. However, the 

contributory role of nuclear safety requirements can be inferred from a 
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comparison of cost data with an alternative source of generation." From 
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this point, Ontario Hydro compares the capital and operating, maintenance, 

and administrative costs for a nuclear power plant and those for a coal 

plant. Hydro notes that these costs are more than a factor of 2 greater 

for the nuclear power plant. The implication which this section provides 

for the reader is that these large differences in costs are due to 

requirements of safety. That is perhaps true, but the corollary 

implication that these safety requirements are excessive due to the Control 

Board would not be accurate. Nevertheless, Section 17 implies that Hydro 

would like the reader to believe so. 

A few examples show the Hydro implied criticism of excessive safety 

regulation: 

(1) In discussing the instrumentation for pressure relief valves at 

Bruce A, Hydro states, "To add diversity to the auxiliary pressure relief 

valves and to provide added capacity to cater to some specific low 

probability events, it was decided to add controls to four main pressure 

relief valves that would allow them also to operate at any duct pressure as 
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well as in their self-actuating mode." (emphasis added) 

(2) "During the final licensing stages of Bruce NGS A, it became 

apparent that there was a range of reactor header break sizes for which the 

gravity injection emergency coolant injection system could not be shown to 

meet the design target of preventing significant fuel sheath failures. The 

existing system was still able to meet the criteria for public dose under 

which it was to be licensed. In order to obtain the full power license, 

Ontario Hydro agreed to undertake a study...[which] showed that there would 

be benefits and Ontario Hydro committed its installation. The AECB issued 

an operating license...but limited the power...until a [high pressure 

injection] system was installed. The cost of this addition is $104 

million." (emphasis added) 
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(3) Vhen the reactor building at the Pickering NGS exceeds a certain 

pressure, a connection is formed between the reactor building and the 

pressure relief duct. Some modifications were made to this system. 

"Ontario Hydro made strong representations to the AECB that further 

modifications were not justified. Even though the predicted doses to the 

population in the event of serious accident were already well below the 

published AECB licensing criteria and the radiation exposure to 

construction workers involved in a modification would be greater than the 

predicted dose saving to members of the public in the event of an accident, 
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the AECB directed that modifications be implemented...." (emphasis added) 

The implication of section 17 is that the AECB has imposed unnecessary 

requirements which have led to substantial costs for nuclear power in 

Canada. However, these costs are small in comparison to a U.S. nuclear 

advocate's recent statement that "...[the] NRC program of regulatory 

ratcheting [has led to]...an average of at least $1.6 billion extra [for 

each nuclear plant]...." 

In the United States, the backfitting issue has become a major point 

of strain between the industry and the NRC following the Three Mile Island 

accident. Prior to the accident, industry had complained about regulatory 

ratcheting (a term which the industry used to characterize an approach of 

constantly increasing the requirements but never decreasing them). 

Following the Three Mile Island accident, NRC reviews led to a large number 

of new requirements being laid on plants. Many were specifically targeted 

towards plants still under construction, but generic and type-specific 

requirements were placed upon operating plants. In the United States, no 

plants are awaiting a construction permit, and only 14 plants remain under 

review for operating licenses. The industry has become increasingly 

concerned that as the NRC becomes primarily concerned with inspecting, 

monitoring, and regulating operating plants, the agency would require more 

backfits to operating plants. 
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For over ten years the NRC back.fit regulation vas 10 CFR 50.109. This 

regulation addressed imposing any new requirement on a plant under 

construction or operating. It stated that the Commission could require a 

backfit, if the Commission found that such an action would lead to 

substantial additional protection required for the public health and 

safety. This regulation was applied formally only once. 

Nevertheless, the NRC staff did require many modifications to be made 

which did lead to backfits. A report by the U.S. General Accounting Office 

(GAO) stated: "...NRC staff members responsible for reviewing operating 

license applications or for monitoring or inspecting operating plants may 

individually discuss with utilities plant-specific changes that would be 

acceptable to the staff to satisfy a particular issue...utility 

representatives told [the GAO] that they accommodate these NRC staff 

suggestions whenever possible in order to maintain good working 

relationships with NRC." 

This GAO report criticizes the previous NRC practices and concludes 

they have led to substantial additional cost. In reviewing the 35 oldest 

plants, the GAO concluded that an estimated $82 to $95 million per plant 
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had been required for backfits. However, these backfits, were not done 

solely to upgrade safety- Using utility data on 7 of the 35 plants, the 

GAO found 59 percent of these costs were to bring the plants into 

compliance with existing requirements, that is, not new requirements, and 

to meet déficiences uncovered in the existing plant design. Only 39 

percent of the costs were to meet greater safety precautions than 
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previously required. 

As a result of internal NRC concerns, the NRC conducted a review of 

its backfitting policies. "NRC concluded that the pace at which the agency 

was imposing new requirements on the industry had created a potential 
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safety problem of unknown dimensions." This concern eventually led the 

http://back.fi
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NRC to promulgate a new backfit rule, which had two key elements: (1) the 

cost of a backfit vould be compared with the benefit to be achieved; (2) 

the NRC staff vould be responsible for doing the calculations required to 

demonstrate that the benefits exceeded the costs. This revision 

essentially changed two principal features of the NRC's approach to 

backfitting: (1) a cost-benefit criterion was introduced explicitly; 

(2) the burden of proof was placed on the NRC staff, rather than on the 

licensee. This rule was challenged in court on the grounds that the rule 

did not state that the first consideration must be to meet adequate safety. 

The D.C. Court of appeals overturned the regulation in 1987 and concluded 

it was illegal for the NRC to apply cost considerations to a standard for 

adequate safety. The NRC has promulgated a revised rule which requires 

the staff to first find adequate protection of the public health and 

safety. "When measures are proposed for nuclear plants that go beyond the 

adequacy standard to further enhance safety, an analysis of both the 

benefits and the costs is required by [the NRC] backfit rule." 

The debate will continue over whether regulatory bodies are 

unnecessarily imposing costly modifications. Undoubtedly, some 

requirements are imposed that should not be. This imposition may be due to 

a lack of an ability to completely analyze the accident scenarios 

considered or to fully understand the particular plant involved. A senior 

Hydro official did confirm that if Ontario Hydro were left to itself, it 

still would plan for defense in depth. The areas in which Hydro disagrees 

with the Board are "where the Control Board appears to be trying to 

marginally improve safety." He did agree that many things that the Board 

has asked for would be done anyway, and gave as an example controls which 

the Board requires for safety, but which are really also there to enable 

economic operation of the plant. In his opinion, "On the whole, the 

Control Board is fairly agreeable and fairly reasonable." Another Hydro 
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official, said that "The majority of things done [for safety] would be done 

as prudent operators." He noted that probably 90 percent of the actions 

that Ontario Hydro takes to protect its economic investment can also be 

described as protecting the public. 

E. Licenseability 

Could the CANDU be licensed in the United States? Could a U.S. 

reactor be licensed in Canada? I believe the answer is the same to both 

questions: not without substantial effort by the proposer, and probably 

some redesign. 

For U.S. reactors, the requirement for a full, independent, second 

shut down system is only met by the ice condenser PVR's and BWR's, which 

have poison injection systems. CANDU technology has not been examined by 

the NRC, although preliminary discussions were held several years ago 

between representatives of AECL and the NRC. These meetings apparently 

covered little more than the outline of the NRC regulatory approach, and 

did not get into details. However, the NRC personnel involved suggest four 

areas that would have to be examined: 

(1) For U.S. manufacturers and utilities, methodology and computer 

codes have been benchmarked by the NRC. The same would have to 

be done for Canadian codes. 

(2) There may be a major difference in the approach to seismic 

design. If so, the two approaches would have to be compared in 

. f ., 57 detail. 

(3) The NRC would have to develop and analyze a set of accidents and 

transients. 

(4) A U.S. manufacturer proposing a design for NRC approval must show 

how the design meets the General Design Criteria, a set of fifty-five 

criteria given in Appendix A to 10CFR50. The NRC would have to decide what 
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criteria must be met by a CANDU. 
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I found only two published studies of CANDU licenseability in the 

United States, an Argonne study for ERDA and a UCLA study for the NRC. The 

Argonne report identified several difficult licensing questions, in 

particular, tube-to-tube failure propagation, small scale loss of coolant 

due to malfunction or seismic shock during refueling, and coolant system 
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subdivision to offset the CANDU's positive void-reactivity coefficients. 

The UCLA study concluded "the bulk of the Research and Development 

effort would have to be devoted to establishing the integrity of the 

pressure tubes and the effects of a pressure tube failure on the remainder 

of the system. 

...two novel problems are identified, 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." 

The UCLA study concluded that ij the NRC could accept limited failure 

of pressure tubes, little R&D would be necessary. 

I believe that the Canadian tradition of envelope design would lead to 

the need to produce extensive and perhaps unavailable documentation for the 

NRC. Furthermore, the NRC would want to do its own accident analysis to 

verify any AECL (or Hydro) claims. The process would be long, and 

contentious. 

IV. Conclusions and Recommendations 

(1) The differences between the U.S. and Canadian approaches to nuclear 

reactor regulation are tied to history and to culture. 

History: - in Canada the government developed one type of reactor, 
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a uniquely Canadian reactor. (I knov of no other major 

reactor type vhich carries the country's name as part of 

the reactor identifier.) There also is essentially only 

one utility, and that is government-owned. 

- in the United States, several types of reactors were 

developed, bought by many different utilities, mostly non

government. 

Culture: - the way citizens look, at and toward their government. 

- the United States is an adversarial society, which has led 

to a legalistic approach to regulation. 

- Canada is a more civil society, which led to a more 

trusting approach. 

(2) Each approach has strengths and weaknesses. The Canadian approach: 

Strengths: - a very flexible approach 

- more rational from an engineering perspective 

- a design envelope is more easily transformed to address 

the question, "How safe is the reactor?" 

Weaknesses:- when participants disagree, to what do they refer to 

resolve the disagreement? 

- when much of the requirements are general or not written 

down, how can the regulator challenge the licensee on 

non-compliance? 

- when a new utility, a new Province, or a foreign country 

wants to join the family, how does it learn the 

traditions? 

(3) The current Canadian system depends on trust, a shared heritage, and 

knowledge contained in the minds of senior people. As these people leave, 
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hov will their replacements continue the system? How will the family be 

held together? Strains are already apparent. 

I conclude it would be wise to write down the oral tradition while the 

knowledgeable people who participated in its development are still 

involved. 

(4) Although it is hard to judge based on brief meetings, I conclude the 

AECB, AECL, and Ontario Hydro personnel are very competent and highly 

motivated for safe operations. 

However, Ontario Hydro is dominant, and is becoming more so as AECL is 

fading. Hydro is close to having no independent reviewer, a hazard for 

even the best run large operation. I do not imply that I detected 

negligence of any kind on the part of Ontario Hydro. I did not. But I 

strongly believe an independent reviewer is necessary. 

(5) The AECB is stretched too thin. It needs 

- funds to develop a capability to check computer code 

calculations, which are used extensively by Hydro. 

- a clearer role in research, either its own funding or the 

ability to explicitly direct some of the AECL/Hydro research 

program. In either event, the AECB will need more people, 

who are themselves trained in research, to interface with 

the research program. 

- many more staff, to perform the independent review necessary 
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to keep Ontario Hydro on its toes (not to mention the other 

Provinces). 
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Addendum 

Although not a part of my report, I feel obliged to mention an 

attitude which was uncomfortably familiar. While talking to people in 

Hydro, the Control Board, AECL, and the Provincial government, I felt a 

vague memory stirring. For example, one official said: "Emergency plans 

are more to protect Hydro than the public, because the public will not be 

endangered by an accident, but the nuclear industry would be." At the time 

of the discussions, I could not place the recollection. However, I now 

can: it is the memory of discussions with industry, Congress, and NRC 

staff in 1977 and 1978, when I first became involved with commercial 

nuclear power in the United States. 

Their attitude was: An accident can't happen. Similarly, the 

Canadian nuclear community seems to believe that a big accident can't 

happen. 

I hope they are right. 
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Regulation, May 7, 1987. 

A charge repeated by Thomas Adams during his presentation at the ONSR 
meeting, September 26, 1987. Also given in "The Atomic Energy Control 
Board: Its Role and Performance in the Regulation of Nuclear Reactor 
Safety," Thomas Adams and Michael Jerrett, September 2, 1987, p. 7, 
quoting a conversation with B. Blackburn, AECB. 

This may be related to points made by a Canadian professor of 
government who noted the public expect the HP's to know nothing. He 
said that the MP's essentially have no resources, whereas in the 
United States, legislators have "fantastic staffs." 

Ontario Hydro submission to the ONSR, p. 14-3. 

"AECB licensing requirements have evolved over the past three decades 
and have been published in various AECB papers and discussed in great 
detail between the utilities, AECL, and AECB." (emphasis added)7 
Ontario Hydro submission to the ONSR, pages 1-18 to 19. A senior AECB 
member noted that Canada is a small country and until recently the 
senior managers knew all the people involved in nuclear safety issues. 
"So they did not have to write down everything, they had met with each 
other across the table." 

A senior official said "The regulations now are about 1/8" thick, and 
say nothing—but that the Board is God, and what God says is good." 

A senior Hydro official recalled: 
Hydro-AECB relations were very smooth until around 1969, when 
Pickering was almost finished and Ontario Hydro wanted to build more 
nuclear plants. At that point, Hydro started to find difficulties 
with the licensing criteria. Either Hydro did not understand, or they 
started to see what the single-dual failure approach meant. The 
problems really showed up when Hydro was required to assume shutdown 
system failure. They could only shut the reactor off by 
"destruction." At that time, computer analysis was inadequate. The 
Control Board accepted the difficulties of Pickering A, but said they 
would not license such a reactor again. Consequently, Ontario Hydro 
proposed a second shutdown system, if the Board would permit one of 
the two always to be used. Hydro believed they had a demonstrated 
reliable shutdown system and did not need a complete independent 
second system with full coverage. However, the Board insisted. 
Ontario Hydro really did not understand what the Board wanted: It 
wanted complete independent and full coverage. Hydro found out that 
was what the Board wanted as they worked through the design of Bruce, 
which led to heated discussions. But by the time Hydro realized what 
the Board wanted, Bruce A was too far along. 
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From an AECB official: 
Two years before the construction approval for Darlington, Ontario 
Hydro said it was too late to change the design for the boilers being 
outside containment. They argued the Board had already approved the 
concept, because Hydro said they had showed a picture to the Board 
during site approval. 

(a) "Report of the President's Commission on The Accident at Three 
Mile Island," J. G. Kemeny, Chairman, Washington, D.C., October 1979. 
For example, 
"We note a preoccupation with regulations...regulations alcne cannot 
assure safety. Indeed, once regulations become as voluminous and 
Complex as those regulations now in place, they can serve as a 
negative factor in nuclear safety." (p. 9) 
(&} "three mile island: A Report to the Commissioners and to the 
Public," M. Rogovin, Director, NUREG CR/1250, U.S. Nuclear Regulatory 
Commission, Washington, D.C., January 1980. For example, 
"What ve have found is a regulatory system consisting primarily of an 
elaborate apparatus for reviewing the safety of nuclear reactor 
designs....but in the process has failed to take timely account of the 
actual operation of existing plants." (p. 89) 

In 1976, the staff said the Bruce A ECCS was inadequate. The license 
argued it was all right, that the requirements are not documented in 
detail, and that the plant met all the Control Board had asked for. 
The Control Board did not point to any unmet requirements. 
Nevertheless, the Board did require high-pressure injection, but seven 
years elapsed before the system was installed. This episode, among 
other reasons, led the Control Board staff to write down some 
requirements, which, if available earlier, at least would have given 
the Board a better yardstick for decision. 

U.S. Nuclear Regulatory Commission Policy and Planning Guidance 1986," 
NUREG-0885, Issue 5, February 1986, p. 3. 

Ibid, p. 18. 

Many of the problems with the former NRC approach were summarized by 
Dr. Thomas Pigford, a member of the President's review commission of 
the Three Mile Island Accident: 

"The [Kemeny] Commission report has identified many mistakes 
by NRC personnel in their handling of the TMI-2 accident and 
deficiencies in NRC's regulatory practices. However, this criticism 
does not reach some essential elements of the problem. I believe that 
the following are some of the more important problems at NRC: 

o Lack of quantified safety goals and objective. When a safety 
concern is postulated, there is no yardstick to judge the 
adequacy of mitigating measures. 

o Inability to set priorities and allocate resources in 
proportion to the estimated risk to the public. In my view, 
a disproportionate effort is being required for some issues 
that have only a marginal impact upon risk to the public. 

o Lack of experienced staff. An undesirably large proportion 
of NRC staff and management have little or no practical 
experience in designing or operating the equipment that they 
regulate. 
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o Arbitrary requirements. Too many of the NRC requirements are 
mandated without valid technical backup and value-impact 
analysis. 

o A stifling adversary approach. The existing process inhibits 
the interchange of technical information between the NRC and 
industry. It discourages innovative engineering solutions. 

o Ineffective evaluation of operations. NRC has no effective 
system for evaluating data from operating plants. Data 
should be analyzed systematically to identify trends and 
patterns. 

o Lack of a comprehensive system approach to the whole plant. 
A large percentage of the NRC staff are specialists focusing 
upon narrow topics. There are relatively few systems 
engineers within NRC who can integrate individual safety 
features into an overall concept and who can place issues 
into perspective. 

o An overwhelming emphasis on conservative models and 
assumptions. Realistic analyses are needed to identify the 
margins of safety and to aid competent decisions." 

"Report oî th«î President's Commission on The Accident at Three Mile 
Island," Washington, D.C., October 1979, pp. 95-96. 

31. Hurst and Boyd, op cit. 

32. "Safety Goals for the Operations of Nuclear Power Plants; Policy 
Statement," U.S. Nuclear Regulatory Commission, Washington, D.C., July 
30, 1986. 

33. Table 1 of "The Canadian Approach to Nuclear Power Safety," R. J. 
Atchison, F. C. Boyd and Z. Domaretzki, INFO-0104, July 1983, also 
published in July- August 1983 issue of Nuclear Safety. 

34. Ontario Hydro submission to the ONSR, p. 2-7. 

35. "Safety Goals...," op cit., p. 1. 

36. " — Individual members of the public should be provided a level of 
protection from the consequences of nuclear power plant operation such 
that individuals bear no significant additional risk to life and 
health. 
— Societal risks to life and health from nuclear power plant 
operation should be comparable to or less than the risks of generating 
electricity by viable competing technologies and should not be a 
significant addition to other societal risk." Ibid, p. 2. 

37. " — The risk to an average individual in the vicinity* of a nuclear 
power plant of prompt fatalities that might result from reactor 
accidents should not exceed one-tenth of one percent (0.1 percent) of 
the sum of prompt fatality risks resulting from other accidents to 
which members of the U.S. population are generally exposed. 

— Jh.e risk to the population in the area near a nuclear power 
plant of cancer fatalities that might result from nuclear power 
plant operation should not exceed one-tenth of one percent (0.1 
percent) of the sum of cancer fatality risks resulting from all other 
causes." Ibid, p. 2. 
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defined in Supplementary Information as 1 mile from boundary, 

defined in Supplementary Information as within 10 miles. 

38. For example: "The Effects on Populations of Exposure to Low Levels of 
Ionizing Radiation: 1980," Committee on the Biological Effects of 
Ionizing Radiations, National Academy Press, Washington, D.C., 1980. 

39. "Report to the American Physical Society of the study group on 
radionuclide release from severe accidents at nuclear power plants," 
R. Wilson, Chairman, Review of Modern Physics, Vol. 57, No. 3, Pt. II, 
July 1985. 

40. "Safety Goals...," op cit., p. 16. 

41. Ibid. 

42. Ibid, p. 17. 

43. "Nuclear Safety Research in Canada," D.A. Heneley, submission to U.S. 
National Research Council Committee on Nuclear Safety Research, March 
1986. 

44. Ontario Hydro submission to the ONSR, pp. 4-7 and following. 

45. The Canadian system is occasionally described as being similar to that 
in the United Kingdom. Both do rely heavily on license analysis and 
responsibility. The U.K. regulatory body, the Nuclear Installations 
Inspectorate, is also small, like the AECB. In 1986, a staff of 108 
was responsible for oversight of 17 reactors and other fuel cycle 
facilities. "Nuclear Safety Philosophy in the United Kingdom," R. D. 
Anthony, Nuclear Safety, Oct.-Dec. 1986, pp. 443-456. 

46. Ontario Hydro submission to the ONSR, Page 17-1. 

47. Ibid, p. 17-6. 

48. Ibid, p. 17-8. 

49. Ibid, p. 17-10. 

50. "Insanity in Action: Reducing the Hazards of Nuclear Power," Bernard 
L. Cohen, Physics and Society, Volume 16, No. 3, July, 1987. 

51. "Nuclear Regulation: A Process for Back.fitting Changes in Nuclear 
Plants has Improved," RCED-86-27, United States General Accounting 
Office, Washington, D.C., December 1985, p. 24. 

52. Ibid, p. 28. 

53. Ibid, p. 30. 

54. Ibid, p. 17. 

55. "Court Rebuffs Nuclear Agency on Considering Cost Of Safety," The New 
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"NRC Proposes Clarification of Rules on Backfitting of Nuclear Power 
Plants," News Release No. 87-124, U.S. Nuclear Regulatory Commission, 
Washington, D.C., September 10, 1987. 

I did not examine the regulations in sufficient detail to see whether 
or not there are fundamental differences. I do know that the approach 
to seismic events is different because the Canadian approach does not 
assume a seismic event is simultaneous with the LOCA and, 
consequently, some safety systems are not seismically qualified, e.g., 
not all parts of the ECCS, the high-pressure injection system. This 
is fundamentally different from the U.S. regulatory approach, where 
all safety systems must be seismically qualified. 

Personal communication from D. Crutchfield, e_t al., U.S. NRC, July 28, 
1987. 

"A Survey of Considerations Involved in Introducing CANDU Reactors 
into the U.S.," C. E. Till, et al., Argonne National Laboratory, ANL-
76-132, January 1977, p. 31. 

"Licensability of CANDU-Type Reactors in the United States," L. Cave, 
NUREG/CR-1113 and UCLA-ENG-7953, August 1980, p. iii. 

In the past, the Control Board deliberately did not ask for more 
people, and is now understaffed. However, a senior AECB official 
believes that the AECB is about the right size and does not believe 
that more people and more money would significantly improve nuclear 
regulation. 

In response to my question, "Is regulation even necessary?", a senior 
Hydro official said, "Yes, it is. Hydro needs a watch dog." He 
believes that even though they have the best intentions in the world, 
they can get sloppy. They do need some group to keep their people on 
their toes. However, he would prefer not to follow the prescriptive 
path of the United States. 
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APPENDIX 1 

Estimated number of employees devoted to reactor regulation. 

The Zech budget testimony, reference 2, gives the following number of 
employees : 

Nuclear Reactor Regulation (NRR) 686 
Nuclear Materials Safety and Safeguards(NMSS) 363 
All others (including research, inspection 

and enforcement, and administration 2320 

Although most of the research and inspection and enforcement staff are 
devoted to reactors, a lower-bound estimate of the total number of NRC 
employees devoted to reactor regulation can be found by assuming the 
2320 are split in the ratio of NRR/NMSS. 

Thus the total number of NRC employees devoted to reactor regulation 
is estimated to be at least 

686 + [686/(686+363)] x 2320 = 686 + 1508 = 2194. 

Table 1 lists "approximately 2200." 

The number of AECB employees devoted to reactor regulation is 
estimated in a similar fashion. According to J. Jennekens, the 
staffing level for the Directorate of Reactor Regulation is 80 and for 
the Directorate of Fuel Cycle and Materials Regulation, 90. The total 
AECB complement is 260. 

Hence those devoted to reactor regulation are estimated to be 

80 + [80/(80+90) x 260] = 80 + 42 = 122. 

Table 1 lists "approximately 120." 
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APPENDIX 2 

Additional documents reviewed, but not referred to explicitly. 

1. "The Accident at Chernobyl and Its Implications for the Safety of 
CANDU Reactors," INF0-0234(E), AECB, May 1987. 

2. "Nuclear Emergency Planning: How You Can Be Prepared," booklet for 
the Pickering Generating Station published by the Durham Region, 
Province of Ontario, and Ontario Hydro, December, 1986. 

3. Governments Under Stress, Colin Campbell, University of Toronto Press, 
1983. 

4. "Ontario Hydro's CANDU Projects," Ontario Hydro, 1985. 

5. Nuclear Integrity Review Committee Annual Report for 1984, Ontario 
Hydro, July 1985. 

6. Nuclear Integrity Review Committee Annual Report for 1985, Ontario 
Hydro, August 1986. 

7. Report of Provincial Working Group #3, K. G. McNeill, et al., 
(apparently 1983). 

8. "Chernobyl: A Report on the Accident and Its Implications," F. B. 
Ali, Emergency Planning, Province of Ontario, February 1987. 

9. "Construction Approval for the Darlington 'A' Generating Station," 
Memo from Directorate of Reactor Regulation to Members, Atomic Energy 
Control Board and Licensing Report, BMD 81-110, 14 May 1981. 

10. "Application for Approval to Construct Darlington Generating Station," 
Memo from AECB staff to Members, Atomic Energy Control Board, 
recommending construction approval, BMD-110A, 26 May 1981. 

11. "Darlington Generating Station 'A'," construction authorization letter 
from J. H. Jennekens, AECB President, to V. E. Raney, Ontario Hydro 
Secretary and General Counsel, 8 June 1981. 

12. The Licensing Process for Nuclear Power Reactors—Revision 1," M. 
Joyce, AECB-1139/REV-1, November 21, 1979. 

13. "Nuclear Liability Act," Chapter 29 (1st Supp.), Queens Printer for 
Canada, Ottawa, 1970. 

14. "Description of How the Atomic Energy Control Board Research and 
Development Program is Administered," INF0-0157, June 1985. 

15. Contact: An Introduction to the Atomic Energy Control Board, INF0-
0125/Rev-l, May 1986. 

16. Reporter, AECB, April 1987. 

17. "ACNS-4: Recommended General Safety Requirements for Nuclear Power 
Plants," Advisory Committee on Nuclear Safety, INFO-0116, June 1983. 

18. "Atomic Energy Control Regulations," with amendments to February 27, 
1986. 
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1.0 INTRODUCTION 

A review has been undertaken for the Ontario Nuclear Safety 
Review of the study performed by Ontario Hydro (1), with the 
assistance of Argonne National Laboratory (2) on the nature and 
consequences of a failure to shut-down (LOSD) following a large 
LOCA in a Pickering A NGS reactor unit. In this review, other 
reports submitted to ONSR have been consulted (3,4). 

Ontario Hydro analyzed the complete accident sequence, from 
the initiating LOCA and LOSD to containment behavior and off-site 
radiological consequences. Argonne, working essentially 
independently cf Ontario Hydro, analyzed only certain parts of 
the accident sequence, viz., fuel behavior, fuel channel response 
and failure and moderator response, using as initial and boundary 
conditions data from Ontario Hydro on the power excursion and the 
resulting primary system thermohydraulics. 

Because of the severe time constraints of this review, the 
evaluation of the study is necessarily somewhat limited in depth 
and scope. Nevertheless, it has been possible to make an overall 
assessment of the results and to assess in some detail certain 
aspects of the study in areas in which the writer has some 
competence. 

This report will very briefly summarize the results of the 
study, in particular comparing the Ontario Hydro and Argonne 
results for those parts of the accident response analyzed by 
Argonne. It will then provide a general evaluation of the study 
followed by more specific evaluations on certain areas. The 
report will then consider a few issues that have arisen during 
the assessment of the study and will end with some conclusions 
and recommendations. 

2. SUMMARY OF FINDINGS OF STUDY 

The accident considered is a guillotine rupture of the 
reactor inlet header (100% RIH LOCA), which rapidly adds positive 
reactivity to the core as the broken loop blows down. The 
shutdown system fails so that the power excursion continues and 
the reactor becomes super-prompt critical. Fuel element failures 
soon begin in the high-power channels. The mechanism of fuel 
element failure is a relatively moderate ejection of molten fuel 
through the sheaths into the coolant channels. The molten fuel 
deposits on the pressure tubes which overheat and then fail by 
rapid local strain which leads to subsequent rapid failure of the 
calandria tubes by the same mechanism. The first fuel channel 
failures occur about 3.7 seconds after the initiating event with 
about 30% of the channels failing during the power-excursion 
phase of the accident. 

The first channels to fail cause a rapid displacement of 
moderator by steam discharging from the ruptured channels. The 
steam is accompanied by molten fuel droplets or liquid water 
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droplets. The displacement of the moderator results in a very 
rapid introduction of negative reactivity which terminates the 
power excursion almost instantaneously. The displacement of the 
moderator, through the calandria relief ducts and dump ports, is 
not fast enough to prevent a pressure rise which results in 
failure of the calandria vessel. Failure of the calandria 
enhances the rate of moderator displacement. 

Discharging steam and water pressurize the calandria vault 
which lifts the concrete hatch openings, permitting the steam to 
discharge into the boiler room. Peak pressures reached in the 
boiler room are expected to be about 160 kPa (absolute) with an 
upper limit of 180 kPa (absolute) if all 390 fuel channels fail 
during the power excursion. At the lower pressure, minor 
cracking of concrete may occur near the top of the containment 
dome while at the high pressure some cracking of concrete and 
yielding of reinforcement may occur in that region. In either 
case, structural integrity of the containment is maintained. 

In the power excursion, about 35%1 of the fuel is melted so 
that high fission product releases associated with molten fuel 
will be restricted to this fraction of the core inventory. 
Following fuel channel failure, rapid quenching and cooling of 
hot fuel by discharging coolant will occur, which will rapidly 
reduce the fission-product release rate from the fuel. These two 
factors establish an upper limit to the release of fission 
products from the fuel. Recognizing the various processes 
that will attenuate fission-product transport into, within and 
from containment and the minor cracking damage to containment 
from the accident, the off-site radiological consequences of 
the accident are not expected to be any worse than those of any 
severe dual-failure accident analyzed during the licensing 
process and thus to be within the regulatory limits from such 
accidents. 

A comparison of the results of the parts of the accident 
sequence which were analyzed by Argonne with the results for 
these same parts obtained by Ontario Hydro is given in Table 1 
for the high-power channels. There is excellent agreement 
between the two studies on the timing of various crucial events, 
i.e., the beginning of fuel melting, the start of fuel failures, 
the start of channel failures and the time of reactor shut-down . 
There is also a striking similarity between the mechanism of fuel 
failures deduced in the two studies, i.e., a relatively moderate 
melting, and ejection of molten fuel from the fuel into the 
coolant, channel. 

^Calculated from data in Table A2 of reference 1 on the 
basis that only those fuel elements with linear powers greater 
than about 40 kW/m will undergo any melting in the accident (1, 
Appendix A, Fig. A.13). 
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TKELE 1 

Comparison of Results of Ontario Hydro 
and Argonna for LOCA. & IiDSD 

High Power Channels (6.1 KW) 

Broken Loop 
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Fuel failures 
start, s 
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at failure, K 
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3.38 (7 
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3.75 ( 7 
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I n t a c t Loop 
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0.29 (7) 

3 .62 -3 .74 f 1 ' 2 ) 3.89 ( 1 0 ) 

0 .02-0 .06 ( 5 ) 0.04 <7) 

^ 3 . 7 - 3 . 8 ( 1 ' 2 ' 5 ) 3 . 9 3 ( 1 0 ) 
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0.22 ( 2 ) 

<0.025 ( 1 1 ) 

< 0 . 2 2 < 2 ' n > 

3.77 ( 2 ) 

0.02-0.06 ( 5 ) 
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Notes for Table 1 

ô t ^ - time increment from onset of melting to fuel failure 

ôt^ - time increment for fuel melting 

«Stĵ , - time increment from fuel failure to pressure tube failure 

«St™ - time increment from pressure tube failure to calandria 
tube failure 

ôtfch ~ txma increment from fuel failure to channel failure 

t̂-chs - time increment from channel failure to reactor shut
down 

Data for broken loop are for the intact, upstream pass. 

Data for intact loop are for early dry-out. 

Sources 

1. OH Report, Appendix B, Table B.4 

2. OH Report, Appendix C, Table 5 

3. OH Report, Appendix B, Figure B.13 

4. OH Report, Appendix B, Figure B.16 

5. Estimated from OH Report, Figures A. 8 and All 

6. ANL Report, Appendix 1, Table 2 

7. ANL Report, Table 4 

8. ANL Report, Appendix 1, Figure 5 

9. ANL Report, Table 2 

10. Calculated from ANL Report, Table 4 

11. OH Report, Appendix C, page 10 
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3.0 GENERAL EVALUATION OF THE STUDY 

The analysis of the failure to shut-down following a large 
LOCA at the Pickering NGS A constitutes a major advance in the 
understanding of severe, beyond-design-basis accidents in CANDU 
reactors. 

The study is quite comprehensive 
and, in general, thorough, particularly considering the virtually 
impossible time period in which it was completed. 

Inevitably, in a pioneering study of this magnitude 
completed under the pressure of a very tight schedule, there are 
a number of questions and issues that will require answers or 
additional work. In the report itself, there are a number of 
inconsistencies, and relatively minor errors and inaccuracies. 
It is also difficult in some cases to find information, as the 
blanks in Table 1 attest. Nevertheless, I have detected no major 
omissions or errors in my areas of expertise and in other areas 
with which I have some familiarity. I find the description of 
the accident sequence, and the analytical results to be quite 
plausible and I concur basically with the conclusions of the 
report. In particular, based on the analysis in the report, I 
agree that the occurrence of such an accident in a Pickering NGS 
A unit, improbable though it may be, does not present a major 
hazard to the public nor does it seem likely to cause a public 
dose greater than the regulatory limits for a dual-failure 
accident. 
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4.0 EVALUATIONS OF CERTAIN SPECIFIC AREAS 

4.1. Power Excursion and Thermohydraulics 

The power transient is calculated using the SMOKIN code 
combined with the thermohydraulics code SOPHT to calculate 
channel voiding to provide the void-reactivity feedback. 

No attempt to evaluate SMOKIN was made since it is out of my 
field of expertise. However, the conclusions of Diamond (3) 
about the use of SMOKIN, combined with SOPHT, in LOCA analysis 
appear to be quite reasonable. In essence, although he believes 
more analysis and assessment are necessary to gain more 
confidence and to ensure no important factors have been 
overlooked, he concludes that the LOCA analysis is adequate and 
shows that the consequences of LOCA event are understandable. 

The Ontario Hydro program SOPHT was originally designed to 
analyze the transient thermohydraulics of CANDU power reactors 
under normal operating conditions to assist with control system 
design (5) . Later, it was adapted to the analysis of transient 
thermohydraulics in loss of coolant accidents and it is used to 
analyze such accidents in licensing submissions. SOPHT is a one-
dimensional implicit, finite-difference code that uses a 
homogeneous equilibrium model (HEM) to represent transient 
thermohydraulic conditions in the primary and secondary circuits 
of a CANDU nuclear power plant. A homogeneous equilibrium model 
cannot adequately predict the effects of separated-flow phase 
behavior nor departures from thermodynamic equilibrium in the 
flow of steam-water mixtures. However, SOPHT can be modified 
some-what by empirical slip or drift-flux models to allow for 
such effects. It has been shown to give reasonable predictions 
of system thermohydraulic behavior in simulated LOCA's in various 
experiments. 

The time-scales of simulated large LOCA's in such 
experiments are similar to that of the LOCA & LOSD analyzed in 
the Ontario Hydro study. Since SOPHT uses an implicit finite-
difference technique for the solution of the conservation 
equations, it avoids most numerical instability problems that 
might arise in transient finite-difference solutions. For these 
reasons, SOPHT should be capable of accurately representing the 
essential features of the rapid blow-down and voiding of the 
primary circuit. 

While SOPHT uses basically a homogeneous equilibrium model 
to represent the transient two-phase flows, this model is 
modified by empirical slip or drift-flux models to allow from 
unequal phase velocities and other effects. The void fraction 
predictions of a rigorous homogeneous model (i.e., one in which 
both phases are assumed to flow in a homogeneous mixture with the 
same average velocities and velocity distributions for each 
phase) will be greater than those that would occur in reality in 
rapid blowdowns, such as encountered in this accident. 
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Overprediction of the void fraction at any time would over-
predict the positive reactivity generated by the voiding, so 
that the use of a homogeneous model would be conservative in 
predicting the power excursion in this accident. However, the 
empirical slip or drift-flux modification used in SOPHT would 
reduce the over-prediction of the void at any time and thus 
reduce the conservatism in the analysis. No information is 
provided in the Ontario Hydro report (1) on the slip or drift-
flux modification to the HEM used in this case. 

There is also no information on other constitutive equations 
used in the SOPHT program for the current analysis. This 
reflects a general lack of readily available documentation of 
SOPHT as used for LOCA analysis2, in general, there is 
inadequate public availability of the verification and validation 
of SOPHT used in LOCA analysis. 

My confidence in the results of the analysis of the poiver 
excursion and transient thermo-hydraulics in this study is high. 
However, better documentation of the SOPHT code as used in the 
analysis is needed and more complete evidence should be provided 
of the verification and validation of the use of SOPHT for 
prediction of the thermohydraulics of blowdown and voiding in 
large LOCAs in CANDU reactor primary heat transport circuits. 

2Note that the reference to the SOPHT code in the list of 
references in Appendix A of reference 1 is to the earlier version 
of SOPHT used for control system design. 
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4.2 Fuel Element Failure 

As mentioned earlier, there is striking agreement between 
the results of the independent analyses of the fuel failures by 
Ontario Hydro and by Argonne. Both organizations agree on the 
mechanism of failure: a relatively mild ejection of molten fuel 
through the sheath into the fuel channel. Although different 
criteria are used by Ontario Hydro (fuel energy storage of 300 
cal/g) and Argonne (50% clad melting^) for the timing of fuel 
failure, both analyses predict times of fuel failure in close 
agreement, as shown in Table 1 for the highest power fuel 
elements. 

As discussed in both reports, the mechanism of fuel failure 
in an un-arrested power excursion is much different in CANDU fuel 
than in LWR fuel. Because of the thinner cladding, the low 
maximum burn-up^ and the corresponding low free volume in CANDU 
elements compared to LWR elements, fuel element internal pressure 
is rapidly brought into balance with the external coolant 
pressure so that failure does not occur by energetic, pressure-
driven fragmentation such as occurs in reactivity-induced 
accident simulations in LWR fuel. The low fuel vapeur pressure 
at the instant of sheath failure in CANDU fuel also helps to 
ensure a relatively non-energetic mode of fuel element failure. 
A key element in this behavior which needs to be emphasized in 
the very much longer prompt reactor period (at least an order-of-
magnitude greater) in a CANDU (because of the heavy-water 
moderator) than in an LWR; this fact is often overlooked in 
assessing CANDU reactor safety. 

The codes used in this part of the analysis by Ontario Hydro 
(ELOCA.Mk4) and by ANL (FPIN2) are well documented and have been 
validated by experiments. 

Considering, in particular, the very good agreement between 
the independent analyses of Ontario Hydro and Argonne using 
different validated codes, my confidence in the results obtained 
on fuel element failures is very high. 

^The Argonne report points out that fuel failure could 
occur at any time from 0% clad melting to 100% clad melting. 
However, this range of uncertainty results in a very small range 
of uncertainty in the time of fuel failure, as shown in Fig. A of 
Appendix 1 of the ANL report (2). 

4Note that, over the burn-up range of relevance in CANDU 
fuel, (up to a maximum of about 280 MWh/kg U) , variations in 
burn-up have an insignificant effect on fuel element failure (2, 
Appendix 1). 
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4.3 Fuel Channel Failure 

Fuel channel failure requires the failure of both the 
pressure tube and the calandria tube. After contact of molten 
fuel with the pressure tube, which causes rapid overheating and 
thus rapid local straining under the existing internal pressure, 
the pressure tube fails in an axial, fish-mouth manner. Failure 
of the calandria tube by a similar mechanism follows almost 
instantaneously. 

Different approaches were taken by Ontario Hydro and by 
Argonne to predict the nature and timing of fuel channel failure 
following molten fuel ejection from failed fuel elements. 

4.3.1 Ontario Hydro Analysis 

Ontario Hydro used a modified version of the finite-
difference computer code MINI-SMART to predict channel failure. 
MINI-SMART, a two-dimensional heat transfer and stress analysis 
code, was developed to model local pressure tube heat-up and non
uniform straining as a result of fuel element-to-pressure tube 
contact. It was modified for the present purpose by providing 
for the instantaneous appearance of a volume of molten fuel (the 
"melt") in the space between the fuel-element sheath and the 
pressure tube on each side of the bearing pad. The criterion for 
the appearance of the melt is the time at which the two innermost 
nodal rings in the fuel element reach the fuel melting 
temperature. This criterion gives good agreement with the fuel 
failure times determined using ELOCA and also corresponds well to 
a fuel element energy storage of about 300 cal/g UO2, the 
criterion used to predict fuel element failure. 

Results obtained for base-case conditions predict 
incremental times after fuel failure for pressure tube failure of 
0.29 seconds in the intact pass of the broken loop and 0.51 
seconds in the broken pass of the broken loop. Failure is 
delayed in the broken pass, since the pressure before failure is 
considerably lower than in the intact pass. The time increment 
between fuel failure and pressure tube failure in the intact loop 
is predicted to be 0.22 seconds, because the pressure is quite 
high in this loop, but the actual time of failure is later than 
in the broken loop because of the less severe power transient 
in the intact loop. To provide more confidence in the results of 
the analysis, Ontario Hydro performed a sensitivity study in 
which the factors melt quantity (width), power generation in the 
melt, fuel sheath ballooning, channel pressure, initial pressure 
tube temperature and initial melt temperature were examined. 
None of these factors had a significant effect on the predicted 
incremental times between fuel element failure and pressure tube 
failure; all calculated time increments were less than about 0.5 
seconds. See Fig. 5 of Appendix C of the Ontario Hydro Report 
(1) . 

While MINI-SMART itself is documented and has, to my 
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understanding, had some verification and validation, its 
modification for the present purpose obviously has had no 
verification nor validation. However, the heat transfer and 
stress models used in the code are quite straight-forward and 
seem soundly based. The heat transfer and property value 
parameters used in the analysis appear to be well-founded. The 
model for fuel re-location appears reasonable, considering the 
narrow clearance between the bottom outer fuel elements and the 
pressure tube. The fine nodalization and extremely small time 
steps (5 ms.) used in the analysis should ensure that the rapid 
temperature and heat flux variations in the fuel, sheath, 
pressure tube and melt following molten fuel re-location are 
accurately predicted^. 

The Ontario Hydro analysis does not consider molten fuel re
location axially within the fuel channel following fuel failure, 
which could occur because of drag effects of the discharging 
coolant. The modified MINI-SMART analytical model used is a two-
dimensional model which does not consider variations in the axial 
direction. It considers that molten fuel contacts the pressure 
tube only in the immediate axial vicinity of any localized fuel 
failure position. However, consideration of the fuel failure 
criteria, as described earlier, indicates that fuel failures will 
occur almost simultaneously over a considerable length near the 
axial centrelines of the high-power fuel channels. Therefore, a 
two-dimensional model for pressure tube failure is seen to be 
reasonable. 

From consideration of the modified MINI-SMART program and 
the probable behavior of molten fuel and coolant following 
pressure-tube rupture, it is concluded in the Ontario Hydro study 
that the time increment between pressure tube and calandria tube 
failure is extremely short, typically less than 25 milli-seconds. 
Therefore, the times for channel failure are almost the same as 
those for pressure-tube failure. 

4.3.2 Argonne Analysis 

In this portion of the study, Argonne used three different 
models for molten fuel behavior following fuel element failure, 
one for the upstream (intact) pass in the broken loop, one for 
the downstream (broken) pass in the broken loop and one for both 
passes in the intact loop. This approach was designed to account 
for different interactions between the molten fuel and the 
coolant in each of these locations. 

^The finely divided nodalization and the very small time 
steps are of similar magnitude to those used in the computer 
program, IMPECC, developed at Carleton University, which we have 
used to predict heat transfer between sagging pressure tubes in 
contact with calandria tubes in the analysis of severe accidents 
in CANDU reactors (6). 
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In the upstream (intact) pass of the broken loop, where 
stagnation of the steam coolant may be expected during the 
initial period of fuel failures, a model was developed to 
represent a mixture of molten fuel, steam and fission product 
gas. Under the influence of pressures which might develop 
because of the trapping of steam by the molten fuel and its 
continued heating, mixture motion could transport molten fuel-
along the channel where it could deposit and cause pressure tube 
overheating and failure and subsequent calandria tube failure. 

This model was developed for this particular study so that 
it has had no verification nor validation, but it is based on 
concepts and models incorporated in computer programs used by ANL 
for safety analyses of liquid metal fast breeder reactors, which 
presumably have had some validation.6 

The over-heating of the pressure tube was calculated by a 
simple finite-difference model considering the fuel melt and 
pressure tube wall as one-dimensional slabs. (This model is 
rather simplistic and not as sophisticated as the MINI-SMART 
model used by Ontario Hydro.) The two Argonne models, used 
together, provide predictions of pressure tube temperatures as a 
function of time at various axial locations. To allow for the 
uncertainty 
in the motion of the molten fuel-coolant mixture in this pass, 
heat transfer to the pressure tube ïxom molten fuel was assumed 
to be conduction-limited in one case, to represent no motion, and 
to be governed by forced convection effects resulting from the 
calculated motion of the mixture, in the other case.. The well-
established ANL/RAS finite-element program, STRAW, was then used 
to calculate the conditions and timing of pressure tube rupture. 
STRAW is apparently well-documented and validated.. Once 
pressure-tube failure has occurred, tlu-se modela were also used 
to predict calandria tube failure. 

The results show that the incremental fai Ivre time of the 
pressure tube is quite insensitive to the motion of the molten 
fuel-steam mixture, being 0.33s after fuel element failure for 
the stagnant case and 0.22 s for the motion case. The additional 
incremental time to calandria tube failure is about 0.1 s in each 
case. 

In the downstream, broken, pass of the broken loop, the 
axial motion of the molten fuel-steam mixture was calculated 
using the ANL/RAS code EMF-C. EMF-C was developed for the 
analysis of experiments on the behavior of mixtures of molten UO2 
and molten metals injected into stainless steel test sections of 
various geometries. This code appears to be well documented and 

^Appendix 2 of the ANL report, which describes this part of 
the analysis was written by A.M. Tentner, who is also the author 
of the two references describing the ANL programs cited in the 
Appendix. 
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apparently has been validated by experiments. 

In applying EMF-C in this case, it is assumed that a 52 kg 
slug of molten fuel (equal to the total inventory of the outer 
ring of elements in the middle four bundles in the channel) is 
forced downstream by a constant 0.5 MPa pressure drop. The 
model predicts molten fuel and wall temperature behavior as 
functions of position and time. The STRAW code was then again 
used to predict the pressure tube would fail about 0.35 seconds 
after the onset of fuel failure. It was assumed that the 
calandria tube would then fail with approximately the same delay 
after pressure tube failure, D.ls, as in the upstream pass. 

A discussion of the model used by Argonne to predict channel 
failures in the intact pass will be deferred to later, in section 5.2. 

4.3.3 Assessment 

Although quite different approaches have been used by 
Ontario Hydro and Argonne in the analysis of fuel channel 
failure, for the broken loop, the predicted incremental times 
between fuel failure and channel failure are about the same, as 
can be seen in Table 1, and as summarized in Table 2: 

Table 2 
Incremental Times to Fuel Channel Failure 

from Fuel Element Failure 

Argonne Ontario Hydro 

fitfp, S 

6 t p C , s 

<5tfch' s 

I n t a c t 
P a s s 

0 . 2 2 - 0 . 3 3 

0.10 

0 . 3 2 - 0 . 4 3 

Broken 
P a s s 

0 .35 

0.10 ( e s t . ) 

0.45 

I n t a c t 
P a s s 

0 .29 

<0 .025 

<0.32 

Broken 
P a s s 

0 .51 

<0.025 

<0.54 

For definitions of nomenclature see notes for Table 1. 

These results strongly suggest that any uncertainties about 
the motion of molten fuel along a channel after fuel element 
failure are of no great significance in the prediction of the 
incremental time to failure of the fuel channel. 

Although the modification to MINI-SMART to accommodate 
molten fuel contacting the pressure tube has not been validated, 
the extension is straight-forward and physically sound. This 
fact, plus the lack of sensitivity of the MINI-SMART predictions 
to significant variations in the governing parameters, and the 
excellent agreement with the Argonne predictions, which, in 
spite of uncertainties in the motion of molten fuel in the 



channel, depend mainly on the established ANL/RAS code STRAW for 
the predictions of channel failures, give me considerable 
confidence in the predicted incremental times for channel 
failure. However, it would be advisable to obtain eventually 
verification and validation of the modified version of MINI-
SMART. 

4.A Moderator Displacement and Reactor Shut-Down 

Both Ontario Hydro and Argonne had to develop new analytical 
models to permit prediction of the rate of moderator displacement 
by steam and molten fuel discharging into the calandria and hence 
the incremental time between channel failure and reactor shut
down. Therefore, there is no validation available for either of 
the models used. 

Both Ontario Hydro and Argonne use the same basic approach 
in developing their models. Discharge of steam from ruptured 
channels is governed initially by the critical discharge of a 
compressible fluid. Displacement of the moderator, treated as an 
incompressible fluid, is governed by an expanding bubble of 
steam (spherical (Ontario Hydro) or cylindrical (Argonne)). 
Energy transfer to the steam in the bubble and the surrounding 
liquid occurs from molten fuel droplets entrained in the steam 
bubble, condensation of steam occurs on the liquid surface of the 
bubble, and acceleration of liquid moderator, treated as an 
incompressible fluid, takes place through the dump ports and the 
relief ducts (after failure of the rupture disks). 

The Ontario Hydro analysis includes calculations of the 
dynamic stresses, both hoop and axial, induced in the cylindrical 
wall of the calandria by the expanding steam bubble. The OH 
analysis thus accounts for elastic "rebound" of the calandria 
wall, with resultant pressure surges and bubble oscillation 
which are not considered in the Argonne analysis. 

Although the two models are similar in their essential 
features, the Argonne model is more thoroughly described, appears 
to have fewer arbitrary or unexplained assumptions and is more 
precise in its development. Also a more comprehensive 
sensitivity analysis has been done by Argonne than by Ontario 
Hydro. A review of the equations used in the Argonne model 
shows that it is soundly based and that no essential features 
affecting the early stage of void development appear to have been 
neglected. Nevertheless, there are still a number of apparently 
arbitrary or unsupported assumptions in the Argonne model. 

There are also a few basic questions that must be raised 
about both the models used. For example, the effects of 
neighboring channels on the expanding steam bubbles (The models 
both use forms of the classical Rayleigh equation for bubble 
expansion, which applies to the expansion of a bubble in a 
uniform homogeneous liquid mass), the possible effects of viscous 
forces on the expansion of the bubble, the adequacy of the heat 



transfer models from fuel and water droplets to the steam bubble 
and to the liquid interface, and other aspects of the 
thermohydraulic models need to be examined. 

For the foregoing reasons and the lack of verification and 
validation, my confidence in this part of the analysis is not as 
great as in the other parts, in spite of a number of 
conservatisms in the models and in the data and assumptions used. 
However, a key factor here is that the predicted time increments 
to reactor shut-down for both models, are so short, as shown in 
Table 1, that even large errors in these analyses would not 
affect the absolute timing of reactor shut-down significantly. I 
find it very hard to visualize any means by which rapid failure 
of a large number of fuel channels (which is not in doubt in my 
mind) with the resulting rapid discharge of steam and molten fuel 
into the calandria would not result in significant moderator 
displacement through the dump-ports and relief ducts and rapid 
reactor shut-down. In any case, the predicted failure of the 
calandria vessel itself, about 0.100 seconds after the first 
channels fail (1, p.39, and Appendix E7) , will obviously result 
in gross loss of moderator and reactor shut-down only some tens 
of milliseconds later than the times predicted by the 
thermohydraulic moderator displacement models. 

Therefore, I have confidence that reactor shut-down will 
occur at or closely following the time predicted in the analyses. 
It is obvious, however, that the moderator displacement models 
require further efforts to ensure that the essential physical 
features of this phase of the accident are described properly, 
that all assumptions are adequately justified and that validation 
experiments are designed and undertaken. 

7It appears to me that the analysis of calandria vessel 
failure in Appendix E is generally sound. Although I have some 
detailed questions concerning it (and the dynamic stress analysis 
in Appendix D), I have no particular expertise in the field of 
stress analysis and I accept the conclusions of Appendix E. 



4.5 Containment Thermohydraulics and Structural Integrity 

The thermohydraulics analysis for the containment following 
the LOCA and the calandria vessel rupture was performed using the 
semi-implicit finite difference computer program PATRIC. PATRIC 
was developed by Ontario Hydro specifically to analyze the 
thermal hydraulic response of a negative-pressure containment 
system to a large LOCA. It is a state-of-the-art program that 
has been well-documented and has been validated in actual 
containment-response experiments. Assumptions used in the 
analysis are either realistic or conservative. I have high 
confidence in the base-case and worst-case results for 
containment pressurization in the short-term, presented in 
Appendix F of the Ontario Hydro report. 

I have no expertise in the field of containment stress 
analysis and structural response to pressurization. However, the 
analysis in Appendix G of the Ontario Hydro report appears to be 
very thorough and I have no reason to reject the conclusion of 
this Appendix that containment structural integrity will be 
maintained and that the most likely result of the accident will 
be localized minor cracking near the top of the containment dome. 
Also, once the short-term pressure peak is relieved by the 
inception of dousing in the vacuum building, it is probable that 
any cracks developed will tend to close. 

4.6 Fission Product Behavior and Releases from Containment 

Fission product release to containment, behavior in 
containment and release from containment in the accident studied 
are described only in general terms in the report. From my 
understanding of the present state of knowledge of fission 
product behavior, this general description is valid and the 
estimated releases in terms of percentages of core inventory 
appear to be realistic. In particular, I accept that doses to 
the public from this accident would probably be within the 
regulatory limits for dual-failure accidents. 

However, this part of the report needs more quantitative 
information and documentation to support the conclusions. In 
addition, analysis should be done and presented on individual 
and collective doses resulting from this accident for the 
population around the Pickering NGS so as to verify the claims 
made. 



5.0 ADDITIONAL ISSUES 

5.1 LOCA & LOSD with Reactor Initially at Zero or Low Power 

The analysis of the accident has assumed that the reactor 
was operating at full power at the time that the accident 
occurred. The question has arisen as to whether the accident 
outcome might be worse if the accident was initiated with the 
reactor at low power, since the fuel elements, starting from much 
lower temperatures, might fail in a more energetic manner than 
that for full-power initial conditions. 

Obviously, within the tight schedule for this study, it was 
not possible to analyze in detail more than one initiating event 
and set of initial conditions. Ontario Hydro, quite 
appropriately, chose the initiating events and conditions that 
inserted the greatest amount of positive reactivity most quickly. 
See Figure 3.1 of reference 1. However, it is my understanding 
that Ontario Hydro has since analyzed fuel behavior in such an 
accident under low-power initial conditions and has found no real 
differences in the predicted mechanism of fuel failure from that 
predicted at high initial powers (7). 

This conclusion is one that I would expect, considering 
that the basic features of a CANDU reactor which result in the 
relatively mild fuel failure mechanism still apply for zero or 
low initial reactor power, i.e., relatively long prompt reactor 
period, low burn-up fuel with low free internal volume and 
relatively thin, easily deformed fuel sheaths. 

Of course, the probability of a large LOCA occurring while 
the reactor is at, or close to zero power, would be obviously 
considerably lower than that at full power. Also, the energy 
released from the primary circuit by the LOCA would be much lower 
than that at full power, so that the pressurization of 
containment by a LOCA plus LOSD at initial power near zero would 
be considerably less. There might very well be no minor cracking 
near the containment dome. 

The results obtained by Ontario Hydro for fuel element 
failure in such an accident for low initial powers should be 
documented. 



5.2 Loss of Regulation Plus Failure to Shutdown 

It is conceivable that a failure to shut down a Pickering 
NGS A unit could occur following a loss-of-regulation accident. 
In the extreme case, all reactivity control devices could be 
inserting reactivity at their maximum possible rates and safety 
absorber rod insertion and moderator dump could fail to occur. 
Is there any likelihood of the consequences of this accident 
being worse than that of a LOCA plus LOSD? 

In such an accident, voiding of the primary circuit would be 
considerably less than that encountered in the LOCA & LOSD. It 
would be less even that than calculated for the intact loop in 
the present analysis, since that loop effectively undergoes a 
small LOCA. Therefore, the net positive reactivity insertion 
from this accident would probably be much slower than in the 
accident analyzed in spite of the positive reactivity insertion 
by the regulating system (about 0.2 mk/s, Fig. 2.4, reference 1). 
This slower response might permit the negative reactivity 
developed by the fuel temperature increase to terminate the power 
excursion, but perhaps not before severe core damage occurs. 

The behavior of the fuel and fuel channels in this accident 
will probably be quite similar to that experienced by the intact 
loop in the accident analyzed by Ontario Hydro. For a power 
excursion unterminated by the Doppler effect, fuel elements would 
undoubtedly fail in the same manner as that described for the 
intact loop, with the pressurization of the loop helping to 
ensure no explosive failure of fuel elements. The Argonne 
analysis (Appendix 6) has shown that there will be no high-
energy molten fuel-coolant interaction (MFCI), that is, no "steam 
explosion" in the intact loop because of the mixing of molten 
fuel with liquid coolant. Therefore pressure tube failures 
would probably be very similar to those in the accident analyzed, 
i.e., from overheating and rapid straining, after contact with 
molten fuel, under the high pressure in the channels. The 
pressure tube failures would probably occur earlier than for the 
LOCA plus LOSD because of the higher pressure in the channels 
after fuel failure. Coolant discharge rate into the calandria 
would be rapid because of the large pressure difference, but the 
discharge would be in the form of a two-phase flashing flow 
rather than a steam flow. The Argonne analysis in Appendix 5 of 
reference 2, shows that sustained void growth would occur in such 
a case and sufficient moderator would be displaced by the failure 
of a few channels to ensure rapid termination of the power 
excursion. For the LOR + LOSD, the void growth rate would be 
higher because of the higher pressure in the channels at the 
instant of channel failure. 

Therefore, I conclude that it is quite probable that the 
consequences of a failure to shut-down following a worst-case 
loss of regulation will be less severe than those of a large LOCA 
with failure to shut-down. 



It would, however, obviously be advisable to undertake 
further analysis to confirm this judgment. 

5.3 Long-Term Effects 

The Ontario Hydro analysis has concentrated on the early 
stage of the accident. This emphasis on the early stage is quite 
appropriate to show that the power excursion is limited and that 
the containment integrity is maintained during the rapid initial 
discharges of coolant and moderator. The analysis has indicated 
that most of the fuel whether severely damaged or not will have 
been quenched and cooled down by the end of this early stage of 
the accident. 

However, it would be advisable to demonstrate more clearly 
that undamaged or damaged fuel, including solidified molten 
droplets deposited in the calandria and elsewhere, can continue 
to be cooled in the longer term so as to prevent additional 
fission product releases. 

It would also be important to demonstrate that longer-term 
re-pressurization of containment during the accident recovery 
stage would not result in uncontrolled fission product releases, 
considering possible damage to containment that may have occurred 
during the initial stage of the accident. 



b.U CONCLUSIONS 

As stated earlier in section 3 of this report, the analysis 
of the failure to shut-down following a large LOCA at the 
Pickering NGSA constitutes a major advance in the understanding 
of severe, beyond-design-basis accidents in CANDU reactors. The 
study is quite comprehensive and, in general, thorough, 
especially considering the tight schedule for its completion. 

In my review of the Ontario Hydro (1) and Argonne (2) 
reports, I have detected no major omissions or errors in my areas 
of expertise and in other areas with which I have some 
familiarity. I find the description of the accident sequence and 
the analytical results to be quite plausible in essence and I 
concur basically with the conclusions of the report. In 
particular, I am confident that the occurrence of such an 
accident in a Pickering NGS A unit, improbable though it is, 
would not present a major hazard to the public, with the 
resulting public dose probably being within the AECB limits for a 
dual failure accident. 

Nevertheless, some further work would be advisable to 
increase confidence in the conclusions of the study. The 
following recommendations are not in any order of priority. 

1. The report should be carefully reviewed to ensure 
consistency and to correct minor errors and inaccuracies. 

2. Further documentation or information on models used and 
assumptions made should be provided in a number of cases, as 
mentioned in my report. In some cases, validation, or at 
least better evidence of validation, for the conditions of 
the analysis is required. See section 4.0 of this report 
for details for this recommendation. 

3. Further information should be provided on the releases and 
behavior of fission products in containment and their 
releases from containment, using the best present 
information on fission-product behavior. In addition, 
calculations of individual and collective public doses 
resulting from the accident for both average and worst-case 
weather conditions should be made. 

4. The present analysis should be extended as needed to 
demonstrate that adequate long-term cooling of the damaged 
and undamaged fuel can be maintained and to demonstrate that 
re-pressurizatian of containment in the long term does not 
result in an uncontrolled release of fission products, 
considering possible damage to containment suffered during 
the early stage of the accident. 

5. Results of the analysis for a LOCA plus LOSD with the 
reactor at zero or near zero initial power should be 
documented. 



6. Analysis should be undertaken to confirm that a failure to 
shut down following a loss of regulation accident, with the 
regulating system inserting reactivity at the maximum 
possible rate, will not result in a major hazard to the 
public. 

Finally, I recommend that any subsequent analyses be done 
without the pressure of time that characterized the present 
analysis. It is emphasized that recommendations for subsequent 
analyses do not imply any doubts about the conclusions of the 
study, but are intended merely to increase confidence in these 
conclusions. 
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REVIEW DF 
ONTARIO HYDRO PICKERING 'A' and BRUCE 'A' 

NUCLEAR GENERATING STATIONS' ACCIDENT ANALYSES 

Abstract 

The Chernobyl accident motivated establishement of reviews of 
nuclear safety especially in countries with existing nuclear power 
programs. The work reported here was done under contract to the 
Ontario Nuclear Safety Review which was established to review the 
safety of Ontario Hydro's nuclear generating stations. Constraints 
on resources and time permittsd only a limited review of accident 
analyses available for the Pickering 'A' and Bruce 'A' nuclear 
generating stations. The reviewed documentation consisted only of 
results of deterministic safety analyses. Probabilistic based 
safety analyses were not reviewed. 

The methodology used in the evaluation and assessment was based on 
the concept of "N" critical parameters defining an N-dimensional 
safety parameter space. The reviewed accident analyses were 
evaluated and assessed based on their demonstrated safety coverage 
for credible values and trajectories of the critical parameters 
within this N-dimensional safety parameter space. The reported 
assessment did not consider probability of occurrence of event. 

The reviewed analyses were extensive, in both breadth and in depth, 
for potential occurrence of accidents under normal steady-state 
operating conditions. These analyses demonstrated an adequate 
assurance of safety for the analyzed conditions. However, even for 
these reactor conditions, items have been identified for 
consideration of review and/or further study, which would provide a 
greater assurrance of safety in the event of an accident. Accident 
analyses based on a plant in a normal transient operating state or 
in an off-normal condition but within the allowable operating 
envelope are not as extensive. Improvements in demonstrations 
and/or justifications of safety upon potential occurrence of 
accidents would provide further assurrance of adequacy of safety 
under these transient and off—normal conditions. Occurrence of some 
events under these latter conditions have not been analyzed 
extensively because of their judged low probability of occurrence; 
however, the accident analyses in this area should be considered for 
review and/or further study by Ontario Hydro. 

Recommendations are presented relating to items discussed above. 
Additional recommendations are presented for consideration to 
provide a greater assurrance of the adequacy of the safety provided 
by the Pickering GS 'A' special safety systems. 

DISCLAIMER 
This report is a brief submitted to the Ontario Nuclear Safety 
Review. The Ontario Nuclear Safety Review is not responsible far 
the accuracy of statements made in this publication. The opinions 
expressed are those of the author and not those of the Ontario 
Nuclear Safety Review Commissioner, Advisory Panel or Staff. 
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REVIEW DF 

ONTARIO HYDRO PICKERINB 'A' and BRUCE 'A* 

NUCLEAR GENERATING STATIONS' ACCIDENT ANALYSES 

1.0 INTRODUCTION 

Serdula Systems Ltd. has been contracted by the Ontario Nuclear 

Safety Review, ONSR, to assist in the execution of its mandate. The 

specific task undertaken for ONSR was to evaluate and assess the 

accident analyses done for the Ontario Hydro Pickering *A' and Bruce 

'A' nuclear generating stations by identification of key safety 

parameters. The scope of this task was delineated by the resources 

and time made available to the Contractor by the Ontario Nuclear 

Safety Review. This has resulted principally in a review by the 

Contractor of the supplied documentation (1,2,3). 

This report presents: 

- methodology used in the evaluation of the accident analyses, 

- evaluation and assessment of the accident analyses, 

- conclusions and recommendations. 
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2.0 REVIEW METHODOLOGY 

2.i Introducti on 

Licensing Df CANDUs for operation in Canada is based on safety 

analyses which show that in the event of accidents, releases of 

radioactivity to the public will not exceed prescribed limits. 

Recent analyses employ two approaches in evaluation of plant safety 

to provide assurance that requirements are met. These analytical 

approaches are based ons 

- deterministic techniques, 

- probabilistic techniques. 

Deterministic analyses should show that prescribed radioactive 

release limits are not exceeded following selected reference 

<design-basis) accidents. Selected reference accidents to be 

analyzed must cover not only potential "single failures" but also 

postulated "dual failures". These latter failures evaluate 

consequences of single failure combined with failure of a special 

safety system. **•» 

Events selected for deterministic analysis are based on loss of 

critical safety functions, for example: 

- loss of reactor power control, 

— loss of coolant inventory 

— loss of coolant flow, 

— loss of heat sink. 

**' Special Safety systems are provided to maintain critical safety 

functions upon failure of major process systems to maintain their 

fur Ion within pre-defined limits. 
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Credible accidents are then selected which characterize "worst-case 

scenario" losses o-f the critical safety -functions and -form the 

"design- basis" accident sets selected -for analysis. For example, 

typical events selected for analysis to characterize loss o-f the 

critical safety functions mentioned above are: 

- loss of reactor power control - loss of reactivity control, 

LDRC, events, 

- loss of coolant inventory - loss of coolant accidents, LOCAs, 

- loss of coolant flow — loss of Class IV events, 

- lass of heat sink — feedwater and steam side failures. 

Probabilistic analyses are based an generation of event sequences 

showing plant response following an initiating event. Frequency of 

the initiating event is determined from fault-tree analysis. 

Multiple failure combinations are considered. Event sequences arm 

developed until a stable plant condition is attained, consequences 

are acceptable or frequency of combined events is less than lO-7" 

events per year. 

Evaluation and assessment of safety in both of the above approaches 

is based an occurrence of selected initiating events and 

determination of the subsequent plant response. Because of the 

large number of combinations of events and initial conditions, all 

combinations are not subjected to exhaustive analysis. Events are 

selected for detailed analysis based on existing information, past 

experience, engineering and scientific judgement, use of 

conservative assumptions in analyses, and scope of coverage, for 

example, "worst case" scenarios. 

Consequences of events can be influenced significantly by the 

initial values and subsequent trajectories, following an event, of a 

limited number, N, of parameters critical to the safety of the 

station. These parameters have physical bounds on their amplitudes 

and rates of change. One can view these parameters as farming an 
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N—dimensional space where the parameters can have initial values and 

vary -following an event within this N-dimensional space. To ensure 

sa-fety for all possible accidents, one should ensure sa-fety 

requirements are met within this N—dimensional parameter space 

including on the boundaries. Existing safety methodologies, based 

on analysis of selected events, results in showing safety 

requirements are met at points or regions in this N-dimensional 

space. Inherent in these methodologies is the assumption that by 

showing safety requirements are met for selected events, one can 

assume that safety requirements will be met throughout this 

N-dimensional space for credible parameter states. 

The above concept of safety in an N-dimensional parameter space has 

been applied to the evaluation and assessment of accident analyses 

reviewed in this report. 

2.2 N-Dimensional Safety Parameter Space 

Safety functions required to ensure public safety following an 

accident are: 

(i) Shutdown of the reactor, 

(ii) Removal of core decay heat, 

<iii> Contain any radioactive releases, 

(iv) Monitor and control of the above functions. 

This report is directed towards only the first three items. 

Parameters considered in the N—dimensional Safety Parameter Space in 

the review arez 

— reactor power <both global and local) which determines heat 

production. Reactor power is determined by core reactivity. 

— secondary side pressure which determines primary to secondary 

heat transfer and normally establishes the reactor coolant 
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inlet temperature. 

- primary side pressure which for uncontrolled high values can 

influence the integrity of the primary heat transport 

circuit. An uncontrolled low primary pressure without a 

corresponding decrease in secondary side pressure can reduce 

primary to secondary side heat transfer with a potential 

increase in core voiding. 

- primary side temperature which for values corresponding to 

the saturation pressure indicate the presence of coolant 

quality (core void). 

- primary side inventory which for low core inventories can 

indicate potential degradation of core heat removal 

capabi1ity. 

- primary side flows which for low flows combined with high 

powers indicates a potentially inadequate heat removal 

capability. 

- steam generator levels which establish a capability of the 

steam generators to transfer heat from the primary circuit to 

the secondary circuit. 

- containment pressure which if high indicates a potential 

challenge to the integrity of the containment system. 

- radiation levels outside the core which if high and not 

contained can result in potential exposure of the public 

above accepted limits. 

Review of the Safety Reports focused on evaluation and assessment of 

the capability of the systems, as presented in the analyses, to 

maintain essential safety functions following an accident. 

Specifically for the accident analyses presented, noted items, prior 

to and following the accident, related to the safety parameters 

given above were: 

- variation in amplitude with time, 

- projected limits of parameters' variation, 

- assessment of derived parameters' value to provide assurance 
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that the credited safety -functions will be maintained. 

In regard tc< parameter limits, the capability o-f the process systems 

and special safety systems, prior to and following the accident, to 

maintain the parameters at the analysed limits was considered in the 

review. During operation, these parameter limits are set by special 

safety systems' actions, or automatic regulation system actions or 

manual operator actions following detection of an off—normal 

condition. 

- 6 -
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3-0 EVALUATION OF THE ACCIDENT ANALYSES 

3- 1 Station Selection 

Stations selected -for review o-f accident analyses were Pickering GS 

'A' and Bruce GS *A'. Being the -first and second respectively o-f 

Ontario Hydro's commercially designed CANDU stations, these station 

designs may not incorporate: 

— evolutionary trends resulting in increased licensing 

requi rements, 

— results of subsequent R&D and computer code developments. 

3-2 Accident Analyses Reviewed 

For Pickering GS 'A' the Restart Analysis (2) was provided -for 

review. Pickering Units 1 to 4 Safety Report is under revision and 

the previous Sa-fety Report was not current because of completed 

and/or pending design changes. Only a draft of Volume 1 (1) giving 

a general description of the station was available to assist in the 

evaluation of the Restart Analysis. An evaluation of the potential 

capability of the station to respond to accidents was also 

undertaken based on the general description provided in Volume 1 

<1>. 

For Bruce GS 'A', Volumes 1, 2 and 3 of the Safety Report (3) were 

provided for review. Volume 3 presenting the accident analyses did 

not include any analyses relating to accidents occurring while 

boosters were in the core. Consequently analyses of potential 

accidents occurring during booster operation have not been reviewed. 

3.3 Assessment Consideration 

It is considered difficult if not impossible to eliminate all risk 

from any human endeavour; electrical generation by nuclear fission 
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is no exception. If one accepts the previous statement, then one is 

confronted with answering, "What is an acceptable risk?" No 

apparently universally accepted defined level of risk exists for 

electricity generation by fission. Without a clearly defined 

acceptable level of risk, a judged acceptable level of risk can be 

strongly influenced by the subjective bias of the reviewer. 

Accepting that it is difficult if not impossible to eliminate all 

risk in any human endeavour, it can also be stated that improvements 

can be made in most if not all endeavours to reduce the risk. Any 

improvements to be realized must result in net benefits when all 

costs (including economic and social costs off-site) are considered. 

For example, retrofitting a nuclear power station can result in 

off-site economic and social costs due to loss of electricity 

production. 

The above discussion has been presented to give the reader some 

insight into the broad range of factors which must be considered in 

assessment of risk. Although every attempt has been made to be 

objective, the following assessment may be biased by the 

subjectivity of the author. 

Assessment of areas to be considered for improvement are based on 

the above discussion and the author's knowledge of the CANDU nuclear 

power system. In addition, a limited discussion with Ontario Hydro 

staff (6) had been held based on comments arising from the initial 

review of the documentation. 

3.4 Scope of Review 

The accident analyses reviewed focused principally on loss—of-

regulation, LQR, and loss—of-coolant accidents, LOCA, presented in 

the documentation (2,3). The review was directed towards evaluation 

of the capability of the systems as presented by the analyses to 

- 8 -



SSL - ONSR - 03 

Rev. O, B7/09/29 

maintain essential safety functions following an accident. 

Evaluation of maintaining safety functions was based primarily on 

noting the analyzed limits of the important safety parameters and 

the systems credited to constrain these parameters at the given 

1imits. 

Establishment of the Ontario Nuclear Safety Review resulted from the 

accident at Chernobyl. Implications for the safety of the reviewed 

reactors arising from the following items of significance to the 

Chernobyl accident were noted: 

— positive reactivity effect of voiding, 

— safety of the station upon occurrence of accidents in 

off—nominal operating conditions. 

Items reviewed are presented under the fallowing headings: 

— reactor shutdown: initiation of reactor shutdown to provide 

bulk and spatial overpower protection. 

— reacti vity: during and following an accident, which provides 

an adequate shutdown of the reactor. 
— core heat removal capability: principally removal of fuel 

heat by the primary heat transport system during and 

following a LOCA. 

— containment: principally a capability to contain any 

radioactive releases arising from a LDCA. 

Significant results of the evaluation and assessment are presented 

under each of the above items. Generally comments common to both 

stations are presented followed by specific comments relating to 

Pickering GS 'A' and Bruce GS 'A', as applicable. 

- 9 -



SSL - ONSR - 03 

Rev. 0, 87/09/29 

4.0 RESULTS AND DISCUSSION 

4.1 Reactor Shutdown 

Shutdown of the reactor must be initiated, when the core thermal 

power production exceeds the existing core heat removal capability, 

to avoid potential melting of the -fuel and subsequent release of 

radioactivity. This section evaluates and assesses initiation of 

reactor shutdown on detection of thermal power exceeding heat 

removal capability. Results are presented in two sections: 

— bulk overpower protection, 

— spatial overpower protection. 

4.1.1 Bulk Overpower Protection 

The design of the Ontario Hydro fJANDU reactors incorporâtes many 

features which reduce the probability of failure to initiate a 

reactor trip when required. Major features are: 

— provision of three independent and identical trip channels 

for each shutdown system, 

— initiation of a reactor trip signal when 2 out—of—3 trip 

parameters exceed limits, 

— independence and diversity of indivdual trip parameters, 

— provision of both a principal and a back—up trip parameter, 

where practical, for the design—basis accident events, 

— fail-safe design features for trip parameters, 

— annunciation of trip parameter failures, 

— on—power periodic testing of trip parameters, 

— independence of shutdown systems from the regulation system, 

— provision of diversity, independence and physical 

separation between the trip parameter instrumentations for 

the two shutdown systems, where provided. 
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The above design -features combine to provide a high availability of 

shutdown system actuation when required. 

Assessment o-F requirement o-f shutdown system actions and 

effectiveness of trip parameters in initiation of a SDS trip signal 

are based on analyses of trip parameters' responses upon occurrence 

of selected design—basis accidents over the range of operating 

conditions. Conservative assumptions are used in the analysis which 

assesses effectiveness of the individual trip parameters. Examples 

of conservative assumptions used in the analyses are: 

— use of target safety criteria in assessing trip parameter 

effectiveness which in general are more stringent than the 

safety design criteria. 

— requiring 3 out—of—3 logic to trip which accounts for 

potential unavailability of a channel. 

— not crediting regulation functions to reduce automatically 

reactor power when important regulated parameters deviate 

outside pre-selected limits. Crediting this power reduction 

could eliminate the need for a reactor trip. 

— use of trip setpoints which are less conservative than the 

actual plant trip setpoints to allow for instrument errors 

and potentially other uncertainties. 

— use of conservative assumptions in characterizing fuel bundle 

powers, channel powers and thermal hydraulic conditions used 

in the analysis. 

Assumptions such as the above provide further assurance that a 

reactor trip signal will be initiated when required. 

The above general features and conservative analysis assumptions 

provide a general background to the approach used to assure adequacy 

of initiation of reactor shutdown. 

- 11 -
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Items o-f note arising -From the evaluation and assessment relating to 

initiation o-f a rector shutdown -follow. 

1. Core power production is not determined directly from 

measurements by the Pickering GS 'A' and Bruce GS 'ft' sa-fety system 

instrumentation. A single direct measurement giving thermal power 

production is not possible and a value based on measurements -from 

thermal parameters results in a slow response signal. Changes in 

neutron/gamma -flux, leading changes in thermal power, provide an 

early signal o-f thermal power changes. Thus changes in power 

production are determined from changes in: <a> ion chamber signals 

measuring neutron flux outside the core and <b) in—core detector 

signals measuring a combined neutron/gamma flux in the 

neighbourhood of the detector. These neutronic signals are 

calibrated manually to the core thermal power production and are 

subsequently verified periodically and re-calibrated, if necessary. 

The reference thermal power used in the calibration is based on a 

value derived from the regulation system instrumentation. This 

calibration process, providing a link between the safety and 

regulation systems, provides some loss of the stated independence 

between safety and regulation systems, between the shutdown systems 

and among the channels of a shutdown system. Thp link between and 

among these systems, being broken by the required manual calibration 

by the operator, is considered to provide an adequate level of 

protection between a common—mode failure of thermal power 

measurement. Furthermore there is redundancy in the thermal power 

value computed by the regulation system. This value is also backed 

up by other supporting measurements. 

In addition to use of neutronic signals from ion chambers, Pickering 

GS 'A' has temperature detectors located in the inlets to the steam 

generators. This thermocouple signal is slow relative to the 

neutronic signals and provides effective protection for a limited 

class of events when process parameters are at nominal conditions. 
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Inherent in the use of the neutronic signals to provide a measure of 

the thermal power is the assumption that the ratio of the -flux at 

the detector site/thermal power is constant. This ratio can be 

affected by changes in lattice properties and parameters and 

reactivity control device configuration. Changes in this ratio at 

Pickering SS 'A' ion chambers are provided for by the N-16 

compensator which provides an on—line calibration of the out-of—core 

ion chamber signals, including the effect of boron poison in the 

moderator which affects neutron flux reaching the ion chamber 

signal. In-core detectors in Pickering GS 'A' provide a linear rate 

trip signal and are calibrated to thermal power manually. In—core 

detectors provide both bulk and spatial overpower protection in 

Bruce GS 'A'. Changes in the ratio (detector flux/thermal power) 

during normal operation are provided for by periodic monitoring and 

manual re—calibration if required of the detector signals. These 

in-core detectors are located in the moderator and therefore will be 

susceptible to changes in ratio of (moderator flux/fuel flux 

(power)) with changes in cell properties and parameters which may 

occur during an accident, for example: voiding of coolant, change in 

moderator density, etc. Although these effects can be expected to 

be small, they have not been mentioned. The significance of these 

effects during accident conditions should be considered for 

verification. 

Both neutronic and process trip parameters are credited to provide 

regions of effective trip parameter coverage for loss-cf-reactivity 

control, LORC, events. Safety design target effectiveness of trip 

parameters is assessed with respect to prevention of the onset of 

fuel centreline melting and excessive heat transport system 

overpressure. These requirements assure that the principal safety 

objective, to maintain heat transport system integrity, is met. 

A more conservative criterion, prevention of dryout, is used to 

- 13 -



SSL - ONSR - 03 

Rev. 0, 87/09/29 

establish effectiveness of neutron overpower, NOP, trip setpoints. 

A range of input data and assumptions is applied in the analysis of 

LQRC incidents. The intention of this approach is that by using 

conservative assumptions and a spectrum of initial conditions and 

reactor control device states in the analysis, demonstration of 

effective trip parameter coverage for these conditions will provide 

the assurance that coverage is adequate for the complete spectrum of 

conceivable accident conditions. Actual effectiveness of the NOP 

trip parameter is based on meeting the safety design criterion upon 

introduction of different reactivity and/or bulk neutron power 

transients which span a range exceeding the conceivable transients. 

Assessment of this approach to establishing NOP trip parameter 

effectiveness is discussed in the following section 4.1.2 Spatial 

Overpower Protection. 

2. Consistency between assumptions and conservatisms used in LORD 

analyses for Pickering GS 'A' to that for Bruce GS 'A' has not been 

investigated in detail. However, it was noted that while 

conservative assumptions have been used in assessing trip parameter 

effectiveness for meeting the overpressure safety design target for 

Bruce SS 'A', a less conservative assumption was used for Pickering 

GS 'A'. In Pickering GS 'A' both process and neutronic trip 

parameters are assessed based on crediting 507. of the heat transport 

relief capacity. For Bruce GS 'A', overpressure protection provided 

by the trip parameters for LORC events is analyzed both with and 

without primary heat transport liquid relief credited. 

Differing degrees of conservatism used in the accident analyses of 

different reactors for the same event, can raise potential queries 

relating to the least conservative analysis. A common set of 

conservative assumptions, used consistently as far as practical in 

analyses of all stations for the same event, would eliminate theise 

concerns. 
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3. Signals from the ion chambers are used directly -for trip 

parameters and indirectly to provide a conditioning signal *"•"' of the 

process parameter trips based on neutron power level. A majority of 

process parameter trips are related to adequacy of core heat removal 

capability which is not a significant concern for steady-state 

operation at. low power levels. Thus to permit significant process 

parameter variations occurring normally during reactor startup and 

shutdown, these process parameter trips are conditioned out 

automatically at low powers. However, failure of ion chamber signal 

low when at high power, can result in disabling not only the 

directly related neutronic trips but also the ion chamber 

conditioned process parameter trips of the affected channel. 

For Pickering GS 'A', failure of the ion chamber low <<2X full 

power) f,Duld result in disabling 7 out of the total 9 trip 

parameters in a trip channel. This would result in disabling for 

the affected channel, all credited trip parameters for a small LOCA 

and all except High Linear rate credited for a large LOCA. Failure 

would also inhibit initiation of a moderator dump to augment 

shutdown capability. 

For Bruce GS 'A', failure of the ion chamber signal low results in 

disabling 5 out of 9 trip parameters on an affected SDS1 channel and 

4 out of 7 trip parameters on a SDS2 trip channel. 

If the "low" failure of the ion chamber signal is not annunciated 

upon occurrence, it will be detected during the regular trip 

parameter testing program. Upon detection of the failure, the 

operator is required to open the channel which would eliminate 

consequences of the failure. However, since this single failure can 

result in common-mode failure of trip parameters in a channel which 

e"*"> Conditioned process parameter trips are inhibited at a low 

value of neutron power. 
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reduces the stated independence of trip parameters, this item should 

be considered for review -for possible improvements. 

4. For Bruce BS 'A' two independent and physically separated trip 

parameter sets are used, one to actuate SDS1 and the other to 

actuate SDS2. SDS2 trip parameter instrumentation is physically 

separated -from not only SDS1 trip parameter instrumentation, but 

also from the regulation system instrumentation. For Pickering GS 

'A*, although independent, the shutdown system instrumentation is 

not significantly separated physically from the regulation system 

instrumentation. Also the two independent and diverse shutdown 

mechanisms in Pickering GS 'A' are actuated by the same set of trip 

parameter instrumentation. This lack of significant physical 

separation between shutdown and regulation system instrumentation in 

Pickering GS 'A' should be reviewed to assure potential common-mode 

or cross-linked failures will not lead to events with significant 

adverse safety consequences. 

5. In the accident analysis to establish effectiveness of trip 

parameters, it is generally assumed that prior to the event, the 

critical parameters are controlled by the regulation system to their 

nominal values for the existing conditions. The analyses consider 

inherent errors and uncertainties in the measurement and control of 

these parameters. Subsequent variations in these parameters arising 

from the event are considered in the analyses. During normal 

operation, most of the critical parameters are under the control of 

the regulation systems. Generally deviations outside a pre-selected 

band around the nominal operating value result in an annunciation 

and/or an automatic action to reduce or eliminate potential 

consequences. Upon occurrence of an alarm, the operator is expected 

to take action to restore the parameter to its nominal condition. 

If the operator actions are not immediately successful and no 

further degradation of the parameter state occurs, the station 

operation may be continued if within the defined "allowable 
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operating" envelope. It does not appear that accident analyses 

included assessment o-f trip parameter effectiveness -for critical 

sa-fety parameters at limits for all off— nominal conditions within 

the allowable operating envelope. It is not demonstrated in the 

reviewed material that conservatisms used in the analyses are 

sufficient to account -for the above conditions. Demonstration of 

credited trip parameter effectiveness should be considered under 

conditions of critical safety parameters at limits during off—normal 

operation. These analyses would consider effectiveness of credited 

trip parameters when event occurs with trip parameter not at its 

nominal value but at its alarm setpoint and/or reactor power setback 

or stepback setpoint. 

Some provision for accounting for continued operation during 

off—normal operating conditions is provided at present by the 

requirement to change manually trip parameter setpoints upon 

detection of off—normal conditions. Constraints on continued 

operation with parameters in off—normal conditions are also defined 

in station Operating Policies and Procedures and other station 

operating documentation. This aspect was not reviewed in detail 

since it is outside the scope of this review. 

4.1.2 Spatial Overpower Protection 

The spatial distribution of neutron flux and thus thermal power can 

vary in CANDU reactors dur to changes in the spatial distribution of 

reactivity devices and local material (e.g., fuel and coolant) 

properties and parameters. Local overpower must be limited during 

operation to the existing heat removal capability to prevent fuel 

melting and a potential consequential release of radioactivity. 

1. Spatial overpower protection coverage is provided by the neutron 

overpower trip parameter and other neutronic and process trip 

parameters. Assessment of the effectiveness of the NOP trip 
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parameter for loss-of-reactivity control, LORC, events is based on a 

selected large set o-F spatial -flux shapes considered to cover the 

complete spectrum o-F -flux shapes that could result -from movement o-f 

reactivity control devices during normal operation and under 

abnormal conditions. These spatial -Flux shapes are determined -From 

asymptotic static flux calculations for cases where it is assumed 

spatial control is functioning or is not functioning. Trip 

setpoints for the flux shapes are determined by a Monte Carlo 

statistical analysis based on probability of occurrence of dryout 

when the given flux shape is subjected to a wide range of bulk 

transients in neutron power. The inherent assumption in this 

approach is that the spatial distributions of neutron flux and 

thermal power remains constant during the LORC event with values 

determined from the flux shape analyzed. The actual bulk and 

spatial reactivity transients and the resulting neutron and thermal 

power spatial distribution arising from the motion of the considered 

reactivity devices from their initial to final state are not 

si mulated. 

In discussion with Dntario Hydro staff, they stated that NOP trip 

setpoints are based an requirements for the most limiting flux shape 

analyzed for the subset of flux shapes used in establishing the trip 

setpoint. This results in a very conservative setpoint for all flux 

shapes in the subset except for the limiting flux shape on which the 

trip setpoints are based. Even for this flux shape the trip 

setpoints are considered to be conservative. 

Feedback reactivity effects as a consequence of the power increase 

during a LORC are not considered in the analysis. As the power 

increases, the fuel temperature increases resulting in an increase 

in coolant temperature and occurrence of voiding in the channel 

prior to occurrence of dryout. Resulting effects of these 

reactivity feedback mechanisms on the spatial flux distribution are 

considered to result in only second-order effects. It was stated by 
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Ontario Hydro staff that this assumption arises because the power 

coefficient, a combination of the reactivity -feedback effects, is 

approximately zero at nominal full power conditions. The zero power 

coefficient quoted is a description of the feedback reactivity 

effects on the bulk reactivity. Although effects of local 

variations in the power coefficient "averaged" over the core may be 

approximately zero, individual local variations may be significant. 

The assumption of reactivity feedback effects giving rise to at a 

maximum second—order effects has not been demonstrated by analysis 

at the full power condition or at other powers. Inherent in the 

coverage of the demonstrated analysis is the assumption that 

coverage of the actual physical transients will be provided by the 

setpoints established for either the flux shapes related to the 

transient or by the other flux shapes in the analyzed set. 

Variations in channel power relative to the reference power 

distribution used to determine the trip setpoints are accounted for 

by application of a channel Power Peaking Factor, CPPF, established 

relative to a nominal reference distribution. The maximum relative 

channel power peaking factor, the CPPF, is determined from off—line 

static flux calculations normalized to the actual core spatial flux 

distributions and thermal power measurements. 

Trip setpoints established for the different flux shapes at power 

are based on normal heat transport conditions. Effectiveness of the 

credited trip parameters with the heat transport system in 

off-normal conditions at power is not demonstrated in the reviewed 

safety analysis except for Bruce GS 'A' which includes analysis for 

only 3 out of the normally 4 primary heat transport pumps in 

operation. 

For Pickering GS 'A', the NOP trip parameter for an individual 

channel is based on a signal from one out of three out—of—core ion 

chambers located at the periphery of the bottom half of the core 

- 19 -



SSL - ONSR - 03 

Rev. O, 87/09/29 

near the central vertical plane. Use of a single signal results in 

the requirement to adjust trip setpoints (-from nominal -full power 

operation values) , to provide effective cover-age for the potential 

range of flux shapes during normal <but off —nominal) and off—normal 

reactivity control device states. The requir-ed adjustments are to 

be performed manually by the operator. Consideration should be 

given to adjustment of NOP trip setpoints automatically during 

normal operating transients to reduce demands imposed on the 

operator under these conditions. Although it is recognized as a low 

probability event, specific concern exists upon occurrence of a LORC 

event following initiation of a setback in power- and in the 

subsequent approach of the reactor to an asymptotic state because of 

the resulting Xenon transient. 

For Bruce QS 'A', the NOP trip setpoint is based on a collection of 

signals from in-core detectors distributed throughout the core. 

Each of the three logic channels of SDS1 contains at least 12 

detectors while there are 4 detectors for each channel of SDS2. The 

significant number of SDB1 NOP detectors allows a single trip 

setpoint to be used which allows both an adequate operating margin 

at normal full power operating conditions and coverage for both 

normal off-nominal and a wide range of off-normal reactivity device 

configurations. SDS2 NOP trip parameter nominal setpoint coverage, 

based on a fewer number of detectors, provides coverage for all 

except a few off—nominal and off-normal reactivity device 

configurations. Coverage for LQRC transients occurring from these 

configurations is stated to be provided by a manual change in 

positions of individual handswitches, one provided for each channel, 

from their "Normal" position to "Off-normal 1" position. 

The design basis set for the Bruce GS 'A' NOP system used 64 and 33 

flux shapes for SDS1 and SDS2 respectively. For- "unanalyzed flux 

shapes" coverage is stated to be provided by handswitch in 

"Off-normal 1" position which results in a reduction in trip 
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setpoints -from their normal value of 3.18.57. F.P. to 107.97. F.P. The 

adequacy of this trip setpoint to provide coverage -for "unanalysed 

-Flux shapes" is not demonstrated. 

In contrast to Pickering GS 'A', redundancy in primary heat 

transport pumps is not provided in Bruce GS 'A'. Coverage -for LORC 

events occurring during a Bruce GS 'A* unit operating with only 3 

pumps is provided by manual switching *•*•' of the NOP handswitches to 

"Off-normal 2" position. Although Bruce GS 'A' also requires manual 

action to adjust trip setpoints to provide NOP coverage for LORC 

events, the required number of adjustments is limited to a maximum 

of 2 compared to the potentially greater number of trip setpoint 

adjustments required to provide NOP coverage for the corresponding 

range of LDRC events in Pickering GS 'A'. 

2. Both bulk and spatial overpower coverage for LORC events at low 

power with reduced heat removal capability is provided by both 

neutronic and the conditioned process trip parameters. The low 

power log N conditioning level of the process parameter provides the 

trip <>27. F.P. for Pickering GS 'A', >1% F.P. for SDS1 and >57. F.P. 

for SDS2 of Bruce GS 'A'). The actual effective steady-state 

conditioning level is depend&nt on the moderator boron concentration 

and for cases of high boron concentration could reduce the neutron 

flux at the ion chamber by a factor of 1.5 thus increasing by 1.5 

the thermal power level at which conditioning comes in. For 

conservatism, trip coverage is assessed for an effective 

conditioning power level of 107. F.P. This provides a margin for 

changes of channel power/ion chamber signal arising from changes in 

moderator boron concentration and spatial flux distribution. 

Although 10/C F.P. used in the assessment provides an adequate 

'"*•» A design change is being made to reduce automatically the NOP 

trip setpoint on SDS2 when neutron power reduces below a specified 

level. 
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margin far Pickering and Bruce SDS1, the margin provided -for by the 

>5"/. F.P. log N conditioning level o-f Bruce SDS2 should be considered 

as an item -for review. 

4.2 Reactivity 

Dnce actuated, the shutdown system has to insert negative reactivity 

at a rate and depth to reduce consequences to an accpetable level 

due to any overpower transient produced by the event. The shutdown 

system capabilities to meet this requirement are assessed based on 

the core reactivity transient produced by the event. 

4.2.1 Shutdown Reactivity 

The capability of a shutdown system to shutdown and ensure shutdown 

of the reactor is determined firstly by the timely initiation of the 

shutdown system actuation signals which was discussed in the 

previous section. The second requirement to ensure adequate 

shutdown depends on the rate and depth of the negative reactivity 

inserted by the shutdown system. This latter aspect is discussed in 

the following section. 

1. Bruce GS 'A' has two independent and diverse shutdown systems 

(one, SDS1, consists of shutoff rods and the other, SDS2, injects a 

liquid poison into the moderator) providing stated approximately 

equivalent overall coverage for the analyzed accidents. In general, 

most of the accident analysis is based on the power increase being 

terminated by SDS1 action. It was stated by Ontario Hydro staff, 

although not demonstrated in the reviewed Safety report, that SDS2 

provides a greater negative rate and depth of reactivity than SDS1. 

Even when trip timing used in the analysis is based on SDS2 trip 

setpoints, it is; conservatively assumed the overpower transient is 

terminated by SDS1. 

22 -



SSL - ONSR - 03 

Rev. O, B7/09/29 

Pickering GS 'A' has only one rapid-acting completely independent 

shutdown system, shutoff rods, SORs, which is augmented by moderator 

dump. Following initiation o-f a SOR drop signal, the decrease in 

the ion chamber signal with time is compared against a re-ference 

neutron power rundown curve. Moderator dump is initiated 

automatically if the measured decrease in neutron power with time 

exceeds the re-ference rundown curve. This moderator dump provides 

an independent and diverse reactor shutdown mechanism. It has been 

stated by Ontario Hydro staff that moderator dump alone (assuming 

complete unavailability of SORs} provides an effective shutdown for 

all events except large 1oss-of—coolant accidents, LOCAs. 

Pickering GS 'A' units with their shutdown systems are unique among 

the Ontario Hydro operating reactors. The Pickering GS 'A' shutdown 

system, although unique among Ontario Hydro reactors, is similar to 

other reactor designs operating internationally in the western world 

wherein only one fast—acting shutdown system is provided. Also in 

these latter designs, the independence between the shutdown and 

regulation systems does not exist to the extent of that in the 

Pickering GS 'A' units. 

One rftay conclude that other Ontario Hydro reactors with two 

fast—acting, completely independent, diverse and physically 

separated shutdown systems provide a greater assurance of safety 

than that provided by Pickering GS 'A' shutdown systems. Assurance 

of safety provided by the Pickering GS 'A' shutdown system is 

considered to be adequate if analyses based on recent information 

and using present computer models confirm information on which the 

initial Pickering GS 'A' assessment of safety was based. 

2. In the reviewed Safety Reports, shutoff rod reactivity worth was 

assessed based on the assumption that the two most effective rods 

were unavailable. This assumption was applied only to incidents 

where damage to the shutoff rods was not postulated. Reactivity 
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worth of the available rods is determined by the spatial 

distribution of the neutron -flux existing during their insertion. 

Shutoff reactivity worth credited in LDRC and small LOCA analyses is 

based on a reactivity versus time insertion characteristic assuming 

existence of the nominal neutron flux spatial distribution. It was 

stated by Ontario Hydro sta-f-f that changes in the spatial -flux 

distribution arising -from the above events are not expected to be of 

significance since for these events, timing of trip initiation is 

the significant parameter not SDR reactivity rate and depth. The 

adequacy of this statement is not demonstrated in the reviewed 

analysis. The author considers this statement by Ontario Hydro 

valid for slow LORC events and small LOCAs in the small LOCA 

spectrum. Its validity for intermediate and fast LORC events from 

the analyzed distorted flux shapes and for large LOCAs in the small 

LOCA spectrum, especially if an initial off-nominal flux shape 

exists, should be considered as an item for review. 

3. For in-core LOCAs, arising from pressure and calandria tube 

failure or pressure/calandria tube rupture due to gross channel flow 

blockage, the accident analyses include postulated damage to the 

shutoff rods. The reactivity worth is calculated for the shutoff 

rods outside the potential damage zone assuming that one of these 

remaining rods is also unavailable. Although not specifically 

stated, it appears that the calculation of the reactivity worth of 

the remaining shutoff rods does not consider the possibility that 

the core could be in one of many distorted flux distributions prior 

to the time of the in—core LDCA. Although this effect may not be 

significant in the short term it could be significant in the long 

term and should be considered for review. 

4. For the accident analyses, negative reactivity inserted by the 

regulation system is not credited to establish effectiveness of 

reactor shutdown. Calculation of shutdown system reactivity worth 

does not consider distortions in the spatial flux distribution due 
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to regulation system action during the event. Furthermore these 

spatial distortions may affect timing of credited neutronic trip 

parameters resulting in a delay in initiation o-f a shutdown system 

trip. One might conclude that any potential reduction in SOR worth 

arising -from distortions in the spatial flux distribution due to 

regulation system action will be at least compensated by the 

negative reactivity introduced by the regulation system. This 

latter conclusion or the effect of spatial distortions <due to 

regulation system action) on timing of neutronic trip parameters has 

not been adequately demonstrated for the analyzed accidents. 

4.2.2 Core Reactivity 

Control of reactor power is achieved by compensating inherent 

variations in core reactivity due to changes in reactor conditions 

through movement of the reactivity control devices. Loss of control 

of reactor power resulting in overpower can occur when control of 

the reactivity devices is lost or when an event occurs which results 

in an increase in core reactivity exceeding the rate and/or depth of 

the reactivity devices controlled by the regulation system. Upon 

occurrence of this condition, shutdown system action is required to 

terminate the overpower transient. The shutdown system 

effectiveness is assessed based on its capability to overcome the 

increase in inherent core reactivity due to the event and limit 

consequences, arising from the overpower transient, to an acceptable 

level. Variations in core reactivity arise froiTi changes in 

parameters such as fuel, coolant or moderator temperature, coolant 

or moderator isotopic purity, coolant density (or void fraction), 

Xenon and moderator poison. 

1. Reactivity feedback effects due to fuel temperature changes and 

coolant density changes &re not considered in the analysis of LORC 

events. It is assumed that any such contributions would be 

second-order only since the power reactivity coefficient, which 
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combines the effects due to fuel temperature and coolant density, is 

approximately zero at the nominal full power operating condition. 

It has not been demonstrated that this assumption is valid 

considering the local reactivity effects of voiding and potential 

variation of the power reactivity coefficient over the power range 

from low power to powers at the NOP trip setpoints. Feedback 

reactivity effects will not be of significance for fast LORCs but 

could be of significance for slow LORCs where NOP trip coverage is 

credited. 

2. For LOCA events, the occurrence of voiding results in a positive 

reactivity effect. In contrast to LORCs where the void results from 

the reactivity transient, during a LOCA, the voiding itself induces 

the reactivity transient. For small break LOCAs, the reactor 

regulating system can compensate for most if not all of the 

void-induced bulk reactivity transient. Although the reactor 

regulating system may provide compensation for the bulk void 

reactivity transient, because of its limited range it may not 

compensate for the spatially induced transient. It is stated by 

Ontario Hydro staff that the assumption is conservative in this 

Iatter case since the resulting spatial distortion could induce a 

NOP trip and only the process parameter trips are credited in the 

assessment of trip parameter effectiveness for these events. 

Pickering GS 'A' accident analysis (2), which could be more 

susceptible to spatial effects, does not include assessment of core 

spatial reactivity changes upon occurrence of a small break LOCA 

during startup and setback transients and for abnormal flux 

distributions. 

3. For large LOCA events, an iterative approach is used between the 

computer code SOPHT, which calculates the void transient based on an 

input reactivity transient calculated by SliOKIN, and the computer 

code SMQK1N, which calculates the reactivity transient based on an 

input void transient from SOPHT. The iteration process is continued 
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until agreement is reached. This coupling o-F the two computer codes 

is achieved by using a "weighted" SOPHT void -fraction as input to 

SM0KIN- There is no adequate demonstration in the reviewed analyses 

that this weighting process is adequate or that potential loss o-f 

spatial reactivity detail through the void -Fraction "weighting" 

process does not have any significant consequences. 

4. Differences exist in the comparison of assumptions used in the 

analysis of in-core LOCAs for Pickering GS 'A' and Bruce GS 'A'. 

Specifically differences exist in the moderator and coolant D=Q 

purity and the amount of moderator poison assumed in the analysis. 

Because of these differences the origin of all differences in 

results can not be identified, that is, if due to the differences in 

assumptions or the physical differences in the reactor. Values used 

in the analysis should be consistent with the operational values and 

include a sensitivity analysis with conservative estimates of these 

parameters. It must be noted that the positive reactivity resulting 

from moderator poison displacement by the coolant is only of concern 

for in-core LOCAs where it is postulated that the emergency coolant 

injection system, ECIS, is unavailable. If ECIS is available, 

injection of H=D upon ECIS initiation results in a very large 

negative reactivity insertion which augments the negative reactivity 

of the shutdown system to ensure an adequate core shutdown 

reactivity margin. 

4.3 Core Heat Removal Capability 

During all phases of reactor operation, a core heat removal 

capability must exist which is adequate to remove the heat generated 

in the core. Reactor power must be reduced rapidly upon occurrence 

at high power of a major degradation of core heat removal 

capability. The required rapid power reduction is provided by both 

process and neutronic parameters which initiate actuation of the 

shutdown systems. 
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The evaluated and assessed limits of critical parameters governing 

core heat removal capability -focused primarily on credited parameter 

limits during LOCA events since these events pose potentially the 

greatest challenge to maintaining an adequate core heat removal 

capability. 

1. The reviewed Bruce SS 'A' accident analysis <3> covers a broad 

spectrum of LOCA type events. Analyses cover both the single 

failure (initiating event) and a dual failure, initiating failure 

combined with impairments of the ECIS or containment systems or loss 

of HT pumps and for some events complete loss of ECIS and all 

related functions characterized by analysis based on loss of ECIS 

conditioning signal. 

The Pickering GS 'A' analysis <2) covers a broad spectrum of single 

failure LOCA type events but only a limited number (relative to that 

for Bruce GS 'A') of dual failure accidents. It is expected that 

the dual failure accident analyses will be expanded in the current 

revision process of the Pickering GS 'A' Safety report. Impairments 

of Flickering GS 'A' ECIS may have a higher probability than for 

Bruce GS 'A' because of, for example, the single header injection 

valves existing at Pickering GS 'A' compared to the parallel header 

injection valves at Bruce GS 'A'. The reviewed Pickering GS 'A' 

LOCA accident analyses have not considered the potential for failure 

of one or more header injection valves and potential consequences 

resulting from such an event. This event should be considered for 

review. 

2. Nearly all of the reviewed LOCA analyses credit continued 

primary heat transport pump operation. Pickering GS 'A' has 

analysis for small break LOCAs with loss of Class IV power which 

results in shutdown of the main PHT pumps. Bruce GS 'A' LOCA 

analyses include the above analyses and also consider a lOOX pump 
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suction header break, large LOCA, with PHT pumps tripped. Concern 

had arisen, under LOCA conditions at Bruce type units, relating to 

integrity of PHT piping because of resulting -forces arising -from 

potentially high vibration of the large PHT pumps due to cavitation. 

This has resulted in addition of a PHT pump trip on LOCA in the 

Bruce GS 'B' units. It was stated by Ontario Hydro staff that such 

a design change is in the process of being implemented on the Bruce 

GS 'A' units. 

Similar concerns relating to Pickering units are not as significant 

because of smaller PHT pumps used in these units. This is supported 

by results from tests of Pickering GS 'B' PHT pumps under simulated 

LOCA conditions (7). These tests were specifically designed to 

confirm the pump's ability to operate through two-phase conditions 

and to provide data to be used in assessment of capability of PHT 

piping to maintain its integrity under these conditions. 

Measurements of pump flow under two-phase and single-phase steam 

conditions made during the tests are considered unreliable because 

the flow transmitter was calibrated for single—phase liquid flow. 

Observations and results from the tests do not directly support the 

relatively high mass flows predicted by SOPHT under conditions of 

high void in the pump suction header. Observations indicate the 

pump starts running in steam ("vapour—lacked") at relatively low 

values Df loop average void fraction. It is recommended the 

following areas be considered for review: 

- reliability of credited beneficial aspects of maintaining PHT 

pumps in operation during LOCA, 

— potentially negative aspects such as delaying and/or 

impairing ECï because of potentially early entry and delayed 

exit of single-steam-phase operation of PHT pumps during a 

LOCA, 
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— potential o-f occurrence and consequence o-f single-steam—phase 

operation o-f PHT pumps upon occurrence o-f an internal LOCA'"*"' 

and/or -following initiation o-f a shutdown for this event. 

3. Heat removal capability is strongly dependent on maintaining an 

adequate coolant inventory. There is no trip parameter which 

responds directly to a low inventory o-f coolant in the core. THere 

is a trip parameter based on low pressurizer level far Bruce BS *A'. 

The pressurizer connected to the main PHT piping is credited to 

provide an effective trip for small LOCAs which discharge external 

to the PHT system. For some internal LOCAs *""* , the pressurizer 

level can rise as inventory is transferred from the core to the 

pressurizer and other vessels outside the main PHT circuit. For 

these latter events and other small LOCAs, the heat transport low 

pressure, heat transport gross low flow, pressurizer low level, 

manual and neutron overpower trip parameters are credited to provide 

effective trip parameter coverage. Consequences of loss-of—coolant 

inventory occurring on a large LOCA are terminated by the neutronic 

trip parameters actuated by the reactivity transient resulting from 

the voiding occurring because of the loss of inventory. Areas to be 

considered for review arising from this latter type of event were 

discussed in Section 4.2.2. 

Pickering GS 'A' does not have any trip parameters measuring 

directly low coolant inventory in the core. There is, however, a 

setback in power by the regulation system on occurrence of high 

bleed condenser level. This high level could occur on certain 

internal LOCA events. Analyses pertaining to internal LOCA events 

were not given in the reviewed document (2) but can be expected to 

be included in the revised Safety Report. The evolution and 

<-*•> An internal LOCA results in transfer of Ds-0 coolant inventory 

from the main circuit to storage vessels outside the circuit, which 

upon filling can result in a discharge outside the PHT system. 
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consequences of these internal LOCA events can be affected 

significantly by regulation, process control and safety system 

actions. It is recommended this area be considered -for review 

especially -for Pickering SS 'A' which does not have a. pressur.tzer 

like Bruce GS *A' but a pumped—feed and bleed system to maintain 

core inventory and pressure. 

4.4 Containment 

The containment system provides a barrier to the release of 

radioactivity to the public. Occurrence of a large LQCA poses a 

major challenge to the integrity of the containment due to an 

increase in containment pressure because of the discharge of hot 

pressurized coolant. Maintaining containment integrity during the 

event is of major importance because of a potentially significant 

release of radioactivity inside containment due to fuel failures. 

Consequences of potential radioactive releases inside containment 

must be analyzed to demonstrate that an adequate level of safety is 

provided by the system. 

1. In Ontario Hydro units the pressure within containment during 

normal operation is kept slightly sub—atmospheric. Buildup of 

pressure within containment during events such as LOCAs is vented 

automatically to the vacuum building. Buildup of steam pressure 

within the vacuum building is terminated by automatic initiation of 

a water spray system which condenses the steam. The self—actuating 

dousing mechanism is dependent on maintaining adequate water levels 

in the main water storage tank and in the downcomer water seal which 

provides isolation of an upper vacuum chamber from the main building 

volume. Maintenance of adequate water level in the downcomer water 

seal is essential for self-actuation of the dousing system. 

This water level in the downcomer water seal of the Bruce GS 'A' 

vacuum building is monitored by duplicated level measuring 
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instrumentation. I-f levels deviate outside de-Fined limits, an alarm 

is annunciated in the main control room. 

Adequacy o-f water level in the downcomer water seal of the Pickering 

GS 'A' vacuum building is assessed by monitoring over-flow resulting 

-from continuous makeup ta the spray headers. A low -flow is 

annunciated in the main control room indicating a potential loss o-f 

water from the downcomer water seals. Law -flow can be confirmed 

from observations of individual "sight glasses" in the header 

overflow lines. 

It is recommended for both stations consideration be given to a 

review of the need far detection of "as—is" failures of low 

water—seal level diagnostic transmitters such as could be provided 

by independent periodic on—line testing of these transmitters. A 

reliability assessment for Bruce GS 'B' containment system (8) 

addressed this aspect and predicted an unavailability of 5.9>:10-B 

year/year for dousing. However, fouling of the make-up water line 

preceded by an "as-is" failure of a level transmitter, a "low 

probability event", was not addressed. 

2. During small to intermediate LOCAs dousing may cease shortly 

after initial actuation because of the rapid reduction in vacuum 

building pressure. Subsequently vacuum building pressure may build 

up again. It is recommended a review be considered of the need for 

multiple initiation o-f the dousing system upon occurrence of a LOCA 

and the potential capability of the dousing system to meet 

requi rements. 

3. Consequences of radioactivity releases arising from LOCAs have 

been analyzed for Pickering GS 'A' and Bruce GS 'A' for conditions 

of the containment performing as designed and for minor impairments 

of containment. Radioactivity releases are well within permitted 

release limits for the analyzed conditions. 
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4. Bruce GS 'A' accident, analyses resulting in a "worst-case" 

containment pressure build-up scenario give a containment pressure 

approaching the containment test pressure. It was stated by Ontario 

Hydro staff that containment integrity will not be impaired under 

these conditions because of the short duration of the high pressure 

(less than 10 seconds) and the approximately 60 second overpressure 

period. Ontario Hydro staff also stated that consequences of a 

large LOCA with coincident loss of dousing were analyzed for Bruce 

BS 'B'. However, a review of these results as to their 

applicability to Bruce BS 'A' was not made. 

5. The Bruce BS 'A' steam pressure is vented into the vacuum 

building by discharging through vertical ducts. Upon initiation of 

dousing, water could potentially enter these ducts. It is 

recommended consideration be given to a review of the range of 

potential consequences that could arise upon entry of water into 

these discharge ducts. 

4.5 Summary of Assessment 

The scope of the reviewed accident analyses embodies considerable 

breadth and depth especially for Bruce GS 'A'. This review did not 

include accident analyses pertaining to operation with booster fuel 

assemblies for Bruce GS 'A' since such analyses have not been 

incorporated into the Bruce BS 'A' Safety Report. Such analyses 

have been submitted to the AECB, which has permitted the present 

booster mode of operation at Bruce BS 'A'. A qualitative assessment 

of accident analyses is presented based on potential occurrence of 

accidents during the following plant conditions: 

- normal steady—state power operating conditions, 

— transients arising from normal operating conditions such as 

power changes, startup and shutdown, 
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— off—normal operating conditions where one or more critical 

safety parameters is stabilized at off its normal value but 

within the defined operating envelope. 

The following comments are based only on the reviewed material since 

all material prepared by Ontario Hydro to support safety and 

licensing of operation was not reviewed. Detailed review of all 

such material in the available time was not possible. 

Extensive analyses have been undertaken by Ontario Hydro Df 

potential accidents, and their consequences, occurring with a unit 

at a steady—state power level. This is the condition at which the 

plant is considered to spend most of its operating life. It is 

considered, subject to the items noted in the previous sections, 

that the presented accident analysis for the plant in this condition 

provides an acceptable assurance that adequate public safety does 

exist. This statement is predicated on occurrence of the analyzed 

accidents and their subsequent evolution within the analyzed limits. 

With implementation of the recommendations, it is considered that 

the extensive coverage of the analyzed accidents at the steady-state 

power conditions also provides assurance of public safety for 

unanalyzed accidents from the nominal full power state. 

Reviewed analyses for occurrence of accidents during the transient 

operating conditions are not as extensive as for the steady-state 

conditions. Occurrence of LORC accidents under normal operating 

transient conditions is fairly complete but consequences of 

occurrence of other accidents such as LOCAs under the transient 

conditions is not demonstrated for all conditions. It was mentioned 

by Ontario Hydro staff that for these events, where an adequate 

level of safety is not adequately demonstrated in the Safety 

Reports, assurance of adequate safety for potential occurrence of 

accidents under normal transient conditions is provided by the 

demonstrated safety fallowing potential occurrence of the same 
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accidents under normal steady—state operation. Justification of 

Ontario Hydro's extension o-f the consequences o-f steady—state 

analyses to the transient conditions was based primarily on use in 

the analyses o-f "worst—case" accident scenarious and conservative 

assumptions. Transient cases selected by Ontario Hydro -for analysis 

were based on scientific and engineering judgement and probability 

of occurrence of events. 

It is recommended a review be considered to justify or demonstrate, 

where not demonstrated, accident analysis coverage or lack of it for 

occurrence of accidents for the full range of normal transient 

operating conditions. 

Except for limited coverage of accidents occurring during three or 

two pump operation for Bruce GS 'A', limited discussion or 

demonstration of accident analyses coverage existed for the reviewed 

analyses for occurrence of accidents with parameters in an 

off—normal condition but within the defined operating envelope. The 

probability of this dual failure event (occurrence of off-normal 

condition combined with probability of occurrence of accident) is 

considered low. However the actual probability will be strongly 

dependent on time to restore system to nominal conditions which is 

dependent on actions by the station operator, an area outside the 

scope of this report. It is recommended consideration be given to a 

review of: the accident analysis, the station operating 

documentation and/or computed probability of occurrence of events, 

to ensure that an adequate level of safety does exist upon potential 

occurrence of accidents under the allowable off—normal operating 

conditions. 

The above areas, recommended to be considerRd for review, may have 

been considered in other Ontario Hydro documents which have not been 

reviewed by the author. 

- 35 -



SSL - DNSR - 03 

Rev. O, S7/09/29 

4.6 Impact o-f Ontario Hydro Work In—Progress 

Ontario Hydro has work in progress, related to the scope of the 

report, to: 

— revise and update the Pickering GS 'A' Safety Report, 

- incorporate in the Bruce GS 'A' Safety Report existing 

documentation which demonstrates acceptable consequences from 

potential occurrence of accidents during presently allowed 

operating modes with booster -fuel assemblies in the care. 

It is expected that the completed above work will address some of 

the recommendations expressed in this report. 

Following the accident at Chernobyl, the AECB undertook an 

evaluation o-f the implications of this accident on the safety of 

CANDU reactors (9). Nine areas for studies or review have been 

recommended in the report. Ontario Hydro has addressed or made a 

commitment to address in the near future, these recommendations. 

The first three recommendations, items 1, 2 and 3 listed below, 

directly applicable to this study, are: 

1. The safety analyses of CANDU reactors should be re-examined by 

the reactor designers and operators to confirm that shutdown systems 

are sufficiently effective under all possible conditions. 

Particular attention should be given to events in which a rapid 

increase in the volume of steam in the fuel channels may occur, or 

in which there may be rapid increase in reactivity. 

2. Various configurations of reactivity devices in CANDU reactors 

should be examined by the reactor designers and operators to ensure 

that it is not possible to put the reactor into a condition in which 

the shutdown systems might be rendered les^ than adequately 

effective. This should include an examination of the capability of 

the shutdown systems under conditions in which there are spatial 
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variations in reactivity. 

3. The safety of the Pickering GS 'A' reactors should be 

re—examined by Ontario Hydro and the AECB, particularly with respect 

to accidents involving failure of the reactor control system and 

loss—of-cool ant accompanied by unavailability of the shutdown 

system. 

Another item, item 5, although not directly in the scope of this 

study, has influence on required depth and breadth of demonstration 

and/or justification of adequacy of the presented accident analyses 

to ensure an acceptable level of safety exists upon occurrence of 

accidents with station parameters off—nominal but within the defined 

allowable operating envelope or range of values. 

This item 5 of the AECB recommendations is: 

5. The AECB and plant owners should review, and if necessary 

increase, the frequency and extent of monitoring and auditing the 

performance of plant operators in complying with operating 

procedures, the Operating Policies and Principles and the conditions 

of Operating Licences. 

An item identified in this study, but beyond the? scope of this 

report was that the station operating documentation should be 

considered for review to ensure operating conditions are constrained 

to those whose consequences upon potential occurrence of an accident 

have been justified or demonstrated by accident or other analyses 

to be acceptable. 

It is expected that Ontario Hydro's studies carried out in response 

to the above recommendations in the AECB report will address also 

most of the recommendations in this report. 
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5.0 CONCLUSIONS 

An Evaulatian and assessment of Ontario Hydro Pickering GS 'A' and 

Bruce GS 'A' deterministic accident analysis has been made based 

primarily on material presented in references (1,2,-3). Resource and 

time constraints did not permit a detailed review of all accident 

analyses prepared by Ontario Hydro which demonstrate safety of these 

installations. Extensive analyses, especially for Bruce GS 'A' have 

been provided for a broad spectrum of potential accidents occurring 

under normal steady—state operating conditions and provides an 

adequate assurance that consequences are within acceptable limits 

for the accidents presented. Within the above comprehensive 

analysis, items have been identified for consideration of review and 

possible actions by Ontario Hydro. Addressing these items would 

provide further assurance that an adequate level of safety exists 

upon occurrence of an accident. 

Analyses addressing consequences of potential occurrences of 

accidents during normal transient conditions or steady-state 

operation with one or more major parameters in off—nominal condition 

but within the allowable operating envelope are not as comprehensive 

as for normal steady-state conditions. If was stated by Ontario 

Hydro staff that in addition to the specific accident analyses 

provided for these operating conditions, demonstrated assurance Qf 

adequate safety for potential occurrence erf accidents under normal 

steady—state operation can be extended, because of the conservatism 

in the analyses assumptions, to these other operating conditions. 

It was further stated by Ontario Hydro staff that areas where such 

an extension is not applicable are low probability events and 

detailed accident analyses were not done. The author recognises 

that these are low probability events when one considers fractional 

operating lifetime spent in these states combined with probability 

of occurrence of an accident when in one of these states. However, 

it must be recognized that the probability of occurrence Df an 
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accident during normal transient or off—normal operating conditions 

can differ from that during steady-state normal operation. This 

should be considered in assessing the probability of occurrence of 

the combined event. 

It is concluded that improvements could be made in demonstrating or 

justifying that an adequate level of safety exists for occurrence of 

accidents when the unit is operating in normal transient conditions 

or in off-normal conditions which are within the allowable operating 

envelope. 

General recommendations are presented in the following section. It 

is passible that these recommendations may have been addressed 

already by Ontario Hydro since all the Ontario Hydro documentation 

demonstrating adequacy of safety has not been reviewed. Furthermore 

it is expected that most, if not all, of the recommendations wi11 be 

addressed by Ontario Hydro in its committed response to the 

recommendations in the AECB report (9) on implications for the 

safety of CANDU reactors based on the accident at Chernobyl. 
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6.O RECQMMENDATIONS 

The major recommendations presented in Section 4.0 of the report are 

summarized below. These recommendations are presented to provide 

•further assurance that an adequate level of safety exists in the 

operation of Ontario Hydro's nuclear generating stations, 

specifici ally Pickering BS *A' and Bruce BS 'ft'. It is recommended 

the following items be considered for review or further study and 

possible actions by Ontario Hydro. 

1. Improvements in demonstrated analyses and/or justification of 

existence of adequate safety upon potential occurrence of accidents 

when the unit is not operating in normal steady-state conditions 

with critical parameters at their nominal conditions. Specifically 

the allowable operating envelope and constraints defined by station 

operating documentation (an area outside the scope of this study) 

should be compared against the operating envelope used in the 

accident and other analyses to assess acceptability of risks 

permitted by the station operating documentation. 

2. More consistency, as far as practical, in application of 

conservative assumptions to accident analyses demonstrating 

consequences on potential occurrence of the same class of accidents 

but at the different Ontario Hydro reactor designs. 

3. Additional demonstration and/or justification of methodology 

used to determine both bulk and spatial reactivity effects, due to 

voiding during a LOCA, on resulting neutron power transients and 

potential consequences arising from uncertainties due to the applied 

methodology. 

4. Further justification and/or verification that unanalyzed 

consequences are not significant which arise from spatial power 

transients due to local reactivity effects, including reactivity 
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feedback, during accidents such as small lass-of—codant accidents, 

LDCA, and loss—of reactivity control, LORC, events. 

5. Need for establishment of lower bound o-f shutoff rod, SOR, 

reactivity worth, -for accidents which do or. do not result in 

potential inhibition of insertion of some SORs, based on sensitivity 

analyses of effects on computed SDR reactivity due to potential 

distorted spatial flux distributions which could exist at time of 

SDR actuation. 

6. Review of consequences arising from common—mode failure or 

inhibition of trip parameters in a channel due to failure of a 

shutdown system ion chamber signal, especially a Pickering GS 'A' 

ion chamber signal failure. 

7. Expansion of existing assessment of consequences of continued 

primary heat transport pump operation during LOCAs to include 

effects on maintaining core heat removal capability arising from 

two-phase and single steam phase operation of the pumps. 

8. Need for initiation of potential multiple dousing starts during 

a small to intermediate LDCA and the capability of the existing 

dousing systems to meet these requirements. 

9. Need of an on-line periodic testing capability of parameters 

critical to operation of the self-actuating dousing mechanism. 

10. Items, applicable to the Pickering GS 'A' station, are: 

(i) Update of analyses using recent information and models to 

confirm results on which the initial assessment of 

adequacy of safety provided by the shutdown system was 

based. 

(ii) Susceptibility and consequences of common—mode and 
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cross—linked -failures among the independent regulation and 

protection system instrumentation channels. 

(iii ) Replacement of required manual adjustment of neutron 

overpower trip setpoints during normal operating 

transients by automatic switching. 

(iv) Improvements in demonstration of adequacy of emergency 

core injection system, ECIS, to provide core cooling 

capability with minor impairments such as failure of one 

or more header isolation valves to open on demand of the 

ECIS operation. 

(v) Requirement of systems to maintain automatically critical 

safety functions upon occurrence of a "small" LOCA. 

11. Other minor items are presented in Section 4.O. 

As noted in the conclusions, it is possible the above items have 

been addressed in other Ontario Hydro documentation not reviewed by 

the author or will be addressed in Ontario Hydro's response to the 

recommendations in a recent AECB report (9). 

- 42 -



SSL - ONSR - 03 

Rev. O, 87/09/29 

REFERENCES 

Pickering Generating Station 'A* Safety Report, Volume 1. 

(Revised version in draft form.) 

Pickering NGS 'A'; Units 1 and 2 Restart Analysis, OH Report 

85362, October 1985. 

Bruce Generating Station 'A' Safety Report, Volumes 1&2, Volume 

3, Sections 1, 2, 3.1, 3.2, 3.3, 3.3.1.5, 3.4, 3.5, 3.6, 3.7, 

3.8<Draft) and 3.9. 

AECL Submission to the Ontario Nuclear Safety Review, AECL-9427. 

Ontario Hydro Submission to the Ontario Nuclear Safety Review. 

Ontario Hydro: private communication (Bianni M. Frescure, Alan 

L. Wight, Henry Wong, Paul Burchette and Jim Blyth). 

"Pickering NGS B Assessment of Primary Heat Transport Pump Loss 

of Coolant Accident Tests", OH Report 83328. 

"Bruce GS 'B' Containment Reliability Review", Ontario Hydro 

Design and Development Division Report No. 81262. 

"The Accident at Chernobyl and Its Implication for the Safety of 

CANDU Reactors", INFO-0234 <E), Atomic Energy Control Board, 

May, 1987. 



i*F\ STEVENSON & ASSOCIATES 
a structural-mechanical consulting engineering firm 

9217 Midwest Avenue • Cleveland, Ohio 44125 • (216) 587-3805 • Telex: 980101 

0263F 
87C1456 

January 29, 1988 

rm nr?r?^ 
ffi FEB h 1988 jj 
J U T b ^ U n U U Lb t i l 

Dr. F. Kenneth Hare 
Commissioner, Ontario Safety Review 
180 Bloor Street West, 
Suite 303 
Toronto, Ontario H5S-2V6 

Dear Dr. Hare: 

Reference 1s made to your letter of 27 January 1988 and Mr. Beare's letter of 
18 January 1988. I appreciate Mr. Beare's comments regarding occurrence, 
consequendes and exceedence. They were well taken, and I have made changes 
to the text as appropriate. However, I believe the discussion 1n the report 
of earthquake and tornado event probabilities was appropriate and correct. 
The occurrence or consequence, depending on how you define 1t, at the 
l0-7/yr probability level associated with an extreme environmental event 
refers to potential radiological exposures In excess of national O n U.S. 10 
CFR 100) guidelines. (See Attachment 1). It does not refer to the 
probability of the extreme environmental event (and exceedence) Itself. For 
this reason, the use of the 10 - 3 to 10 -Vyr probability for the design 
basis earthquake event level 1s appropriate. The additional reduction to the 
l0~7/yr level associated with the consequential failure and excessive 
radiation release 1s obtained from the mitigating effects of the way the 
seismic load 1s estimated 1n transmitting the load from the ground into the 
building and finally Into the equipment plus the capacity of the equipment to 
carry load beyond the specified minimum used 1n design. There 1s Involved 
here the convolution of a number of conditional probabilities (See Attachment 
#2) which typically have values less than 1.0. 

We routinely use these mitigating capabilities to reduce the seismic event 
(and exceedence) from the 10 - 3 to 10~Vyr level to the desired 10~6 to 
l0~7/yr goal associated with consequential failure and excessive radiation 
release. 

The same procedure described above could also be rationally followed for 
tonadoes. However, conventional practice has been to define the tornado at 
the 10-7/yr probability level and ignore any mitigating effects of 
conservative load (demand) and capacity (margin) effects. 



Dr. Kenneth Hare 
January 29, 1988 
Page 2 

Given that the tornado resistant design is a design basis for a plant which 
follow conservatively defined demand and capacity criteria, it should be 
obvious that the probability level of the tornado event is not the same as the 
probability of a consequential failure resulting in the release of excessive 
radiation. 

As a practical matter, it has been possible to design nuclear power plants for 
the l0~7/yr level tornado for an added total plant cost of around 0.5 to 1.0 
percent. For this relatively small cost, it simply has not been worthwhile 
for nuclear plant owners to engage in protracted discussions with regulators 
to quantify the mitigation or conditional probability terms and design has 
proceeded using the very conservative assumption that the probability of the 
tornado (and its exceedence) is the same as the probability of tornado induced 
failure and the consequential release of excessive radiation. 

For nuclear plants additional costs for seismic design typically range from 5 
to 10 percent of total plant costs for low seismicity sites or a factor of 10 
greater than for the tornado. As a matter of policy worldwide regulators have 
not required the probability of the earthquake event (and exceedence) to be 
the same as the probability of failure and consequential release of excessive 
radiation. 

The question is not whether or not one can accurately predict 10-7/yr 
probability level earthquakes (we can't and probability never will) but 
whether or not one can be allowed to distinguish between the probability of an 
extreme environmental event (and its exceedence) and the probability of a 
resultant failure and the consequential release of excessive radioactivity. 
The report has taken the position that such a distinction can and should be 
made. 

I would be happy to communicate further with Mr. Beare 1f he should desire any 
clarification of this letter or further clarification of the report. 

I have also attached a revised version of the report which has attemped to 
incorporate Mr. Beare's comments as appropriate. 

Thank you for your attention. 

Sincerely, 

/John D. Stevenson 
President 

JDS:mm 

Enclosure 

£? 



U.S. NUCLEAR REGULATORY COMMISSION April, 1975 

STANDARD REVIEW PLAN 
OFFICE OF NUCLEAR REACTOR REGULATION 

SECTION 2.2.3 EVALUATION OF POTENTIAL ACCIDENTS 

REVIEW RESPONSIBILITIES 

Primary - Accident Analysis Branch (AAB) 

Secondary - None 

1. AREAS OF REVIEW 

The applicant's determination of potential accident situations in the vicinity of the plant 

that are to be considered as design basis events is reviewed. (See Standard Review Plans 

2.2.1 and 2.2.2.) 

The applicant's probability analyses of statistical data pertaining to potential accidents 

involving hazardous materials or activities in the vicinity of the plant, if such analyses 

have been performed, are reviewed to determine that appropriate data and analytical models 

have been utilized. 

The analyses of the consequences of accidents involving nearby industrial, military, and 

transportation facilities which have been identified as design basis events are reviewed. 

II. ACCEPTANCE CRITERIA 

The identification of design basis events resulting from the presence of hazardous materials 

or activities in the vicinity of the plant is acceptable if the design basis events include 

each postulated type of accident for which a realistic estimate of the probability of occur

rence of potential exposures in excess of the 10 CFR Part 100 guidelines exceeds the NRC 

staff objective of approximately 10 per year. The methods of calculating the radiological 

exposures resulting from these events are acceptable if they are consistent with methods used 

for calculation of other accident radiological exposures (e.g., SRP 15.6.5.) Because of the 

difficulty of assigning precise numerical values to the probability of occurrence of the types 

of potential hazards generally considered in this review plan, judgment must be used as to the 

acceptability of the overall risk presented by an event. 

In view of the low probability events under consideration, the probability of occurrence of 

the initiating events leading to potential consequences in excess of 10 CFR Part 100 exposure 

guidelines should be estir.ated using assumptions that are as realistic as is practicable. 

In addition, because of the low probability events under consideration, valid statistical 

data are often not available to permit accurate quantitative calculation of probabilities. 

Accordingly, a conservative calculation showing that the probability of occurrence of 

potential exposures in excess of the 10 CFR Part 100 guidelines is approximately 10" per year 

USNRC STANDARD REVIEW PLAN 

Standard rsviaw plans are prapared for the guidance of the Oftlca of Nuclear Reactor Regulation staff responsible for the review of epplications to construct and 
operate nuclear power plents. These documents era made available to the public es part of the Commission's policy to inform the nucleer industry and the 
general public of regulatory procedures and policies. Standard review plans era not substitutes for regulatory guides or the Commission's regulations and 
compliance with them is not required. The stendard review plan sections are keyed to Revision 2 of the Stendard Format and Content of Safety Analysis Reports 
for Nuclear Power Plants. Not all sections of tha Standard Format have a corresponding review plan. 

Published standard review plans will be revised periodically, as epproprtate. to accommodate comments end to reflect new information and experience. 

Copies of standard review plena mey be obtained by request to the U.S. Nucleer Regulatory Commission. Weshington. D.C. 20555. Attention: Office of Nucleer 
Reactor Regulation. Comments and suggestions for improvement will be considered and should also be sent to the Office of Nucloor Reactor Regulation. 
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2.3 APPLICATION OF PROBABILITY CONCEPTS FOR EVALUATION OF 
EXTREME LOADS 

Nuclear plant facility accidents differ from those in conventional structures 
because they can potentially release significant amounts of radioactivity to the 
environment. The prevention of such accidents and the mitigation of their potential 
consequences have been the primary objectives of nuclear facility safety design. 

An essential and difficult part of the risk analysis is the determination of the 
probabilities of these accidents or the probability distributions of the extreme 
environmental loads causing these accidents. A description of these analyses for 
various environmental conditions follows. 

2.3.1 Safe Shutdown Earthquake Loads.—The Safe Shutdown Earthquake 
(SSE) for the site is a postulated event as required by Federal Regulation 10 CFR 
100, Appendix A (see Section 3.3.1 of this Manual). It is not, at the present time, 
selected on the basis of an acceptable risk level. It is possible to estimate the 
probability of exceedance of the SSE and, within limits associated with very low 
probabilities, the probability of failure of a structure designed to withstand a 
specified SSE. 

Newmark has shown(26) that the current industry practice of selecting the SSE 
and designing against it is extremely conservative. Safety margins against the SSE 
that exist at several stages of design(27) are in the selection of the peak ground 
acceleration, the design response spectrum, structural response parameters such as 
damping, and actual structural strength of the component. 

Assessing the actual probability of failure of nuclear plant facilities due to a large 
earthquake on the order of the SSE involves analysis of the probability of 
occurrence of a chain of conditional events. This concept is described (in 
accordance with Section 2.1 and with specific application to earthquakes following 
Ref. 26) by expressing the overall probability of failure P(F) as follows: 

P(F) = P(F | O) X P(0 | S) X P(I | E) X P(E) (2.1) 

fY •-.!-; 
where P(E) is the probability of occurrence of a range of strong motion seismic 
events which could cause failure, typically taken equal to greater than the SSE; 
P{I | E) is the probability of having a range of site intensity / , given the E events; 
P(S | /) is the probability of achieving a range of spectral response, given the site 
intensities / ; P(0 | S) is the probability of there being an overstress (greater than 
code specified limits) given the levels of spectral response applied at a site; P(F \ O) 
is the probability of a significant system failure occurring, given that there has been 
overstress. 

The elements of this chain identify each of the possible events and quantify their 
level of uncertainty. The actual numerical evaluation of failure probabilities in the 
form shown would require multiple integration of the various conditional param
eters through their full range of potential occurrences. 

In the current procedures generally adopted, the above chain is broken down 
according to the different fields of analysis, namely: 

l.The seismic field, for derivation of the seismic probability—the probability 
of occurrence at the site of a certain level of severity, for a given life period, is 
determined. 

2. The structural field, for derivation of overstress probability. 

3. The systems field, for derivation of system failure probability—this reflects 
the fact that structural overstress by itself does not mean that an equipment 
failure will occur, and that several pieces of equipment may have to fail 
before significant consequences would result. 

It is difficult to place precise estimates upon the several parts in Eq. 2.1, and 
different solutions have been proposed ranging from empirical values taken from 
engineering judgment to sophisticated analytical and numerical procedures. The 
following discussion is limited to the determination of the SSE ground motion; 
other aspects of the SSE design are covered in Section 2.4. 

2.3.1.1 Seismic Probability.—Many attempts have been made to quantitatively 
describe the intensity or the severity of an earthquake(29, 30, 31, 32, 33). The 
intensity is usually expressed in terms of the amount of energy released at the 
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Atomic Energy Commission de contrôle 
Control Board de l'énergie atomique 

REGULATORY RESEARCH BRANCH 
Your file Voue réfétence 

Ouf ' ' /e Nolie fê/ercnce 

January 18, 1988 26-0-0-2-0 
34-0-0-0 

Dr. K. Hare 
Ontario Nuclear Safety Review fpp F*P f^H 3 ̂  fir5J|jy 
180 Bloor Street West, Suite #303 
Toronto, Ontario 
M5S 2V6 

Subject: Seismic Risk to Nuclear Power Reactors 

Dear Dr. Hare: 

H JAN 2 2 1988 I 

I refer to Report on the Safety Evaluation of Ontario Hydro Nuclear 
Power Plant Containment and Containment Systems, prepared by Stevenson 
and Associates for the Ontario Nuclear Safety Review. That report 
contains a non sequitur that deserves some comment. 

The second paragraph of page 5 of the Stevenson report begins: "The 
design basis extreme load is historically associated with any 
consequence (sic; should have said "occurrence") in?the generating 
plant having a frequency typically greater than 10 events/yr. which 
causes a maximum radioactive release potentially in excess of 
regulatory limits." The fourth paragraph on that page states in part: 
"The7first category includes those loads with a negligible frequency 
(10 /yr.). Such loads would typically include very low probability 
earthquakes ..." (emphasis added). 

Section 3.3.3, Tornado Loads, raentions that the USNRC's safe shutdown 
earthquake (SSE) would have a probability of-occurrence (should really 
be the probability of being exceeded) of 10 /yr. to 10 /yr. These 
values are used in the report to justify why using a probability of 
10 /yr. for tornado loads seems unreasonable. 

Given the earlier statements quoted above from the Stevenson report 
the non sequitur in the report is that it questions the application of 
a probability level of 10 /yr. for establishing design/basis tornado 
loads instead of questioning the much higher probability level of 
10 /yr. to 10 /yr. with which the SSE is apparently associated. 

The 10 /yr. probability of occurrence (or "being exceeded" as the 
case may be) as a cut-off for "events" has also been adopted by the 
AECB in principle, based on a recommendation from the AECB's Advisory 

Mailing Address Adresse Postale 
P.O. Box 1046, Station B C.P. 1046, Station B 
Ottawa, Canada Ottawa, Canada 
K1P5S9 K1P5S9 

Telex 053-3771 Télex: 053-3771 
Facsimile (613) 995-5086 Facsimile (613) 995-5086 
Envoy AECBREG Envoy AECBREG Canada 
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Committee of Nucl Ear Safety (ACNS). Howsver, the ACNS recommendation 
regarding earthquake risk is ambiguous (see publication ACNS-4). You 
will see why. 

The concept of the design basis earthquake (DBE) used in Canada is 
similar to that of the SSE used in the USA and is also associated with 
a probability of being exceeded of about 10 /yr. The question that 
should be posed is: "Why isn't theDBE (or SSE) based on a 
probability of being exceeded of 10 /yr.?" The answer is simple: 
"Scientists don't know howto predict earthquake probabilities at 
levels lower than about 10 /yr.". The situation is particularly 
applicable to north-eastern North America, despite the fact that some 
very large earthquakes have occurred in this region, e.g., estimated 
magnitude 7 to 8 in the 17th century near La Malbaie, Quebec 
(Charlevoix area), three successive earthquakes from 1811 Dec. to 
1812 Feb. of estimated magnitude 7.5, 7.3 and 7.8 near New Madrid, 
Missouri. The reasons for this situation is: 

(i) earthquake records cover too short a period of time; a maximum of 
450 yr. in Canada, and that only in the Charlevoix area of 
Quebec. Generally, the period covered is less than 200 years. 
Instrumented records have been available only since early in the 
20th century. To put this information in perspective: quiescent 
periods of 700 years in Iran and 2000 years in China have been 
recorded between earthquakes; and 

(il) no positive correlations have been made between sources of 
seismic activity and geological faults in this region. 
Earthquake risk predictions are based on assumed random 
occurrences within arbitrarily defined areas where earthquake 
occurrences have been recorded. These areas have to be redefined 
periodically when earthquakes occur where there has been no 
previously recorded history of earthquakes, e.g., Timiskaming, 
Quebec (M6.2 in 1935) and Cornwall, Ontario (M5.7 in 1944). So 
little is known about earthquake characteristics in eastern 
Canada that the dynamic characteristics of the DBE are based 
largely on data obtained from earthquakes in California. 

One possible way to establish a DBE at a probability level which might 
be consistent with the 10 /yr. criterion for any site in 
north-eastern North America would be to assume arbitrarily that the 
largest earthquake ever recorded anywhere in the world (about 
magnitude 9.4) originates under the site in question. This approach 
has been rejected because: 

(a) it is unreasonable; and 

(b) no structure could be practically engineered to withstand such an 
earthquake. 

In reactor safety, most occurrences, or component or system failures, 
can be dealt with by the "defence-in-depth" approach. An earthquake 
is unique in that all of the plant is subjected to the effects of the 
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earthquake at the same instant. Thus, if an earthquake considerably 
exceeds the DBE, the "defences", which are designed to be independent 
of each other and not subject to common-mode failure, could be 
compromised at the same time. For conventional structures, the main 
safety requirement is to avcid catastrophic failure which would kill 
or injure people directly, e.g.* by a building or bridge falling down, 
before they can get to safety. With nuclear reactors, not only must 
structural collapse or component failure be prevented, the reactor 
must be kept in a safe, shutdown state and shutdown cooling of the 
fuel maintained for weeks after the earthquake. Complex 
electro-mechanical equipment must, therefore, continue to operate 
during and after an earthquake for a considerable period to maintain 
cooling without "long" interruptions (for a given reactor design 
"long" is a function of the length of time since the reactor is shut 
down). Therefore, the task of designing a reactor to be safe during a 
large earthquake and to remain safe for a considerable period after a 
large earthquake is more complex than for most conventional 
structures. 

Nuclear reactors are currently designed to withstand earthquakes 
better than most conventional structures. Therefore, an earthquake 
greatly exceeding the DBE for a reactor would also devastate 
conventional structures in the vicinity of the reactor. If a reactor 
in a built-up area failed as a result of an earthquake in such a way 
as to cause a major release of radioactive material: 

(1) rescue efforts relating to people in structures in the vicinity 
of the reactor which are also damaged by by the earthquake could 
be hampered by radioactive contamination; and 

(2) emergency off-site measures, such as evacuation to cope with the 
radiation emergency, could be hampered by earthquake damage to 
structures and transportation systems, including roads. 

The combined consequences could, therefore, be greater than the sum of 
those for each of the two effects (nuclear accident, earthquake damage 
to other buildings) alone. 

It is clear that, for nuclear safety in particular, earthquakes 
represent a unique and relatively poorly understood risk mainly 
because of the low level of knowledge for establishing the DBE. 
Because of this, the AECB and a number of other organizations, 
including Ontario Hydro, are collaborating to try to find methods to 
improve knowledge of earthquake risks from geological evidence. The 
Multi Agency Group on Neo-tectonics in Eastern Canada (MAGNEC) has 
been in operation only a short time and results will take yome time to 
be realized. It is doubtful whether a predictive capability of 
10 /yr. will ever be achieved for earthquakes. Nevertheless, it 
could be a target for guidance, even though the final results of 
MAGNEC may lead to safety requirements which are more deterministic 
than probabilistic in nature. 
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The overall conclusion is that the inability to predict.earthquake 
risks at probability levels below about 10 /yr. to 10 /yr. should 
not be used as an excuse not to try to7predict the risks from other 
phenomena to probability levels of 10 /yr. when it is possible to do 
so. 

Yours sincerely, 

J.W. Beare, P.Eng. 
Director 

c.c: R.J.A. Lëvesque 
Z. Domaratzki 

C55/40 
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1.0 INTRODUCTION 

1.1 Scope 

This report addresses the design, construction, and operation Including 
Inspection and maintenance aspects of containment structures, systems and 
components used 1n the Pickering, Bruce and Darlington nuclear power 
plants constructed and operated!, u by Ontario Hydro. The aspects of 
particular Interest are those which relate to recognized safety, design 
basis, construction and operating practices and experiences used 1n other 
water-cooled power reactor containment and containment systems 1n Canada, 
the United States and other nations with their own Independent and well 
developed nuclear power programs. 

With respect to design, comparisons are made with the requirements of 
applicable IAEA Safety Guide and U.S. Nuclear Regulatory Commission 
Standard Review Plan Sections 3.8.2 and 3.8.3 and the requirements of the 
American Concrete Institute - American Society of Mechanical Engineers 
(ACI-ASME) Code on Concrete Containment. 

With respect to construction, non-conformance reports generated during 
construction related to containment for each of the Ontario Hydro 
facilities where available have been reviewed. 

With repect to operations (Inspection and maintenance), the Quarterly 
Technical Reports and the Significant Event Reports Identified therein 
relating to containment for each Ontario Hydro nuclear power plant 
facility have been reviewed. 

1.2 Objective 

The objective of this review 1s to provide an overall safety assessment 
of the containment structures, systems and components used In Ontario 
Hydro nuclear power plants. This assessment 1s based primarily on 
International design, construction and operating practices and experience 
associated with nuclear power plants. 

1.3 Organization of this Report 

This report 1s organized Into eight sections. Section 1 provides an 
Introduction consisting of the scope, objective and organization of the 
report. 

Section 2 provides a general review of containment structures and systems 
requirements and their historical development. It compares the worldwide 
(IAEA), U.S. and Canadian perspectives. This section also summarizes the 
actions taken by Stevenson & Associates 1n developing this report. 

[1] Darlington Station 1s still under construction 
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Section 3 provides a review of design criteria, procedures and sample 
calculations. The particular topics covered Include the decision basis, 
loads, behavior criteria, and analytical methods used-. It also Includes 
a summary evaluation of a sample of design reviews, reports and sample 
calculations. 

Section 4, contains a summary of a review of non-conformance reports as 
well as any significant design changes filed during construction relative 
to containment for the Ontario Hydro Plants. 

Section 5 discusses any Significant Event Reports as they relate to 
Ontario Hydro containment operations, maintenance and testing. 

Section 6 discusses the difference between the containment systems used 
on Ontario Hydro nuclear plants and those used on Three Mile Island and 
Chernobyl. 

Section 7 summarizes the findings and conclusions of this report. 

Section 8 lists those references used 1n the preparation of this report. 

2.0 BACKGROUND 

2.1 IntroductlonC) 

The Internationally accepted philosophy for providing assurance of 
nuclear safety 1n accidents 1s the adoption of the principle of "defense 
In depth", which prevents or limits the release of radioactive material 
associated with operation of a nuclear power reactor for a wide range of 
circumstances. "Defense 1n depth" embodies a multiplicity of physical 
and chemical actions attributable to station process systems, but 
specifically Includes three, often redundant and diverse, safety systems 
to effect, 1) prompt reactor shut-down, 2) ensure continuing and 
controlled heat removal from the reactor after shutdown, and 
3) automatically minimize/prevent radioactive release to the environment. 

Containment systems are the ultimate U n e of defense and safety barrier 
for preventing the escape of radionuclides to the environment. The 
containment structure may also serve to house and protect the reactor and 
portions of the heat transport systems from the effects of postulated 
design basis extreme environmental and external accident effects such as 
earthquake, tornadoes, turbine missiles etc. The functional requirements 
of containment do not differ 1n principle for the various water cooled 
reactor systems, Boiling Water Reactor, BWR, Pressurized Water Reactor, 
PWR, and Pressurized Heavy Water Reactor, PHWR, (CANDU) systems 1n use 
today, but design requirements are significantly different. The design 
requlrments are not only set by the overall arrangement and volumes of 
the primary reactor heat transport systems and secondary systems, but 
also (Importantly) by national Industrial code and government regulatory 
differences which are typically developed by a consensus decision basis. 
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During normal operation, the function of all containments 1s to minimize 
the release of gaseous, liquid, and solid radioactive materials produced 
during reactor operation and electricity production and which are not 
retained 1n process systems. The objective 1s to ensure that emissions 
are as low as reasonably achievable with economic and soda! factors 
taken Into account. Following an accident, the objectives are to retain 
radioactive materials released as a result of process equipment failure. 

Thus, containment system designs have evolved from the basis that they 
should provide radiation shielding and retain all of the steam and water 
discharged following an Internal reactor system piping failure. The 
primary element of containment systems 1s a practically engineered and 
economic "leak-tight" building which covers and encloses the reactor and 
primary heat transport systems. Piping or ventilation systems which 
might convey radioactive material outside the containment boundary should 
be isolated immediately after an abnormal condition 1s detected. 
Sub-systems to reduce pressure in the containment structure following 
postulated accidents are also featured in most designs. In some designs 
these systems Include normal operation of the containment system at 
negative pressure and venting to the atmosphere 1n a controlled manner 
after an accident to ensure that safe regulatory releases are met. 

In Canada, PHWR containment designs must adhere to the CSA N290.3 
standard which differs only 1n detail from similar ASME Boiler and 
Pressure Vessel codes. The CANDU containment design requirements for 
Ontario Hydro plants are uniquely influenced by the adoption of 
multi-unit stations (eight units in the case of Pickering NGS, four units 
per station at the Bruce and Darlington Stations) and on-power refueling 
where a single pressure suppression and a vacuum building 1s deployed. 
Elsewhere in Canada and overseas, Atomic Energy of Canada Ltd., AECL, 
designs 600 MWe Individual CANDU reactor and containment units which 
typically include dousing water pressure suppression systems. 

The fundamental difference 1n design of PHWR and LWR nuclear reactors, 
namely the physical separation of the primary coolant and moderator 
systems within the PHWR reactors, significantly reduces the probability 
of core melt 1n postulated severe accidents. In essence, the large heat 
sink provided by the relatively cold non combustable heavy water 
moderator system gives Increased assurance of fuel channel Integrity, and 
prevents gross fuel melting. It should also be understood that the 
quantity of high energy, temperature and pressure heat transport system 
fluid which can be released 1n the event of a postulated loss of coolant 
accident 1s significantly less 1n a PHWR than for either a PWR or BWR of 
a comparable power rating. In Table 2.1 can be found a comparison of the 
volumes of high energy fluid contained 1n the primary heat transport 
systems of typical nominal 800 MWe PHWR, PWR and BWR reactors. It 1s 
obvious that PHWRs contain primary high energy fluid Inventories which 
are significantly less than PWR's and BWR's. This has the practical 
result of a significant reduction of the quantity of high energy fluid 
which must be contained in the event of a loss of coolant accident. 
While PWR and BWR containment design pressures typically range between 3 
and 5 atmospheres, PHWR containment design pressure seldom exceed one 
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atmosphere. In the Ontario Hydro design, this positive pressure phase of 
a loss of coolant accident exists for only a very short time before the 
containment returns to a subatmospherlc condition. 

The design of CANDU containment features are of course strongly 
Influenced by the the Canadian Atomic Energy Control Board (AECB) 
regulatory requirements. To provide understanding of this Influence, the 
AECB Siting Guide 1s briefly described. The logic of this guide 1s based 
on a two-tier radiation dose limit applied separately to the most exposed 
Individual and to the population. Process failures are judged against a 
"single failure" dose limit (e.g. 3 rem to the thyroid of the most 
exposed Individual). In common with LWR systems, these single failures 
range up to a guillotine break of the largest-diameter heat transport 
system piping.t2] 

The second part of the AECB Guide requires the analysis of "dual 
failures", Involving serious process failures with simultaneous failure 
of one of the safety systems (either the emergency coolant systems, or a 
major containment subsystem) to perform Its function. This particular 
requirement 1s unique, but not necessarily more demanding than those of 
other national regulatory jurisdictions. The thyroid dose limit to the 
most exposed Individual from these "dual failures" 1s 250 rem. 
Containment design 1s strongly Influenced by the requirement to meet this 
dose limit. In particular a prescribed limit is placed on containment 
availability in Canada which 1s not found in other countries. Also 
Canadian containment systems currently require a filtering capability not 
currently found in other countries other than Sweden and France. 

2.2 Containment Design Basis 

The majority of nuclear power reactors in operation and under 
construction in the world today are either Pressurized Water Reactors 
(PWR) or Boiling Water Reactors (BWR). The design requirements of PWR 
and BWR Containment Systems must adhere to the national codes and 
regulatory licensing requirements in the country of plant siting. In the 
United States, principles have been developed for steel and concrete 
containment structures by the American Society for Mechanical Engineers 
(ASHE) and American Concrete Institute (ACI). These code requirements 
for construction of containments and their subcomponents, have 
historically developed over the last thirty years culminating in an ASHE 
and a joint ACI-ASHE Codes. These codes cater to the many different 
combinations of steel and reinforced concrete structures which constitute 
the containment structures for nuclear power plants. 

The various national codes, 1n addition to consideration of the ASHE 
(steel) and ACI-ASME (concrete) codes use in the U.S. reflect 
geographical, social, political and regulatory requirements in their own 
national environment. Thus the Japanese, West German, French, Swedish 

[2] The assumption of the instantaneous double ended guillotine break in 
the largest reactor coolent piping is undergoing intense review in 
the U.S. at the present time. It is quite possible based on 
realistic risk studies that certain aspects of this postulated break 
will be eliminated as a design basis in the future. 
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and Canadian codes reflect differences from those in the United States, 
as well as alternative requirements for differently perceived external 
loads such as perceived selsmlcity, tornadoes, siting conditions, and 
threats of local explosion and aircraft crashes. 

The design basis extreme loads are historically associated with any 
consequence 1n the generating plant having a frequency typically greater 
than lOrl events/yr which causes a maximum radioactive release 
potentially 1n excess of regulatory limits. Certain combinations of 
extreme loads are also typically used 1n design of containments. Perhaps 
the most famous and perhaps most controversial one in this category 1s 
the combination of LOCA with some level of earthquake. On this Issue, 
there is no general agreement worldwide. In the United States, for 
example, 1n the past, the largest postulated LOCA has been combined with 
the largest Safe Shutdown Earthquake (SSE)[31. In other countries, 
while the combination is considered, it 1s not necessarily assumed that 
the largest LOCA and the largest earthquake are coincident. The 
reasoning for this position 1s that the reactor coolant system is 
specifically designed to resist earthquakes, therefore earthquakes do not 
cause LOCA's, but an Independent earthquake event cannot be discounted 
from occurlng during the periods the containment is functioning after a 
LOCA. 

The following categories of loads are not normally considered as a design 
basis but have received Increasing attention in determining containment 
performance capability and margins. 

The first category Includes those loads with a negligible frequency 
(< 10-7 per yr). Such loads would typically include very low 
probability earthquakes (2 x SSE to 4 x SSE) and large aircraft Impacts. 

The second category Involves extreme Internal accidents. Most countries 
typically do not combine LOCA with a secondary heat transport system 
failure as a design basis, although analysis of this combination is 
undertaken in W. Germany. 

Rotating equipment and equipment and pipe support failure within 
containment are also not typically considered. Also major component 
rupture, such as vessel, heat transport pump, steam generator and 
pressurizer are not typically a design basis. 

The third category involves the question of a degraded reactor core. 
There are three particular types of containment loads that might be 
associated with such a situation. These loads include degraded cores 
possibly leading to some melting and hence degradation of the containment 
barrier, steam explosion, and hydrogen deflagration as a result of 
hydrogen generation from a degraded (overheated) core. 

[3] As in the case of the postulated largest reactor coolant pipe 
break the combination of LOCA plus SSE design requirement 1s also 
undergoing intensive review in the U.S. at this time. 
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2.3 A Description of Containment Systems and Component Function 

The specific details of existing containment systems and their design 
requirements typically depend on the decision basis In vogue on project 
commitment da**!s as discussed in Section 3.1 of this report. They are 
also a function of reactor type, reactor size, site location, utility 
preference, economic considerations, number of units per station and 
national regulatory experience. Thus, there 1s considerable design 
diversity In existing containment systems and structures, although basic 
concepts have not radically changed 1n more than fifteen years. 

In the 1940's and. Into the 1950's, the control of public radiation 
exposure following a design basis accident at a reactor facility was 
provided for the most part by the use of large exclusion areas, rather 
than a containment structure. For example, the Clinton pile at Oak Ridge 
was associated with a 60,000 acre site, the Hanford production reactors 
associated with a larger area and the U.S. National Reactor Testing 
Station was located 1n the Idaho desert. The military reactors at 
Savanah River 1n the U.S. which have large exclusion areas and operate at 
very low temperatures and pressures are typically surrounded by 
confinement buildings rather than containments. 

It must also be understood that these earlier reactors were operated for 
plutonium production rather than power generation purposes at 
temperatures below water boiling, hence while they have radioactive 
inventories as large or commercial power reactors, they typically had 
little stored thermal energy and had large heat sinks available in the 
event of an accident. 

The need to generate large quantities of high energy fluids to drive 
steam turbines and locate the source of power hence nuclear power plants 
nearer the consumer resulted in the development of containment systems as 
we understand them today. Early containments were static pressure 
envelopes with few penetrations. Subsequently, as the size and quantity 
of material to be contained increased active containment structures, with 
a multiplicity of penetrations designed to close on accident signals to 
form a leak-tight barrier, evolved. Later, systems were introduced to 
suppress pressure and temperature within containment following accidents, 
and also mitigate fission product transport to the environment either by 
chemical means, controlled filtered venting or returning leakage to 
containment by the addition of an outer barrier and pumping circuits. 

Tables 2.2 and 2.3, respectively, list the principal containment systems 
which are in general use, and those which have seen less use or have been 
studied without application to date . 

Figure 2.1 illustrates the many variations of PWR containments in 
operation or committed to by 1972, worldwide. The variations on the 
three basic systems, (i.e.: the dry pressure retention containment, the 
1ce condenser pressure suppression containment and subatmospheric 
pressure suppression containment) include single versus multiple barrier, 

[4] Confinement systems are typically designed for less than 5 psig 
pressure and often operate at less than ± 0.5 psig. 



the geometry of the steel or concrete structures and the nature of 
materials used. The dominant system 1s the dry retention containment 
with a single pre-stressed concrete cylinder. The majority of these 
containments are 1n the United States. 

Today, the tendency for PWR containments as reflected by current French 
designs, 1s towards two dry barriers to fission product release, without 
vapor proof metal Uners with provisions to maintain the containment at a 
negative pressure during normal operation and to filter and vent the 
annular separation space 1n the event of an accident. 

All modern BWR containments are of the pressure suppression type (wet 
well and dry well) 1n order to reduce containment volume and design 
pressures. This Is because, 1n a design basis accident, BWR's would blow 
down by far the largest volume of high energy fluids of all water reactor 
systems since primary and secondary heat transport systems are combined. 
There are currently three variants (General Electric Company's, Hark I, 
II and III) of this basic system 1n the U.S. and modified national 
adaptations (primarily of the Hark II - type) 1n W. Germany, Sweden and 
Japan. The Canadian PHWR System requires the lowest demand for design 
basis accident energy containment due to the physical separation of 
primary and secondary heat transport and moderator systems as shown 1n 
Table 3.1. 

In more recent times there has been a trend towards standardization for 
PWR, BWR and PHWR containments with differences 1n detail only dependent 
on the country of siting. Selected designs for the United States, West 
Germany, Sweden and Canada are discussed 1n the following subsections. 

2.3.1 Pressurized Water Reactor Containments 

Figure 2.2 shows a low leakage, pressure retention design, consisting of 
a prestressed concrete cylinder with a steel Uner. A vertical buttress 
system, together with a horizontal ring at the spring Une, 1s used to 
anchor prestresslng tendons. The dome and cylinder are separately 
prestressed. This design 1s widely used 1n the United States. Hore 
recent modifications to the design eliminates the dome ring, Introduces 
partial buttresses 1n a hemispherical dome and anchors the vertical wall 
and some dome tendons at the basemat. As noted 1n Figure 2.1, this type 
of single barrier containment with a metallic vapor barrier Uner 1s the 
most widely used 1n PWR stations operating today. Another version of 
this type of containment 1s the deformed bar-re1nforced concrete cylinder 
and dome. Both the prestressed and deformed bar containments are often 
referred to as a dry containment. The volumes of those containment 
structures vary from about 6.7 to 10.2 10* cubic meters (2.4 to 3.6 X 
106 cubic feet). 

Steel shell containments, either cylindrical or spherical, are also 
widely used 1n the U.S., West Germany and Japan. In these double barrier 
designs, a concrete biological shield, which also serves to protect 
against external loads, surrounds the steel containment shell. The 
cylindrical design shown 1n Figure 2.3 has wide application 1n the United 
States and Japan. 
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Another common form of double barrier containment 1s the steel sphere 
surrounded by a concrete shield building, as developed 1n W. Germany, and 
also applied to some plants designed 1n the U.S. Figure 2.4 shows a 
sectional view of the West German, 1300 MWe B1bl1s B plant. The Inner 
detached steel shell of the containment (wall thickness 29mm) constitutes 
a passive pressure tight barrier. The containment sphere has a free 
volume of 70,000 m3. The concrete structures within the steel 
containment (about 15,000 m3.) also reduce longterm pressurlzatlon by 
their heat storage capacity. 

The annulus between the steel containment and the outer concrete 
shielding (1.8 m thick), which may be exhausted through a filter system 
and stack, provides for additional removal of radioactive products 1n the 
event of containment Impairment. A subatmospherlc pressure system 1s 
designed to direct flows from compartments having lower activity to those 
with higher activity following any accident. 

Another double barrier annulus concept developed 1n France, Includes a 
cylindrical concrete containment lined with steel and an outer concrete 
shield. France has also developed a design for 1300 MWe plants which do 
not require the steel Uner. 

Two types of pressure control containments have been developed 1n the 
U.S. for PWR's, the subatmosphere containment (- 5.0 pslg operating 
pressure), and the 1ce condenser. The design of the subatmosphere 
containment except for a somewhat reduced design pressure 1s similar to 
the standard dry containment. 

A typical 1ce condenser containment 1s shown 1n Figure 2.5. Steam and 
air resulting from an accident 1s forced by the pressure from the lower 
compartment of the containment through the 1ce beds where the steam 1s 
condensed. The design pressure for this containment 1s approximately one 
bar whereas a PWR dry containment for the same power rating would range 
from three to five bar. However, current economic considerations have 
limited this design to 1500 MWe units and larger. 

2.3.2 Boiling Water Reactor Containments 

All modern BWR containments are of the pressure suppression type, 
Incorporating a drywell and a wetwell as pressure suppression chamber. 
Following a L0CA, the steam/water flow causes a rapid Increase of 
pressure and temperature 1n the drywell. The pressure difference between 
the dry and wet wells forces the contained water out of the blowdown 
Uner and high pressure steam then flows to the wetwell pool. Steam 
condensation occurs and non-condensable gases collect 1n the wetwell 
airspace or suppression chamber. Given the relatively small containment 
volume of BWR1s along with the relative large volume of their heat 
transport system compared with other reactor systems, this condensation 
process 1s the key element 1n limiting maximum pressures to typically 4 
bar or less. 

In all BWR's, the drywell space surrounds the reactor vessel and heat 
transport piping Including recirculation, main steam and feedwater 
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systems extending to the second Isolation valve. Many large diameter 
vents or pipes extend from the drywell into the pool providing the path 
to condense LOCA induced steam/water mixtures. A separate steam line 
pressure and safety relief system provides for reduction of reactor 
system pressure. The suppression pool may also be used to condense steam 
from steam driven safety related pumps inside containment. 

During the last thirty years, there have been progressive changes to the 
shape, geometry, size and location of the various suppression chambers 
relative to the reactor vessel within containment. The latest Mark III 
General Electric design is shown in Figure 2.6. The quenching pool has 
been moved to the side, whereas in the previous Mark II General Electric 
design was underneath the reactor vessel. This made it possible to 
reduce the elevation of the reactor vessel, and created a better 
compromise with regard to the height of the vessel, its accessibility and 
construction of containment. The design shown in Figure 2.6 uses a steel 
containment within a concrete shield. However, because of localized 
dynamic loading from the wetwell during LOCA and steam line Safety Relief 
Valve discharge, the steel containment has been replaced 1n many 
applications by a hybrid concrete and steel shell. This hybrid 
containment employs a concrete basemat, a concrete shell in the pool and 
wet well region with a steel containment shell above the pool. In future 
applications of U.S. built BWR's, it 1s anticipated that a full height 
reinforced concrete shell would be the preferred arrangement, which 1s 
also the practice in other countries. 

Modern large BWR's typified by the U.S. General Electric Mark III design, 
the Gundremmlngen KRB-2 1300 MWe units in West Germany shown in Figure 
2.7 and the Swedish BWR-75 1000 MWe units shown in Figure 2.8, and recent 
Japanese BWR units shown 1n Figure 2.9 have steel liners and cylindrical 
reinforced concrete containment structures. The W. German, Swedish and 
Japanese designs, however, have retained features of the Mark II concept 
where the drywell is primarily under the reactor vessel. The overall 
objective of these systems is to maintain low design pressure with 
relatively small containment volumes. In West Germany, earlier BWR 
containments were a spherical steel shell as shown 1n Figure 2.10. 

2.3.3 Pressurized Heavy Water Reactor Containments 

2.3.3.1 Introduction 

This subsection focuses on the CANDU containment system associated with 
the multi-unit stations used by Ontario Hydro as shown in Figure 2.11. 
The single 600 MWe PHWR units outside Ontario which are designed by AECL, 
use containment systems which are similar in cross section to a PWR 
concrete containment except that they also include a large dousing tank 
1n the dome of the containment and have design pressures which are much 
lower than a PWR containment. The single unit CANDU stations will not be 
discussed further in this report. 

The containment design designated as NPC 1, as shown schematically in 
Figure 2.12, 1s used 1n the eight-unit Pickering A and B nuclear 
generating stations, NGS, which came Into service in the period 
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1972-1985. This type of containment system employs Individual 
containment structures which entirely envelop the heat transport 
components of each of the 8 reactor systems and are Isolated from each 
other during normal operation and 1n the event of an accident by rupture 
panels. 

In the NPC 1 type of containment as shown 1n Figure 2.13, there exists a 
pressure barrier between the reactor buildings and the pressure relief 
duct. In Pickering NGS B, this barrier 1s normally leak-tight, but when 
the reactor building exceeds a nominal low pressure, a number of panels 
will be opened by the pressure and provide a connection between the 
Reactor Building and the pressure relief duct. In Pickering NGS A, the 
barrier consisted of an array of normally closed louvers, that would open 
on an overpressure, and a light membrane of aluminum foil. 

The second major type (NPC2), was used 1n the four-unit Bruce A NGS, 
which came Into service 1n 1977-1979, and 1n the Bruce B four unit 
station which was completed 1n 1986 and the four unit Darlington Station 
which 1s s t m under construction. Figure 2.14 - 2.16 show the 
Individual reactor buildings for the Bruce A, B and Darlington Units. 
The containment located within the reactor building surrounds the primary 
heat transport system and refueling ducts. 

The prime difference between the NPC1 and NPC2 concepts 1s that the 
latter locates most of the supporting process equipment outside the 
primary containment envelope, although 1t follows that some equipment 
must be In secondary confinement areas. Another feature of NPC2 which 
distinguishes 1t from the NPC1 containment 1s that the four reactor 
vaults are Interconnected during normal operation due to the choice of 
common on-power fuelling systems for all units. 

2.3.3.2 Ontario Hydro Containment System Description 

The basic operating principle of negative pressure containment 1s to 
maintain a negative pressure such that air leakage through the 
containment structure which surrounds the primary heat transport system 
and Including ducts to the vacuum building 1s Inward. This negative 
pressure feature 1s maintained during normal operation as well as after 
the Initial phase of a LOCA. Any discharge required to maintain this 
negative pressure differential 1s along defined pathways which can be 
filtered, treated and monitored to control radiation releases to the 
environment. 

In the event of a LOCA, various systems act to provide for short and long 
term pressure and effluent control. The short term positive pressure 
period within containment extends from the initiation of the LOCA, to the 
re-establ1shment of sub-atmospheric pressure typically within 40 seconds 
of the accident. This period 1s effectively controlled by the negative 
pressure and dousing system within the vacuum building. 

The long term period 1s associated with the Initial activation of the 
Emergency Filtered A1r Discharge System (EFADS) until cleanup operations 
are complete. EFADS may be manually activated when containment pressure 
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approaches atmospheric several days after the event. The major cause of 
the slow repressurlzation of containment following an accident 1s 
considered to be leakage from process and Instrument air systems located 
within containment. Figure 2.17 shows a typical LOCA design transient. 

The principles of pressure control used 1n the Ontario Hydro containment 
systems 1n the short term are "pressure relief" followed by "steam 
suppression." Following LOCA the reactor vaults and fuelling duct 
connecting the mult1-un1t station are pressurized by the resulting high 
energy fluid flashing to steam. The extent of pressure rise 1s limited 
by the very large volume of the containment envelope which Includes the 
vacuum building. The Increase 1n pressure, acting across the Pressure 
Relief Valve (PRV) pistons, automatically opens the valves and releases 
the a1r-steam mixture Into the vacuum building (VB). 

The steam suppression function 1s carried out by a dousing system located 
1n the vacuum building. When the PRV's open and the vacuum building 
pressure rises, water 1s forced over a weir structure and Into spray 
headers located under the dousing tank. The spray water falls through 
the steam-a1r mixture, reduces pressure, and provides for soluble fission 
product retention. 

The principle of effluent control used in the short term 1s isolation by 
physical barriers. Containments typically operate at slight negative 
pressure around -0.5ps1 up to the relief valves to the vacuum building. 
The vacuum building operates at a relatively large negative pressures 
typically lower than -0.8 atmospheres. 

2.3.3.3 Pickering Containment 

The containment structures for the Pickering A and B four units Stations 
are formed by the reactor buildings, the pressure relief duct, the vacuum 
ducts and vacuum building. The reactor buildings are 42 m (140 ft) in 
diameter, 36 m (117 ft) high, reinforced concrete structures with 
elliptical domed roofs, designed for internal pressures of plus 41.1 kPa 
gauge (plus 6 psig) and minus 58.6 kPa guage (minus 8.5 psig). The 
vacuum building is a reinforced concrete structure, 53 m (173 ft) in 
diameter, 50 m (166 ft) high with a flat roof all designed for an 
Internal pressure of minus 101.3 kPa gauge (minus 14.7 psig). A tank in 
the top of the vacuum buldling contains 9.9 million L (2.1 million Imp 
gal) of water for the spray dousing system. The pressure relief duct 
runs the full length of the eight units and is a reinforced concrete 
structure, rectangular in cross section, designed for an Internal 
pressure of plus 41.4 kPa gauge (plus 6 psig) and minus 58.6 kPa gauge 
(minus 8.5 psig). The vacuum ducts, which link the pressure relief duct 
to the vacuum buidllng, are steel cylinders 1.8 m (6 ft) in diameter, 
designed for an Internal pressure of plus 41.4 kPa gauge (plus 6 psig). 

Besides the containment structures just described the remainder of the 
containment systems consist of the following subsystems and components: 

o Vacuum system (upper chamber and main volume vacuum pumps), 
o Pressure relief system (panels, valves). 
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o Dousing system (emergency water storage tank, spray headers). 
o Building air coolers. 
o Isolation valves and dampers. 
o Filtered air discharge system. 
o Airlocks and containment pentratlons. 

Detailed descriptions and functions of these containment subsystems and 
components can be found 1n the Pickering A and B Safety Report. 

2.3.3.4 Bruce and Darlington Containments 

The Bruce and Darlington station containment systems and structures are 
similar 1n function and are made up of the same types of subsystems and 
components as the Pickering containment. As 1n the case of Pickering, a 
detailed description of containment operation can be found 1n those 
stations' safety reports. However, as noted 1n Section 2.3.3.1, the 
Bruce and Darlington Station portions of the containment which make up 
the reactor vaults are rectangular reinforced concrete structures with 
the secondary sides of the steam generators and the motors of the primary 
heat transfer pumps extending outside of the containment boundary. This 
1s a feature which 1s unique to the Ontario Hydro containment design as 
compared to other water reactors 1n nuclear power plants elsewhere 1n the 
1n the western world. 

It should be noted that PWR containments used world wide also have 
secondary system steam Unes which pentrate containment and have SRV 
outside containment which discharge to the atmosphere. In theory this 1s 
no different than a secondary system steam Une discharge 1n a NPC2 
containment. It 1s also noted that secondary side steam Une rupture 1s 
a design basis accident evaluated for the Bruce and Darlington Stations. 

2.3.3.5 Vacuum Building Part of Containment 

The vacuum building 1s an Integral part of the negative pressure 
containment concept 1n that they provide the major pressure and heat sink 
for the system. They are reinforced concrete vertical cylinder shell 
structures with shell roofs and flat slab basemats. They are the largest 
single structure at an Ontario Hydro nuclear plant. Sectional views of 
the Pickering, Bruce and Darlington vacuum buildings are shown 1n Figures 
2.18 - 2.20. The design basis for these structures 1s presented 1n 
Section 3 of this report. 

2.4 Preparation of This Report 

Stevenson and Associates was contacted by Mr. Peter Fraser of the Ontario 
Nuclear Safety Review 1n June 1987 and asked to evaluate the safety of 
Ontario Hydro containment and containment systems and prepare a report 
covering the evaluation. In developing Its evaluation, J.D. Stevenson, 
H. Stevenson and G.G. Thomas of Stevenson and Associates, S&A, visited 
the offices and met with Individuals of Ontario Hydro on 15 and 16 July 
1987. The agenda for the S&A meetings with Ontario Hydro was as follows: 

12 



July 15 AH 10:30 AH Conference Room 17A 

Introduction to Ontario Hydro 
Confirm Agenda 

Organization of Ontario Hydro 

Purpose & Intent of Visit 

Containment Principles/Concepts 
Overview of Ontario Hydro Negative 
Pressure Containment Systems 

Design Criteria: Standards 

Design Requirements, Safety 
Requirements, etc. 

July 15 PH 

Design of C1v11 Structures 
Seismic Criteria 

Design Approach, Analysis, Design QA 
Drawings and Calculations 

W.J. Penn 

J.D. Stevenson 

N. Yousef 

N. Yousef 

J. Tang 

J. Kenthol 

July 16 AH 9:00 AH Conference Room 16A 

Design of C1v1l Structures (Continued) 

Design of Metallic Containment Components 

Construction Hethods 
Construction QA 

July 16 PH 

Operation of Containment 
Containment Testing 
Commissioning 

Significant Event Report System 
Halntenance & In-Service Inspection 
Reliability 

Containment Analysis 

A. Lemansk1/J. Soutar 

D. Trebllcock 
W. CusMng 

G. Zakalb 

R. Popple 

J. Blyth 

On the morning of July 17, 1987, Dr. Stevenson visited the Offices of the 
Atomic Energy Control Board, AECB, 1n Ottawa. The agenda of the meeting 
between Dr. Stevenson and members of the AECB staff was as follows: 
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K. 
3. 
R. 
3. 
K. 
R. 
R. 

Asmis 
D. Harvie 
Ferch 
Khosla 
Asmls 
Ferch 
Ferch 

1. AEC8 review of design and construction 
2. Containment reliability and testing 
3. Structural design basis for containment 
4. Hydrogen behaviour 
5. Containment liners 
6. Containment failures and impairments 
7. Containment venting 

A number of documents were made available to Dr. Stevenson at the Ontario 
Hydro and AECB meetings which covered the description and design basis for 
nuclear power plant containments for Ontario Hydro plants. 

On July 27, 1987, Dr. Stevenson accompanied by a representative of Ontario 
Hydro, Mr. Peter D. Stevens-Gullle, Systems Integration Engineer, visited the 
Pickering and Darlington Stations. On 3uly 28, 1987, Dr. Stevenson together 
with Mr. Stevens-Guille visited the Bruce Site. At all three locations Dr. 
Stevenson toured the sites and, 1n the case of Pickering and Bruce, met with 
operations personnel to discuss containment performance at those Stations. 
During these visits, he requested that Significant Event Reports relative to 
containment and Quarterly Technical Reports be made available for the 
Pickering and Bruce Stations. 

On July 29, 1987, Dr. Stevenson met with Dr. F.K. Hare and Mr. P.M. Fraser of 
the Ontario Nuclear Safety Review to review the organization and proposed 
content of the S&A report. Dr. Stevenson also met briefly with Mr. 
Stevens-Guille at Ontario Hydro offices to pick up documents relative to 
operation and maintenance of containments of the Pickering and Bruce stations 
which had been requested and were then available. 

Since July 29, there have been additional telephone conversations between 
Ontario Hydro and S&A primarily to clarify requests for Information. 

On September 2, 1987, Dr. Stevenson visited the engineering offices of Ontario 
Hydro in Toronto where he again met with Mr. Peter Stevens-Gille and Mr. 3ohn 
Kenthol. At this meeting, the Design Manuals and Design Calculations 
performed for the specific four sample structures and components identified in 
Sections 3.5 of this report were reviewed 1n detail. 

3.0 REVIEW OF DESIGN PROCEDURES AND SAMPLE CALCULATIONS 

3.1 Introduction 

The design of any containment system is strongly Influenced by the design 
criteria applicable to containment design. These criteria are typically 
divided into three sections. Section 1 defines the postulated accident 
conditions for which the containment is designed. Section 2 defines the 
external phenomena such as earthquake, tornado, missiles, blast, aircraft 
crash etc. that the containment must be able to withstand, and Section 3 
defines the minimum operating characteristics that the containment system must 
meet to permit continued operation of the plant. In all three of these areas, 
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decisions must be made as to the loads to consider and the behavior criteria 
limits to be met. 

3.2 Decision Basis 

The decision basis used to develop the specific loads and load combinations 
considered 1n containment design follow three basic patterns or rules.(2) 

The first of these rules to be applied to nuclear power plant containment 
design was the reasonableness rule. This rule was 1n vogue from the very 
beginning of commercial nuclear power plant design. Designs under the 
reasonableness rule for nuclear power plants are based on experience and 
followed the design practices used for other heavy Industrial facilities such 
as fossile fired power plants and petro-chemlcal plants. As such, they 
typically follow National or Industrial Building Code practices. This 
procedure was used from about 1957 through about 1964 1n the U.S. and until 
about 1968 1n Canada. This period characterized the design basis for the 
Pickering A Station. 

Starting 1n the mid to late 196C's reasonable decision rule began to give way 
1n the U.S. and some other countries to the so called minlmax decision rule. 
Maximum loads are postulated without much regard to their real potential or 
mechanism for occurance, and designs developed which minimize the consequences 
of these loads as they relate to radiation release. This 1s often referred to 
as the "what 1f" decision basis. Canada was Influenced to a much lesser 
degree by this decision basis than the U.S. 

By the early 1970's, the acceptable risk decision basis began to develop as 
the rule for development of design loads 1n the U.S. and Canada as well as 
worldwide. Acceptable risk rules looked at the probability of events and the 
consequences of events 1n order to quantify risk. These risks are then 
compared to risk-benefits that society 1s willing to accept 1n order to 
establish design requirements. Canada appears to have generally moved from 
the reasonable decision basis characterized by the design requirement of 
Pickering A to the acceptable risks decision basis used 1n Darlington Station 
and thereby avoid some of the excesses that developed 1n the U.S. under the 
minlmax decision basis rules. Examples of this excess 1n the U.S. are the 
combination of largest LOCA plus largest earthquake and the nonmechanlstlc 
failure of the largest coolant pipe 1n U.S. plants which 1s currently 
undergoing modification as a design basis of reactor systems 1n the U.S. 

It should be understood that the acceptable risk either explicitly or 
Implicitly effects the potential for backflttlng of new design requirements to 
existing operating plants. In the U.S. the cost of such backflts to an 
operating plant 1s typically 4-8 times the cost were the change made during 
original construction. This added cost obviously changes the potential 
cost/benefit ratio. For this reason potential backflts 1n the U.S. require 
preparation of a cost benefit statement as a consideration prior to 
Implementation. Backflt consideration 1n Canada appear to be evaluated on a 
less formal basis but Implicitly must also consider costs. For this reason 
design features present 1n newer plants are not necessarily required 1n older 
operating plants. 
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It is also Interesting to note that Canada operating criteria places specific 
reliability goals on containment availability and operating characteristics 
which are not required or defined 1n other countries. 

3.3 Design Loads 

In Table 3.1 is presented a comparison of all the loading phenomena that the 
various Ontario Hydro stations have considered as a design basis. The 
differences shown between stations demonstrate the general shift from a 
reasonable design basis to an acceptable risk basis for design in Canada. In 
Table 3.2 1s presented a comparison of loading phenomena currently considered 
1n other industrial countries and those considered 1n Canada. Obviously, 
there are some significant differences. In the succeeding paragraphs, these 
differences will be explored and their Impact on safety of the Ontario Hydro 
containment systems evaluated. 

3.3.1 Normal Design Loads 

Normal design loads consist of deadweight, and design temperature and pressure 
on containment structures and systems. In more recent plants, they also 
include applicable water and steam hammer and safety and relief valve 
discharge load analysis associated with rapid opening and closing of valves 
when such loadings cannot be eliminated by operating procedures and become 
part of the design basis. In Table 3.3 can be found a summary of the design 
pressure parameters for Ontario Hydro Containments. 

There have apparently been a number of réévaluation of containment pressures 
in Ontario Hydro containments due to a consideration of loading conditions not 
originally Included 1n design of the containment structures and systems. The 
hydrogen deflagration loading on containment is one such réévaluation which 
has recently been performed on all Ontario Hydro Containments. This loading 
1n most instances has exceeded the original containment design load. However, 
it must be understood that the containment design pressure due to Ontario 
Hydro's unique Vacuum System (positive pressures) are much lower by factors of 
4 and 5 than are typically found in light water reactor-containments and are 
even significantly lower than other PHWR containments 1n Canada. In all 
cases, the positive design pressure 1s less that one bar (1.0 atmospheres). 
For this reason, the Ontario Hydro containments typically have larger reserve 
margins to carry internal positive pressures than do other containment 
systems. To date, they have had the ability to accomodate changes in or new 
requirements (I.e. hydrogen deflegration) without changing the acceptance 
criteria. 

The fifth loading condition in the normal design load category is relatively 
high frequency vibration caused by fluid flow or rotating equipment motions. 
As in other countries, the high frequency vibratory loads during operation of 
Ontario Hydro plants is not considered explicitly in design but is accomodated 
during start-up and inservice Inspections of plant operation. When such 
vibrations are observed, changes are made in support characteristics or 
operating parameters to reduce or eliminate such vibrations. 
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3.3.2 Earthquake Loads 

The earthquake design of the Ontario Hydro Nuclear Power Stations and 
Containment follow the general historical development of earthquake design 
requirements 1n other countries located 1n regions of low seismic activity. 
For example, Great Britain has only within the past 5 years required a seismic 
design and most of Sweden's plants have not considered seismic resistant 
design. However, there are some significant differences between U.S. nuclear 
plant sites of close geographic proximity to the Pickering and Darlington 
sites both as to the nature of the earthquake design requirement and the 
Intensity of the earthquake loads. In the mid 1960's the seismic design of 
the G1nna and Nine Mile Point Unit 1 sites as compared to Pickering and 
Darlington were established as shown 1n Figure 3.1. The seismic requirement 
In terms of Zero Period Ground Acceleration for the Canadian sites are 
significantly less than the corresponding requirements for comparable U.S. 
sites. 

The application of the response spectrum dynamic analysis methods 1n Canada as 
opposed to using simplified static methods appears to lag their adoption 1n 
the U.S. by about 5 years. Also, the U.S. has used a two earthquake design 
requirement considering both the OBE and the SSE, while the Canadian 
procedures have used either the DBE or the SDE requirement but not both. In 
current U.S. plants, the OBE rather than the SSE tends to govern design due to 
more stringent behavior criteria used for the OBE as compared to the SSE 
design. However, the safety significance of the smaller OBE earthquake 
controlling design has never been rationally established, since 1t 1s obvious 
that the larger earthquake should pose the greater threat to safety. An 
additional point should be made as discussed 1n Section 3.4 1n that the 
behavior criteria used 1n design for the DBE 1n Canada are somewhat more 
conservative than used 1n the U.S. for the SSE. 

On the face of 1t, 1t may appear that the earthquake design requirements for 
nuclear containment 1n Canada are less rigorous and demanding as compared to 
U.S. and IAEA requirements as reflected 1n U.S. Standard Review Plans and the 
IAEA seismic Safety Guide S-l and S-2. It must be understood, however, that 
actual earthquake damage risks for low se1sm1c1ty such as the Ontario Hydro 
sites seem to be greatly overestimated. As a result of this concern with 
regard to actual earthquake Induced damage, the USNRC organized a seismic 
design task group with particular application to piping 1n 1983 to study the 
effects of strong motion earthquakes 1n Industrial facilities. In 1985, this 
task committee Issued a repor which 1n part concluded the following: 

"Section 5.2.2 Deemphaslze Inertia Load Design Requirement by Modifying 
ASME Code Design Requirements 

Piping system failures have not been observed 1n cases where ZPAs less 
than 0.2g have occurred. Industrial piping designed to nominal 
equivalent lateral static acceleration coefficients (0.2g) has 
performed extremely well 1n actual earthquakes with recorded zero 
period ground accelerations (ZPGAs) up to 0.8g. For this reason, 1t 1s 
recommended that consideration be given to eliminating an explicit 
earthquake design requirement for piping subjected to a ZPGA-SSE less 
than 0.2g." 
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In general, the same experience has been observed with other mechanical and 
electrical equipment 1n heavy Industrial facilities.(4) Because of the low 
se1sm1dty risk characteristics of the Ontario Hydro sites, the differences 
between the U.S. and Canadian seismic design requirements and the difference 
between the seismic design requirements on the same or adjacent Ontario Hydro 
sites' are not considered significant from an overall safety standpoint. 

3.3.3 Tornado Loads 

The tornado design of the Ontario Hydro Nuclear Power Stations and Containment 
exhibit many of the same differences as were found for earthquake design. The 
Darlington station 1s being designed for tornadoes while neither the Pickering 
or Bruce stations have considered such a loading as a design basis. 

This 1s also at variance with U.S. practice which generically considers 
tornadoes as a design basis on all nuclear power stations since about 1967. 
The design basis tornado wind load also is different from U.S practice which 
would require a design basis wind velocity of 360 mph, while the Darlington 
design basis 1s an equivalent 200 mph wind. 

The tornado design criteria developed for U.S. plant design and presented in 
the USNRC Regulatory Guide 1.76 in 1976 assumes a tornado of a 10"7/yr 
probability of exceedence at a nuclear plant site. This very conservatively 
assumes no mitigating effect of the plant specific design for the tornado 
loads. It is also quite Inconsistent with the U.S. design basis for 
earthquakes. The SSE seismic event which is determined on a deterministic 
basis, evaluated on a probabilistic basis would typically range between 
10-3/yr to 10_4/yr probability of occurrence or exceedence at U.S. sites. 
The structural design for the SSE 1s normally considered to reduce the 
probability of failure leading to an excessive radiation release by 1 to 2 
orders of magnitude. This mitigating effect as well as others associated with 
the conservative manner in which earthquake loads are estimated must be 
considered in earthquake design to reduce earthquake induced failures and 
consequential radiation releases below the desirable 10_/?/yr. goal. 

The limiting structural behavior criteria for the SSE and tornadoes are the 
same. For this reason, a tornado event level consistent with the SSE 
earthquake should be at the 10-5 to 10~6/yr level. The ANSI-ANS 2.3 
Standard for Estimating Tornado and Extreme Wind Characteristics at Nuclear 
Power Sites which was published in 1983 would estimate a 200 MPH wind at the 
10-6/yr probability level at the Ontario Hydro sites. The ANS 2.3 document 
would also recommend a 150 mph design basis wind at the 10~5/yr probability 
level for the Ontario Hydro sites. Much below the 10-5/yr probability 
level, the National Building Code of Canada wind loading at a 100 year 
recurrence internal should control design. For these reasons, it 1s concluded 
that extreme tornadoes are not a significant threat to the safe operation of 
nuclear containment systems at the Ontario Hydro sites. It should be 
understood that this conclusion 1n no way suggests that tornadoes in Canada 
are not damaging nor do not pose a potentially serious threat to conventional 
housing or commercial buildings. 
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3.3.4 External Flood 

External flood effects on the Ontario Hydro plants seem to be based on maximum 
historical levels. Ontario Hydro plants are located on very large lakes which 
are not subjected to sudden large variation of water level due to natural 
causes such as oceanic storm surge or seiches or such phenomena as up or down 
stream dam failure. Based on this discussion the historical flood basis would 
appear to provide the necessary criteria for safe operation of the existing 
Ontario Hydro nuclear containments. It should be noted however that this 
design basis for flooding Is significantly less stringent than current U.S. 
criteria which is based on a 10~7/yr probability of occurrence. 

3.3.5 Pipe Break 

The Ontario Hydro plants appear to follow postulated pipe break criteria 
applicable at the time the plant was designed. Ontario Hydro plants appear to 
have much fewer pipe whip restraints than would be currently found 1n U.S. 
plants. The generic and widespread application of pipe break design 
requirements to all high energy (275 ps1 or 200°F) pipe systems 1n the plant 
which include the companion effects of jet impingement, pipe whip and 
compartment pressurizatlon began 1n the U.S. and worldwide about 1973. 

The original decision basis for the generic application of pipe break 1n the 
U.S. appears to be minlmax as described in Section 3.1 of this report. That 
is to say pipe breaks were postulated without regard to the mechanism which 
would cause them and the probability of occurrence of the break. Also it was 
not recognized that 1n most instances pipes would tend to leak prior to 
rupture or develop crack Instability which would permit the timely repair of 
such piping before it ruptured. 

Starting in 1985 the USNRC began modifying and generally relaxing its criteria 
on pipe rupture postulation and design as a result of the use of insight 
obtained from the use of more rigours fatigue and fracture mechanics analyses 
and augmented 1n service Inspection in nuclear plants. This has led to 
changes 1n USNRC licensing criteria which permit significant reduction of the 
number of pipe whip restraints (the number of restraints 1n Beaver Valley Unit 
#2 were reduced by two thirds) and 1n the case of the primary heat transport 
system permitted elimination of the postulated pipe rupture of the largest PWR 
coolant pipe for design of reactor coolant system supports. 

The conclusions reached concerning postulated pipe break as a design basis 1s 
that more detailed stress analysis, relatively low normal operating stresses 
and augumented leak detection and 1n service inspection have shown that 
postulated pipe break has a very low probability of occurrence 1n most high 
energy piping systems. 

On the basis of these new studies it 1s expected that pipe break design 
requirements in the future should and will be significantly reduced in all 
nuclear power plants. It 1s also noted that Ontario Hydro maintains a well 
developed leak detection system in order to minimize loss of heavy water. 
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It can be concluded that Ontario Hydro plants designs are 1n general 
consistent with the level of pipe break protection that 1s currently evolving 
1n the U.S. and other countries. Therefore, it 1s concluded that Ontario 
Hydro plants are safely designed with regard to the potential of postulated 
pipe break. 

3.3.6 Hydrogen Deflegration 

Hydrogen deflegration has not been a design basis for containment design 
anywhere in the world to date nor have existing containments in any country 
been systematically evaluated for such an event. However, considering such a 
deflegration occurred at TMI and Chernobyl, Ontario Hydro has prudently 
evaluated its containment structures (reactor vaults)-.for such an event not 
withstanding that the Ontario Hydro containments have installed hydrogen 
igniters, to preclude such hydrogen burns. The results of this evaluation 
indicate that all Ontario Hydro containments can accomodate a Hydrogen 
deflegration within existing design criteria limits. Therefore it is 
concluded that Ontario Hydro plants are safely designed with regard to the 
potential of postulated hydrogen burn. 

3.3.7 Turbine Missile 

The Darlington Station and Bruce B units have Installed concrete turbine 
missile shields to preclude a postulated turbine wheel rupturing and creating 
a U n e of site missile which could penetrate containment and the steam 
generator drum. Turbine missiles are generally not a design basis for most 
nuclear power stations because: 

(a) the turbine plane of rotation is turned 90° to the reactor 
containment thereby eliminating line of site missiles 

(b) turbine overspeed control reliability has been made redundant and 
improved 

(c) the containment shell provides a sufficient barrier to stop the 
postulated missiles 

In the case of all Ontario Hydro plants the turbine's plane of rotation is 
parallel to the containment and there 1s no heavy concrete shield wall at part 
of a containment shell which protects the steam drum for the Bruce and 
Darlington Stations. For these reasons Ontario Hydro has Installed turbine 
missile shields for the Bruce B and Darlington plants. Because of the 
enveloping containment shell at Pickering which does not exist at the other 
two plants, there has been no requirement to install turbine missile shields 
at Pickering. The basis by which a turbine missile shield has not been 
installed at Bruce A has not been evaluated. 

3.3.8 Internal Missiles from Failure of Elements Attached to High Energy 
Systems 

Ontario Hydro apparently does not consider any generic internal missiles in 
the design of containments. Such consideration is a routine design 
consideration in the U.S. Table 3.4 shows some typical containment internal 
missile considered in design of a Westinghouse PWR containment. However, it 
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should be noted that 1n a PHR reactor vessel all of the components 1n the 
reactor system are exposed to high temperature and pressure. In a PHWR only 
those portions of the system connected to the heat transport system are 
exposed to such high temperatures and pressures. Systems connected to the 
moderator systems unlike a PWR are not exposed to high energies. 

It should also be noted that U.S. containments are required to maintain a very 
small 0.1 to 0.25 percent per day leakage rate capability because of their 
long term positive pressure design characteristics. Because of the Ontario 
negative pressure design, containment leakage rates can be at least an order 
of magnitude larger. For this reason small cracks 1n the containment walls of 
an Ontario Hydro containment which could be caused by a small missile Impact 
are of little concern. While 1t does not appear to be a significant safety 
concern, 1t 1s suggested that potential sources of missiles within Ontario 
Hydro containments should be surveyed 1n order to determine 1f a consideration 
of internal for missiles is warranted. 

3.3.9 External Explosion 

Design of nuclear power plant containments for external explosion effects, 
except In W. Germany, 1s performed on a site specific basis as a function of 
the potential explosive hazzard. The Darlington station considers potential 
explosion of a rail car and the tritium recovery facility. A CNR rail line in 
the vicinity of the plant which runs adjacent to the site has been depressed 
approximately 15 meters in order to provide the embankment as an air blast 
shield for the plant. The same rail line runs through the Pickering site but 
1s at least twice as far from the containments as in Darlington. 

In addition to the Darlington Station's tritium recovery facility, the Bruce 
site has heavy water production facilities. It is not clear that the Bruce 
units have considered the potential explosion hazzard from the heavy water 
production facilities on site. 

3.3.10 Aircraft Crash 

The probability of aircraft crashes at the Pickering, Bruce and Darlington 
sites have been evaluated for current and projected aircraft movements. Based 
on this evaluation the probability of such a crash 1s less than about 
-|0-6/yr as shown in Figure 3.2. Therefore such crashes are not considered 
as a desgln basis for these plants. This is consistent with the criteria used 
in most industrial nations. 

3.3.11 Fire 

Canadian nuclear stations appear to follow fire resistant design requirements 
of the NBCC. The IAEA has developed a specific consensus standard for fire 
protection of nuclear power stations 1n developing countries.(5) The USNRC 
has also developed a somewhat more rigorous fire protection standard for the 
U.S. plants. It is suggested that the Ontario Hydro plants be evaluated 
considering the applicability of IAEA requirements. 
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3.4 Behavior Criteria 

3.4.1 Introduction 

The behavior criteria used to design the Pickering, Bruce and Darlington 
Containment structures and components followed the same kind of historical 
development that occurred for design loads. In general the earlier reinforced 
concrete containment structures for Pickering A and B and Bruce A were 
designed using conventional building structure design codes with working 
stress design procedures and allowable stresses. In the case of Pickering B 
and Bruce A the allowable stresses were Increased somewhat for the abnormal 
and extreme abnormal loading categories. The later units, Bruce B and 
Darlington are using more modern factored load ultimate strength design 
procedures. 

Working stress design procedures define the various loads and load 
combinations considered 1n design with a load factor of 1.0. That 1s to say 
these are the loads assumed to act 1n the design. Associated with these 
expected loads are allowable stresses. Separate allowable stress limits are 
placed on concrete and reinforcing steel. In working stress design procedures 
normal allowable stresses are typically limited to one quarter to one half of 
specified m1n1m1m ultimate strength of the concrete 1n compression and shear 
and one half of yield 1n reinforcing steel. The allowable stress 1n concrete 
1n tension 1s usually taken as zero. For severe environmental loads defined 
by National Building Codes a 33 percent Increase 1s permitted for earthquake 
and wind loads defined by the National Building Code. The safety margin 1n 
the working strength design procedures are applied to the allowable stresses 
permitted 1n the concrete and reinforcing steel. 

Factored and ultimate strength design procedures typically apply load factor 
multipliers to loads which range from 1.7 to 1.0 and permit the concrete under 
these factored loads to reach their specified minimum ultimate strengths and 
the reinforcing steel to reach specified minimum yield strength reduced by a 
capacity reduction factor term which ranges between 0.65 to 0.90 depending on 
the nature of the loading, bending, tension, compression, or shear. The 
safety margin 1n the load factor and ultimate strength design procedures are 
applied to the load factors and the capacity reduction factors. 

The design of metallic components which make up the containment systems, such 
as equipment and personnel hatches, air locks and penetrations, has followed 
typical U.S. or Canadian pressure vessel and containment vessel design 
practice. 

3.4.2 Pickering A Containment Design 

The Pickering A concrete containment design appears to be as follows: 

Normal 
D +• L + (Pa or Pv) + T + H0 Allowable 

Normal + Severe Environmental Design 
D +• L + (Pa or Pv) +• T + H0 + (W or E ) N B C Stress 
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Notation 

D Dead loads. 

E N B C Earthquake Forces generated by the National Building Code of Canada. 

HQ Maximum pipe reactions during normal or accident conditions. 

L Live loads. 

P, Design basis accident pressure. 
a 

P Negative pressure due to any design basis negative pressure. 

T Thermal effects and loads during normal or accident conditions normal 

operating conditions. 

W N B C Loads generated by the National Building Code of Canada design wind 
specified for the site. 

"Iho allowable design stresses and method of analysis are as contained 1n NBCC 
Standard - 1963 (see also CSA Standard A 23.2 - Code for Design of Plain and 
Reinforced Concrete Structures). 

3.4.3 Pickering B Containment Design 

The I'lckering 8 concrete containment design appears to be as follows: 

Test 
D * L + 1 . 1 5 P a + T + W + H0 Allowable 

Normal Design 
D + >- + Pv + T + H0 +• F s d e or W Stress 

Abnormal Loads. This category Includes all loads which are expected during a 
postulated accident within a concrete containment combined with an abnormal 
environmental effect. 

D + L +• Pa + T 0 + W + Ha + Yr + Yj + Fsde (33 percent 
Increase 1n normal allowable stress) 

Abnormal/Extreme Environmental Loads. This category Includes all loads that 
result from the postulated combined occurrences of abnormal and extreme 
environmental effects. 

90 percent fy 
D + L +(Pa or Pv) + T0 + W + Ha + Yr + Yj + ?àbe 75 Percent f'c 

Notation 

D Dead loads. 

f Specified compressive strength of concrete. 

f Specified yield strength of non-prestressed reinforcing. 
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F . Forces generated by the site design earthquake. 

F.. Forces generated by the design basis earthquake. 

H, Maximum pipe reactions from thermal conditions generated by the design 
a 

accident (H Included). 

H Maximum pipe reactions during normal operating or shutdown conditions. 

L Live Loads. 

P, Design accident pressure. 
a 

P Negative pressure due to any cause, Including negative pressures 

caused by Inadvertent opening or the pressure relief valves. 

T Thermal effects and loads during construction (T ) test (T.), 

normal operating (T ) and shutdown (T ) conditions. (T 1s used 

for the abnormal and abnormal/extreme loads since the accident 

pressure does not last for a sufficiently long time for the higher 

temperature to penetrate the concrete significantly). 

T Thermal effects and loads generated by the postulated accident. 

W Loads generated by the design wind specified for the site. 

Y Load (reaction) on the containment component or element from the 

rupture of a high-energy pipe during the postulated accident. 

Y. 3et Impingement on the containment component or element from the 

rupture of high-energy pipe during the postulated accident. (Jet 

Impingement loads are considered to be those pertaining to heat 

transport piping). 
Ho« Ha« Yr n a v e z e r o values for the Pickering GS B containment since the 
pipes are not tied to the containment structure. 

The effects on the Integrity of the containment resulting from strains 
produced by the various loading combinations has been carefully examined. 

The allowable design stress and methods of analysis are as contained 1n NBCC 
Standard - 1970 (see also CSA Standard A.23.2 Code for the Design of Plain and 
Reinforced Concrete Structures). 

3.4.4 Bruce A Containment Design 

The Bruce A concrete containment design appears to be as follows: 

Test 
D +• L + Pt + T 0 Allowable de-

Normal sign 
D f L +(PV or P v o ) *

 To + Fw * Ho stresses. 
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Abnormal Loads 
D + L + Pa + T 0 + Fw + H0 (33 per cent 

Increase 1n 
normal 
allowable) 

Abnormal/extreme environmental loads. 
D + L + (Pa or Pv> + T0 + Fw + H0 

Environmental 
D + L + T 0 + Fu * Yv + H0 

Notation 
D Dead loads. 

Fw Loads generated by the NBCC earthquake or design wind specified for the 

site 1n accordance with the requirements of the National Building Code, 

and for a probability of 1 1n 100 of being exceeded 1n any one year. 

H Maximum pipe reactions during normal operating or shutdown conditions. 

L Live Loads. 

P Design accident pressure. 

P. Test pressure. 

P Negative pressure due to any cause, Including negative pressures caused by 

Inadvertent opening of the pressure relief valves. 

P Continuous maximum negative pressure existing throughout the entire 

operating, shutdown or test period. 

Thermally Induced loads during cons 

shut down conditions, respectively, as applicable. 

Load (reaction) on the containment component or el 

of a high energy pipe during the postulated accident. 

T Thermally Induced loads during construction, test, normal operating and 

Y Load (reaction) on the containment component or element from the rupture 

The allowable design stresses and methods of analysis are as contained 1n NBCC 
Standard 1965 (see also CSA Standard A.23.2 Code for the Design of Plain and 
Reinforced Concrete Structures). 

3.4.5 Bruce B 

The Bruce B concrete containment design appears to be as follows: 

Test 
\2.0Pa) 

1.4D * 1.7SC + 1.7L * 1.4Fp + ^1.7PV\+ 1.4T0 
1.7Pvo) 

Normal 

1.4D + 1 .7S C +• 1 . 7 L p + 1 .4F p + l - 7 / P v o V 1 - 4 T o 
* 1 . 8 F s d e 

1.7W 4- 1 . 7 H 0 
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Abnormal Loads. 

Abnormal 
1.0D + 1.0SC + 1.0L + l.OFp + 1.5Pa + 1.0Ta + 1.0Ha + 

Environmental 
1.0D + 1.0SC + l.OL + l.OFp + 1.0PVO 

Çdbê) 
+ 1.0To + l.OJ Wj+ 1.0Ho 

Pv and Pa multiplied by the appropriate load factor need not be larger 
than 20 ps1 gauge under any circumstance. 

Abnormal/Extreme environmental loads. 

.0SC + l.OL + l.OFp + 1.0;PVS+ 1.0T0 
e + 1.0H0 ^ J 

1.0D + 1 
+ l.OFdbe 

Notation 

D Dead Loads. 

F Prestresslng loads. 
P 
F . Forces generated by the site design earthquake. 

F.. Forces generated by the design basis earthquake. 

H Maximum pipe reactions from thermal conditions generated during the 
â 

severest possible accident. 

H Maximum pipe reactions during normal operating or shutdown conditions. 

L Live loads. 

P. Design accident pressure. 

P Reduced accident pressure. 

P Negative pressure due to any cause, Including negative pressures 

caused by Inadvertent opening of the pressure relief valves. 

P Continuous maximum negative pressure existing throughout the entire 

operating, shutdown or test period. 

S Forces Induced by shrinkage and creep for the category under 

consideration. 

T Thermally Induced loads generated during the postulated accident. 
3 

T Thermally Induced loads during construction, test, normal operating 

and shutdown conditions, respectively, as applicable. 
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W Loads generated by the design wind specified for the site 1n 

accordance with the requirements of the National Building Code, and 

for a probability of 1 1n 100 of being exceeded 1n any one year. 

Y Load (reaction) on the containment component or element from the 

rupture of a high energy pipe during the posulated accident. 

Y. 3et Impingement on the containment component or element from the 

rupture of a high energy pipe during the postulated accident. 

The allowable design loads and methods of analysis are as contained 1n NBCC 
Standard 1975 and are also Intended to meet the Intent of CSA Standard N 287.3 
- 1975 Draft. 

3.4.6 Darlington 

The Darlington station concrete containment follows design requirements as 
contained 1n Design Manuals for the reactor building Including the fuel duct -
SCI 21100, the vacuum structure - SCL 26100 and the pressure relief duct - SCI 
26200. As a practical matter the design basis for containment 1s similar to 
that shown for the Bruce B plant with the addition of a 200 Mph (318 Kph) 
rotational and 60 Mph (96 Kph) translatlonal tornado wind, related missile 
loads and the accident explosion pressure resulting from a rail car containing 
61.5 Mg of TNT at the nearby CNR Une and a hydrogen explosion at the tritium 
recovery facility. 

The effective dates and various applicable design codes and standards are 
specifically identified 1n the Systems Classification List which 1s part of 
the Darlington Safety Report. 

3.5 Review of Design Manuals and Sample Calculations 

3.5.1 Introduction 

In order to determine the design adequacy, hence the design safety of Ontario 
Hydro containments, four random sample calculations were requested and 
reviewed 1n detail by Dr. Stevenson together with cognizant Individuals from 
the Ontario Hydro engineering staff. The design manuals for various 
components which are Intended to transmit the general design requirements from 
the Safety Analysis Reports to specific requirements for the structure or 
component in question have also been reviewed. 

1.5.2 Pickering A Containment Basemat and Cylindrical Junction Design 

The file calculations for the basemat to containment shell juncture were 
revised In detail. These calculations were prepared in 1965. The design was 
developed on the basis of no upward tension loading on the joint, with the 
joint allowed to rotate thereby eliminating design bending moments at the 
joint. The joint, however, was detailed 1n such a manner that it would resist 
radial displacement as a result of Internal or external pressure loads. As a 
result, a radial shear load would develop in the joint. The design made use 
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of closed form solutions from classical texts on theory of plates and shells 
and elasticity 1n performing the analysis. 

The resultant design was compared to the applicable loading requirements 1n 
the applicable Design Manuals and found adequate. 

3.5.3 Bruce Containment (Reactor Vault) Containment Basemat Analysis 

The file calculations for the design of the basemat of the Bruce A reactor 
vault portion of containment was reviewed. These calculations were prepared 
1n 1970. The design was based on the computation of uniform pressure loads on 
the foundation from dead weight, design pressure and earthquake loading 
conditions. The loading diagrams used assumed linear elastic distribution of 
stresses consistent with conventional foundation design practice. 

The design was determined to be adequate for the applicable loading conditions. 

3.5.4 Seismic Qualification of Darllnton Pressure Relief Valves 

The file calculations used to selsmlcally qualify the Darlington Containment 
Pressure Relief Valves have been reviewed. The design evaluation of the 
valves was compared to applicable loading requirements and resultant stress 
levels were reviewed. The design and functional adequacy of the valves are 
adequate. 

3.5.5 Darlington Vacuum Building Shell Design 

The Darllnton Vacuum Building Shell design file calculations were reviewed 1n 
detail. The file contained the original design calculation, as well as the 
design verification calculation, Including the associated computers output. 
Based on this review, the design was determined to have considered the 
applicable loading conditions from the Design Manual. Because of the large 
volume of computer output, 1t was not possible to assess design adequacy 
directly. However, considering that there were three separate verifications 
of design adequacy 1n the file, 1t would appear the design 1s adequate. 

3.5.6 Conclusion 

While design adequacy hence the design safety of the containment structures 
and components reviewed 1n the Pickering, Bruce and Darlington Stations has 
been demonstrated, some comments regarding Ontario Hydro design qualification 
procedures seems warrented. 

It should be understood that design calculations for engineered structures and 
components until relatively recently were not considered part of the design 
documentation of record. Design documentation of record has been limited 
historically to plans (drawings) and specifications. Calculations, 1f they 
were made at all, simply were meant to confirm or reinforce the judgment of 
the engineer who preparrd the drawings or specifications and were not 
considered one of the design documents of record. 
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The nuclear Industry In general, and ASHE Boiler and Pressure Vessel Code 1n 
particular, have changed the status of design calculations 1n requiring design 
or stress reports be prepared as design documents requiring a Professional 
Engineer's seal. 

In the Pickering and Bruce station designs, the original calculations appear 
to have been verified by checking and approval within the same group that 
prepared the original calculations. This was done typically within days or 
weeks of the original calculations. Darlington Station seems to have adopted 
the more modern quality assurance procedure of design calculation verification 
by an organization Independent of the original preparing organization. Such 
verifications seem to be performed months or even years after the orignal 
calculation 1s finished. This means that 1t 1s quite possible that a 
particular structure or component will be built or Installed before Its design 
1s verified. Safety 1s not an Issue here because verification would take 
place before operation. However, 1t 1s strongly recommended that design 
adequacy should be determined prior to construction or Installation. It 1s 
recommended that Ontario Hydro engineering management would be prudent to 
consider Implementation of procedures to Insure checking and approval of 
designs prior to construction or Installation rather than operation. 

4.0 CONTAINMENT CONSTRUCTION EXPERIENCE 

Construction experience as 1t relates to safety of Ontario Hydro plant 
containment 1s contained 1n a number of construction documents. These 
documents 1n the past have been Identified as follows: 

o Nonconformance Reports 
o Test Reports (where failure to meet test acceptance criteria were 

noted) 
o Construction Notices of Deviation 
o External Work Requests 
o Turnover Record Continuation 

The formal documentation of problems or non-conformances at Ontario Hydro 
construction sites began about 1980 and are being carried out at all of the 
sites where new construction activities are 1n progress. For this reason, 
only Bruce and Darlington Sites have extensive documentation relative to 
problems encountered during construction. 

The basis and format for the preparation of Nonconformance Reports are found 
1n the General Procedures for each plant. In Appendix B of this report 1s 
found the procedure for preparation of a Nonconformance Report for Bruce B 
Station. Also, assembled 1n Appendix B are the reports on the Bruce A and B 
Station which bear on quality or problems during construction plus a listing 
of the Nonconformance Reports Issued to date for the Darlington Station. 

A review of these Nonconformance Reports and lists plus other problems 
reported to construction do not reveal any problems which are significant for 
the safe operation of the containments at the Pickering, Bruce and Darllnaton 
Sites. 
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5.0 CONTAINMENT OPERATING EXPERIENCE 

5.1 Introduction 

The operating experience 1n all the Ontario Hydro plants 1s summarized 1n 
Quarterly Technical Reports which are prepared by each of the Ontario Hydro 
Stations. Originally these reports were broken down Into 10 parts as follows: 

Part 1 

Part 2 

Part 3 

Part 4 

Part 5 

Part 6 

Part 7 

Part 8 

Part 9 

Part 10 

Summary 

Performance Data 

Review of Major Systems 

Significant Events 

Prescribed Materials 

Chemical Control 

Personnel 

Radiation Control 

Station Emergency Procedures 

Safety Systems Reliability 

More recently Part 4 has been eliminated leaving a nine part format. Of the 
parts listed, Part 1 Summary, Part 4 Significant Events where available and 
Part 10 Safety Systems Reliability are of particular Interest 1n evaluating 
safe operation of the Ontario Hydro containments. The basic 1nava1lab1l1ty 
target for containment for Ontario Hydro stations 1s 365/1000 = .365 days or 
8.75 hours per year. 

For Pickering A Station, the Fourth Quarter Technical Reports which also 
summarize the year's experience have been reviewed from 1973-1986. For 
Pickering B, the 1982-1986, Bruce A 1980-1986 and Bruce B 1984-1986 Fourth 
Quarter reports have been reviewed. The material contained 1n Section 5 of 
this report 1s a summary of the results of that review. 

The primary means by which operations related safety concerns are Identified 
are Significant Event Reports (SER). 

An SER 1s prepared following the occurrence of an unplanned event that causes 
or has the potential to cause an undesirable Impact upon the plant's targets 
and objectives 1n the areas of Worker Safety, Public Safety, Environmental 
Protection, Product Cost and Product Reliability. 

The criteria, 1n the area of Public Safety, used to determine the requirement 
to prepare an SER are presented 1n Table 5.1. 

SERs are prepared Immediately following an event. The SER documents events 
and conditions as perceived at that time, Including any recommendations for 
corrective action. 
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The SER serves several functions both short and long term. In the short term, 
1t brings the event to the attention of station management so that Immediate 
corrective action may be taken and longer term actions Initiated. The status 
of action Items are reported 1n SER follow-up reports until all actions 
resulting from the analysis of the SER are complete. 

In the long term, SERs are reviewed by operations' support and design based 
groups. The function of the review process 1s to Identify specific 
defidences«or developing deteriorating trends associated with equipment 
performance, plant procedures and human performance. The results of the SER 
analysis are communicated to the relevant work group or department within 
Ontario Hydro for Information or corrective action. 

5.2 Pickering A Station 

The containment of operating experience and 1n particular losses of 
containment Integrity for Pickering A Station are summarized as follows: 

A - 1973 

Losses of containment occurred four times in the quarter as a result of 
airlock door seal failures. The faults were Unit 1 ALT Inner door seal on 
December 4, Unit 3 AL2 outer equipment door seal on September 15, Unit 3 AL1 
outer equipment door seal on December 13 and again on December 14. When the 
outer door seal 1s ruptured, the loss of containment lasts for the duration of 
the seal failure via the pressure equalizing bar that normally maintains an 
opening between the airlock and the reactor building. When the fault 1s on 
the inner door the loss of containment lasts only for the times the outer door 
1s opened. 

Hlsoperation of the airlocks, particularly during maintenance, has been a 
continuing problem. Design improvements are being investigated, but in the 
meantime flowsheets have been improved, valves have been tagged and certain 
Isolating valves have been padlocked open. 

There were two iodine stack monitor faults (October 5 and November 15, both on 
Unit 1). In each case the weekly test showed the monitor was significantly 
out of calibration. 

B - 1974 

Containment system unavailability in 1974 was within the target on all units 
but unit 2. In June a unit 2 reactor building pipe penetration was found to 
have a 20 square inch opening which appeared to have been present for several 
months at least. This would have caused an activity release greater than the 
Siting Guide limit following a loss of regulation and failure to shut down in 
unit 2. 

Except for unit 2, which had no significant faults, the emergency core cooling 
system unavailability 1n all units was higher than the target, mostly due to 
several valve faults as described in part 10 of the 1974 4th Quarterly 
Technical Report. 
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There were no dual failures, and the expected future frequency of dual 
failures 1s within the Siting Guide target. 

C - 1975 

The were four airlock faults 1n 1975. 

A leak search was done during the October 1975 outage with the building 
pressurized to 7 kPa(g) (1 pslg). The method used 1s described 1n the 1975 
1st Quarter Technical Report 3. 

Minor leaks were found during the test and were sealed with a silicone rubber 
sealing compound. 

0 - 1976 

A 15 square Inch opening to the relief duct existed for 3 days. During a 
routine airlock check on March 9, the outer door seals of the pressure relief 
duct personnel airlock were found deflated with the equalizing valve open to 
the duct. The equalizing valve is being removed on all airlocks. 

E - 1977 

The containment target was met on all units. 

On December 15, 1977, the pressure relief duct door seals were deflated for 3 
hours due to blockage of the common instrument air line. 

Ten airlock faults resulted in "actual past unavailability" of all units. 
The duration of impaired containment was 3 3/4 hours on unit 1, 12 minutes on 
unit 2, 20 minutes on unit 3 and less than a minute on unit 4. Six of the ten 
events were due to ruptured bursting discs. All station airlocks have been 
modified to prevent a recurrence of the rupture bursting disk failures. 

F - 1978 

All containment targets were met. The effectiveness of the containment system 
was reduced for one minute on September 3, 1978 when both inner and outer door 
seals of an airlock on Unit 2 deflated. 

During a routine pressure relief duct airlock inspection on November 18, 1978, 
1t was noted that the Inner door seals of Airlock 1 failed to inflate after 
the door closed. Approval was obtained to open the outer door thereby 
momentarily opening a path through containment in order to repair the Inner 
door. When manual operation of the airlock was initiated, the inner door 
seals inflated prior to the outer door seals deflating and therefore no path 
through containment occurred. The seal inflation - deflation circuit was 
found faulty and repaired. 

G - 1979 

At no time during 1979 was the Containment System inoperable. Some faults did 
occur which would lead to reduced system effectiveness should the system be 
required to operate; namely: 
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(a) The system was Impaired for about one day on September 22 when the 

main vacuum pump failed to trip during routine testing. 

(b) The system was Impaired for about one day on February 3, 1979, when 

two Instrumented Pressure Relief Valves were Isolated. 

H - 1980 

At no time during 1980 was the Containment System Inoperable. One fault 
occurred that resulted 1n actual past unavailability when the suction valve of 
main volume vacuum pump number 3 failed to close resulting 1n 14 hours 
unavailability. 

I - 1981 

At no time during 1981 was the Containment System Inoperable. No faults 
occurred which resulted 1n actual past unavailability. 

0 - 1982 

At no time was the containment system Inoperable. 

K - 1983 

At no time during 1983 was the containment system Inoperable. One fault 
occurred which resulted 1n actual past unavailability, namely: 

On September 22, 1983, a class III transformer 5413-T4 on Unit 4 tripped, 
falling reactor building air cooling units 7311-ACU3, ACU6, ACU12, ACU13 and 
ACU14 (duration 12 minutes). 

L - 1984 

At no time during 1984 was the containment system Inoperable. One type 2 
fault occurred which resulted 1n actual past unavailability, namely: 

On November 30, 1984, an open pathway through airlock 4 on Unit 3 was 
established via a cracked port window (duration 0.03 h). 

M - 1985 

One fault during 1985 occurred which resulted 1n actual past unavailability. 
On August 2, 1985, the window on the Inner door of air lock 3 of Unit 3 was 
crackeJ while the outer door was open (fault duration: 5 minutes). 

N - 1986 

At no time during 1986 was the containment system Inoperable. No events 
occurred which resulted 1n actual past unavailability. 
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D .O r l L M i l I I IM u o i .a i . iu i i 

The containment operating experience and 1n particular losses of containment 
Integrity for Pickering B Station are summarized as follows: 

A - 1982 

At no time 1n 1982 was the system Inoperable. There was one fault of the 
containment system, namely: 

On October 6, 1S82, containment on Unit 5 was breached when the Inner door 
seals of airlock 5 (317' El) deflated while the outer door was open (duration 
one minute). 

B - 1983 

At no time 1n 1983 was the containment system Inoperable. No fault occurred 
that resulted 1n actual past unavailability. 

C - 1984 

On January 27, 1984, while the outer reactor auxiliary building door on air 
lock 6 of Unit 6 was open, the seals on the Inner door deflated 1n an attempt 
to open the Inner door from reactor building side. The outer door was 
promptly closed and the breach of containment was terminated after 30 seconds. 

D - 1985 

On December 7, 1985 during repair of the outer equipment door seals of air 
lock 2113-AL2 of Unit 5, both Inner personnel door seals were found to be 
partially deflated. The Inner personnel door seals were manually Inflated to 
terminate the Impairment. 

E - 1986 

At no time 1n 1986 was the containment system Inoperable. No faults resulting 
1n actual past unavailability occurred. 

5.4 Bruce A Station 

The containment operating experience and 1n particular losses or Impairment of 
containment Integrity for the Bruce A Station from the 4th Quarter Technical 
Reports 1s summarized herein. Unfortunately, unlike Pickering, the 4th 
Quarter reports on Bruce do not appear to summarize the year's experience. 

A-1976 

The containment has operated at -2 to -3kPa(g), Including Unit 1 reactor vault 
1n December, 1976 with no significant leaks Identified. 

A leak rate test a -28kPa(g) was completed with satisfactory results. 
However, on a routine Inspection a week later, eleven of the sixteen main 
pressure relief valves were found to have their upper rolling diaphragms 
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reversed, and blocking the valve opening slots. The valves were repositioned 
and are being inspected daily until modifications to the valves are made. 
Tests at -28kPa(g) will be resumed after modifications. 

B-1977 

The Containment System exceeds target unavailability due to the crediting of 
non-redundant components in safety system assessments. A change will be made 
to improve the system redundancy. There was an eight day potential 
unavailability of the containment system when one preheater airlock was left 
with the Inner door open and the outer door secured by one bolt. 

C-1973 

Containment met actual past unavailability targets. The vault cooling system 
contributed to predicted future and derived past unavailabilities due to a 
lack of redundancy and fan motor overload settings are now corrected so these 
unavailabilities will Improve. 

0-1979 

Containment met Actual Past and Derived Past Unavailability targets. The 
vault cooling system contributed to Predicted Future Unavailability due to a 
lack of redundancy of low pressure service water valves to the vault 
coolers. Another water valve 1s being Installed to provide redundancy. 

E-1980 

Negative Pressure Containment predicted future and actual past unavailability 
met target. 

E-1981 

See Appendix A for details of Containment Operation. 

F-1982 

See Appendix A for details of Containment Operation. 

G-1983 

See Appendix A for details of Containment Operation. 

H-1984 

See Appendix A for details of Containment Operation. 

1-1985 

See Appendix A for details of Containment Operation. 

J-1986 

See Appendix A for details of Containment Operation. 
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5.5 Bruce B Station 

The containment operating experience and 1n particular losses or Impairment of 
containment Integrity for the Bruce B Station from the 4th Quarter Technical 
Reports 1s summarized herein. Unfortunately, unlike Pickering, the 4th 
Quarter reports on Bruce do not appear to summarize the year's experience. 

A-1984 

See Appendix A for details of Containment Operation. 

B-1985 

See Appendix A for details of Containment Operation. 

C-1986 

See Appendix A for details of Containment Operation. 

5.6 Significant Operating Events Related to Containment 

In reviewing the operating history of the Pickering and Bruce Stations, one 
significant event relative to containment was found. 

On March 1, 1985 with Bruce GS B Units 5 and 6 at power, a leak 1n the vacuum 
Building roof seal allowed the Vacuum Building to repressurlze. The main 
chamber pumps were unable to maintain vacuum and the units were shut down as 
per the Abnormal Incidence Manual less than three hours after the fault was 
detected. The failure of the roof seal was traced to a V-shaped tear about 35 
cm long on one leg of the Vee and 10 cm long on the other leg. It was located 
at the Inside lug location of one of the anchor blocks. The three other 
anchor blocks were Inspected and found to be prone to similar tearing. 
Repairs were made to the rubber seal and the anchor blocks and bearing plates 
were modified to alleviate the problem. Subsequently, the Bruce GS A seal was 
Inspected. 

Visual Inspection programs were established for both stations on a twice 
yearly basis. Operating memos were put 1n place outlining contingency actions 
1n the event of a rapid seal failure. Due to concerns over the long term 
performance of the repaired sections and the relatively long manufacturing 
time for replacement seals, spare seals were obtained for both plants. 

6.0 COMPARISON OF CONTAINMENT SYSTEMS USED ON ONTARIO HYDRO PLANTS TO THOSE 
USED AT THREE MILE ISLAND AND CHERNOBYL 

6.1 Comparison with Three Mile Island 

It must be understood that the containment system at Three Mile Island 
performed Its radiation release limitation function very well. The total 
release of radiation as a result of the accident to the public at the limit of 
the site boundary was estimated at 83 mrem. This additional radiation dose 1s 
equivalent to person living 1n Denver, Colorado as compared to Toronto, 
Ontario for a period of 8 months. 
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This radiation release was directly from the primary auxiliary building rather 
than containment. The reason for the radiation release that did occur was 
failure of the containment to Isolate radioactive reactor coolant water which 
collected 1n the containment sump and was automatically pumped Into the 
radioactive waste storage tanks 1n the auxiliary building. A blown rupture 
disk on these tanks allowed the radioactive water to collect on the floor of 
the auxiliary building. Fission product gases were picked up by the auxiliary 
building ventilation system. 

After filtering, they were released by the stack. The filters removed much of 
the chemically active gases like Iodine but had little effect on the Inert 
noble gases. 

In addition to the release of relatively small amounts of radioactivity, a 
hydrogen deflagration (burn) occurred at THI with a peak pressure of about 28 
ps1 1n containment. This peak pressure 1s about one half of the design 
pressure for the containment. The hydrogen was generated primarily by 
zirconium water reactions due to the high core temperature. 

As a result of the THI experience new equipment and procedures have been 
Installed 1n all Ontario Hydro containments. In particular, hydrogen Igniters 
have been Installed to Insure that sufficient quantities of hydrogen can not 
accumulate which would permit a hydrogen deflagration or detonation 1n the 
event of severe overheating of the reactor core. It should also be understood 
that the total Ontario Hydro containment system has a larger volume and much 
reduced Inventory of air because of the vacuum feature and therefore would 
have significantly reduced hydrogen deflagration pressures as compared to the 
TMI experience. 

6.2 Comparison to Chernobyl 

Aside from the differences 1n reactor and reactor control system which exist 
between the Chernobyl and Ontario Hydro plants there 1s also a significant 
difference 1n containment design between the two plants. The Chernobyl 
containment design appeared to be limited to those portions of the reactor 
coolant system which contained high energy heat transport fluid. The reactor 
vessel Itself which contained a graphite moderator, while designed as a 
pressure vessel, was not Included within a containment structure. Instead, 1t 
was enclosed by a standard Industrial confinement structure which was not 
designed for any significant pressure load. As a result, when the Chernobyl 
reactor core disassembled and the reactor vessel ruptured, there was no 
containment vessel available to contain the consequences. This resulted 1n a 
direct release of the reactor core Inventory to the environment. While not a 
design bases, this would not be the case for Ontario Hydro reactor since 
containment would be available to carry the pressures resulting from 
postulated vessel rupture. It should also be understood that the heavy water 
moderator 1n the CANDU reactor, as compared to graphite 1n the Chernobyl 
reactor, would act as a much more effective heat sink for a core disassembly. 
Also, the water moderator would not burn thereby adding additional energy to 
the accident. 

It can be concluded that the basic design of the reactor core as well as the 
provision of a containment structure make a Chernobyl type accident an 
1ncred1table event at an Ontario Hydro nuclear power station. 
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7.0 SUMMARY AND CONCLUSION 

A comprehensive review of Ontario Hydro's Containment structures, components 
and systems design bases, sample design calculations and containment 
construction and operating practices and experience has been performed. As a 
result of this review, 1t 1s concluded 1n general that such containments 
provide a level of safety consistent with an undefined radiological threat to 
public health and safety on an absolute basis associated with a probability of 
occurance 1n the one over one to ten million range. Saftey on relative basis 
by comparison to design, construction and operation practices as defined by 
the IAEA and other nuclear power countries such as the United States, W. 
Germany and France has also been demonstrated. 

However, there are two Items which have been observed which 1t 1s believe 
should be evaluated further 1n order to assure a desired level of safety 
consistent with a rational cost-benefit trade off and the absolute and 
comparative safety basis Identified above. 

1. Evaluate the Bruce A containment and reactor system component 
Integrity for a potential turbine missile 

2. Review fire protection requirements for all containments 1n light 
of International guidelines published by IAEA. 

It should be understood the scope of this evaluation 1s limited to natural and 
accident events as the design basis. It has not Included evaluations of 
deliberate man Induced events. Also, the evaluation has been limited to 
public health and safety aspects of containment. It has not evaluated the 
cost effectiveness or prudency of Ontario Hydro's management of the 
containment's design, construction or operation. 
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Table 2.1 Comparison of High Energy Fluid Inventories as Part of the Primary 
Systems of Water Reactors for a Nominal 800 HWe Size Plant 

PHWR 200 x 103 Kg 

PWR 330 x 103 Kg 

BWR 500 x 103 Kg 
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TABLE 2.2 PRINCIPAL CONTAINMENT SYSTEMS 

Confinement: Reactor systems enclosed in a low leakage 
building/ filtered discharge and negative 
pressure. 

Lo» Pressure: Large diameter hemispherical dome, 35 kPa. 

Medium Pressure: Low leakage PWR steel or steel lined concrete 
structure (0.2 to 0.5 MPa) . Variants in France 
and U.S. 

High Pressure: Low leakage, PWR for pressures 0.5 MPa, steel 
vessel (FRG, U.S. and France). 

Pressure Suppression: BWR system within compact low leakage steel or 
steel lined concrete structure, water and drywell 
energy suppression. 

Ice Condenser: A PWR energy suppression system 

CANDU Pressure Suppression: Reactor and primary systems within steel lined 
prestressed concrete containment at negative 
pressure. Pressure suppression by dousing. 

CANDU Shared Containment: Large prestressed concrete containment at 
negative pressure surrounding multi-units 
connected to vacuum building. Pressure control 
via dousing and filtered venting.. 

TABLE _2.3 OTHER SYSTEMS IN USE OR STUDIED 

Multiple Containment: Two pressure retaining low leakage barriers 

Pressure Release: Controlled filtered venting and scrubbing 

Stronger Containment: Increased wall thickness for 0.85 M?a 

Shallow Underground: Standard containment with 10 m overburden 

Deep Underground: Containment 30 m underground, turbine at grade 

Increased Volume: Double normal volume,. 0.42 MPa pressure 

Compartment Venting: Vented to high pressure structure with douse 

Core Catcher Containment Permit Core melt to inert gravel bed within containment 

Evacuated Containment: Operates at 35 k?a or less. 
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Table 3. i CONTAINMENT DESIGN AND OPERATING PARAMETERS 

DESIGN PRESSURE 

OPERATING PRESSURE 

VOLUME 

PEAK LOCA 

UNITS 

KPA(G)(PSIG) 

M3 FT3 

CONT. 

VAC. BLDG 

CONT. 

VAC. BLDG, 

CONT. 

VAC. BLDG 

CONT. 

VAC. BLDG 

PICKERING 

42(6.2) 

0 

-0.5(-0.07) 

-94(-13.7) 
• 

439,000 
fi 

(15.5 X10 ) 
82,000 

24(3.5) 

-7(-1) 

BRUCEA 

6.3(10) 

49(7.1) 

-3.0(-0.44) 

-94 (-1-3.7) 

100,000 

64,000 

89(13) 

-11 (-1.6) 

BRUCEB 

83(12) 

49(7.1) 

-3.0(-0.44) 

-94(-13.7) 

100,000 

64,000 

89(13) 

-11(-1.6) 

DARLINGTON A 

96(14) 

96(14) 

-3.0(-0.44) 

-94(-13.7) 

100,000 

95,000 

29(4.2) 

4(0.6) 
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Table 3.2 Design Consideration for Ontario Hydro Nuclear Generating Stations 

A. 

B. 

X 
0 
-

0) 
(2) 
(3) 
(4) 
(5) 

(6) 
(7) 
(8) 
(9) 

Normal Design Loads 
(1) Deadweight 
(2) Temperature 
(3) Pressure 
(4) Water Hammer 
(5) Vibration 

Abnormal Design loads 
(1) Earthquake 
(2) Wind 
(3) External Flood 
(4) Pipe Break 

a. Jet Impingement 
b. Pipewhip 
c. Compartment Pressuri 

zation & Flooding 
(5) Hydrogen Deflagration 
(6) Turbine Missile 
(7) Internal Missile 
(8) Tornado 
(9) External Explosion 
(10) Aircraft Crash 

a. Small < 5000Kg 
b. Large > 5000Kg 

(11) Fire 

Normally Considered in Desi 
Not Considered in Design 
Consideration in Design Not 
Design Requirements of the 

Pickering A 
1964-71 

X 
X 
X 
(9) 
(8) 

(1) 
(1) 
(1) 

0 
0 

i-
0 
0 
0 
17) 
0 
(4) 

0 
(6) 
(1) 

gn 

; Determined 
National Buildii 

Acceleration Levels as Determined By Canad 
Acceleration Levels as Determined by Canad 

Bruce A 
1969-76 

X 
X 
X 
(9) 
(8) 

(1) 
(1) 
(1) 

0 
0 

0 
0 
0 
(7) 
0 
(4) 

0 
(6) 
(1) 

Pii ckering 
1974-82 

rig Code of Canada 
ian Seismo 
ian Design 

Considered on a Site by Site Basis as a Function of 1 

logists 

X 
X 
X 
(9) 
(8) 

(2) 
(1) 
(1) 

X 
X 

(5) 
(5) 
0 
(7) 
0 
(4) 

0 
(6) 
(1) 

B Bruce B 
1975-85 

X 
X 
X 
(9) 
(8) 

(2) 
(1) • 
(1) 
(1) 
X 
X 

(5) 
(5) 
X 
17) 
0 
(4) 

0 
(6) 
(1) 

and Analytical Methods as 
Standards CSA 
Potent it 

Not Originally Considered as a Design Basis but Subsequent E 
Withstanding Postulated Hydrogen Deflagrat 
Determined to be of Very Low Probability (. 
Not Considered in CANDU Oes 
Evaluation during start up. 

ign; No Obvious 

Considered on a Case by Case Basis if not I 

ion 
10-7/yr 

N289 and CSA N287 
il Sources of Explosion 
ivaluation h; 

Source of Such Missiles 

Eliminated by Operating P rocec 

Darl 
1977-

Devel 

ington 
-88 

X 
X 
X 
(9) 
(8) 

(3) 
(1) 
(1) 
(1) 
X 
X 

(5) 
(5) 
X 
(7) 
X 
X 

0 
(6) 
(1) 

Future 

oped by USNRC 

JS Shown Structure Capable 

lures 

of 

NGS 

(3) 
(1) 
(1) 
(1) 
X 
X 

X 
(5) 
X 
(7) 
X 
X 

0 
(6) 
(1) 



Table 3.3 Current Design Load Considerations for Nuclear Power Stations Worldwide 
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Loads or Load Effects CANADA U.S W. GERMANY FRANCE JAPAN 

A. Normal Design Loads 
1) 
2) 
3) 
4) 
5) 

Dead 
Temperature 
Pressure 
Water Hammer 
Vibration 

B. Abnormal Design Loads 
1) 
2) 
3) 
4) 

5) 
6) 
7) 
8) 
9) 

Earthquake 
Wind 
External Flood 
Pipe Break's) 
(a) Jet Impingement 
(b) Pipewhip 
(c) Compartment 

Pressurization 
and Flooding 

Hydrogen Deflagration 
Turbine Missile 
Internal Missile 
Tornado 
External Explosion 

10) Aircraft Crash 

ID 

a) Small < 5000Kg 
b) Large > 5000 Kg 
Fire 

X 
X 
X 

(11 
(2) 

(3) 
X 
X 
X 
X 
X 
X 

(5) 
X 
0 
X 
(6) 

0 
(8) 
X 

X 
X 
X 

PI 
(2) 

X 
X 
X 
X 
X 
X 
X 

0 
(8) 
X 
X 
(6) 

(7) 
(8) 
(9) 

X 
X 
X 

i1! 
(2) 

X 
X 
X 
X 
X 
X 
X 

0 
(8) 
-
0 
X 

(7) 
X 
X 

X 
X 
X 

PI (2) 

(4) 
X 
X 
X 
X 
X 
X 

0 
(8) 
-
0 
(6) 

X 
(8) 
X 

X 
X 
X 

PI 
(2) 

(4) 
X 
X 
X 
X 
X 
X 

0 
(8) 

0 
(6) 

0 
(8) 
X 

x Normally Considered in Design 
0 Not Considered in Design 

Consideration in Design Not Determined 
(1) Considered on a Case By Case Basis if Cannot be Eliminated by Operating Procedures 
(2) Evaluated and Considered in the Field During Start-up 
(3) Considers Single-Design Earthquake 
(4) Considers Single Design Earthquake on Some Components 
(5) Ontario Hydro Units Have Been Evaluated for Effects of Hydrogen Deflagration 
(6) Considered on Site Specfic Basis 
(7) Assumed to Covered by Other Loading 
(8) Ruled out Based on Low Probability 
(9) Uses More Stringent Nuclear Plant Specific Criteria 
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TABLE 3.4 Summary of PWR Containment Internal Design Missiles 

Missile Impact 
Typical Examples of Weight Velocity 
Postulated Missiles (lbs) (ft/sec) 

1. Control Rod Mechanism Top Cap 133 150 
and Drive Rod Assembly 

2. Safety Valve Bonnet 350 110 

3. 3 Inch Motor Operated Isolation 400 135 
Valve Bonnet (Plus Motor and Stem) 

4. 3 Inch A1r Operated Relief 75 115 
Valve Bonnet (Plus Stem) 

5. 4 Inch A1r Operated Spray Valve 200 190 

6. Piping Temperature Element Assembly 15.2 120 

7. Reactor Coolant Pump Temperature 0.25 260 
Element 

8. Instrument Well of Pressurlzer 5.5 100 

9. Pressurlzer Heaters 15 55 
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Tabla -̂5.1 

Public Safety Related SE3 Preparation Criteria 

1. An injury to a member of the public. 

2. A release of radioactivity which exceeds 10% of a regulatory approved 
derived emission limit. 

3. A Type 1, 2 or 3 fault of a safety system. 

4. A Type A, B or C process system failure. 

5. Any station condition for which a report is a specific licensing 
requirement. 

6. An unplanned reactor, turbine, or generator trip from any power level. 

Definitions 

Type 1 Fault - Totally incapacitates a safety system. 

Type 2 Fault - Prevents a safety systam from meeting its overall intent, but 
significant benefit will still be gained from system 
operation. 

Type 3 Fault - Loss of redundancy built into a safety system. 

Type A Fault - Process failure will result in significant fuel failures or 
radioactive releases but for the mitigating effects of 
special safety system action. 

Type B Fault - "Near-miss" Type A fault. 

Type C Fault - Process failure will result in increase of fuel temperature, 
but significant fuel failures would not occur even in the 
absence of special safety system action. 
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Pickering Vacuum Building and Relief Duct 26100-0001:2 
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12 CATCH BASIN 
13 ROOF.WALL SEAL 
14 SASEMENT 
15 REVERSE FLOW VALVE 

FIGURE 2.19 

Bruce Vacuum Building and Valve Manifold 
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FIGURE 2.20 

Darlington Vacuum Structure Cross Section 
26100 0002:2 
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Figure 3.1 Comparison of Selected U.S. and Canadian Earthquake Site Zero 
Period Ground Acceleration Design Parameters 
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