I * Canadian Nuclear Commission canadienne
Safety Commission  de sireté nucléaire

Written Submission from
Dr. Sunil Nijhawan

In the matter of the

Ontario Power Generation Inc.

Application to renew power reactor
operating licence for the Darlington
Nuclear Generating Station

Commission Public Hearing
Part-2

June 24-26, 2025

Document ID: DAMZHJW66V33-166150894-1473

CMD 25-H2.67

Date: 2025-05-22

Mémoire de
Dr. Sunil Nijhawan

Alégard o’

Ontario Power Generation Inc.

Demande concernant le renouvellement
du permis d’exploitation d’un réacteur de
puissance pour la centrale nucléaire de
Darlington

Audience publique de la Commission
Partie-2

24-26 juin 2025

i+l

Canada



Sunil Nijhawan REVISED submission to CNSC — 22 May 2025 for hearings on OPG 30 year license extension application for Darlington NGS

My REVISED technically based objections to extending Darlington NGS operating license by any
more than 3 years are based on its utter failure in successfully mitigating severe accidents, thus
putting the most populous province in my beloved country at great risk.

Sunil Nijhawan, Ph.D, P.Eng.

22 May 2025

The original submission for consideration by the CNSC members by me, a Canadian nuclear engineer with 45 years of
technical experience in CANDU reactor design and safety assessments submission, was largely an easier to read, reformatted,
largely verbatim reproduction of a technically peer reviewed and widely circulated paper published in the proceedings of the
28™ international conference in nuclear engineering (ICONE-28) in 2020 at Anaheim, California. Title of that ICONE28-Power
2020 paper is— ‘Unmet Challenges to Successfully Mitigating Severe Accidents in Multi Unit CANDU Reactors’. That paper
summarized the technical reasons why Darlington reactors need a design overhaul in interest of public safety and is very
relevant to the discussions about a license extension and safe continued operations. CNSC technical staff engaging with me on
behest of previous CNSC president Rumina Velshi in 2023-2024 were given a copy of that paper at various occasions.

This revised submission has been prepared by me upon instructions by the CNSC registry in a letter to revise my original
submission to meet within a week their expectations of ‘civility and decorum’ in submissions. In submitting the following in
interest of public safety - I am happy to engage with CNSC members in the spirit of their legislated mandate to do their best to
ensure the safety of my fellow Canadians.

Certain ‘offending’ words and paragraphs are blacked out in the following to meet the interpretation of code of conduct
requirements set by the senior CNSC registry officer in rejecting my original submission. Newly added words are underlined.
[ have agreed to revise the text in interest of my country because the consequences of not doing so can have historic
consequences. For example, as documented in the Pickering safety reports and true of all CANDU reactors should a simple
feedwater pipe failure — a design basis accident more likely in an ageing reactor - induced uncontrolled overpressure failure
of reactor pressure boundary devastate Ontario, this submission will come in handy in understanding how we could have
avoided it. I note that my colleagues within CNSC staff have taken no action to fix that only one of a dozen design errors in
Darlington that they finally agreed with me in meetings facilitated under a CNSC president initiated contract 23 years after it
was first brought to their attention by me in 2001.

1t is hoped that we can work together to help OPG take progressive steps to lower the risk profile of the Darlington reactors
over the next thirty years by fixing the design deficiencies and preparing the provincial EMOs with realistic estimates of releases
from the reactor in case of accidents. This can only be done by limiting every license extension to a 3 to 5 year period over
which technical progress can be made to reduce the vulnerabilities outlined in this submission.

SUMMARY

Operating CANDU reactors at Darlington, in spite of the expensive

‘refurbishments’ are now close to being obsolete but have barely seen any substantive severe accident
related risk reduction upgrades fourteen years after Fukushima, h some minor
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improvements and premature closure of even otherwise sparse and what were ||| ] regulatory
'Fukushima Action Items', notwithstanding.

With a number of common barriers to fission product releases to environment missing or weak,
one would expect the regulator to be extra vigilant in promoting prevention and encouraging delays in
onset of core damage.

At 2%/hour design leakage ( against the international practice of 0.1% per day: and a design

pressure of less than 0.9 bar, the Darlington CANDU station sports some of the weakest and leakiest
containments in the world. With no reactor pressure vessel to isolate the overheating channel and debris,
these leaky containments will directly see un-attenuated fission products releases from the fuel. They will
trap combustible D> gas in interconnected from below inverted cup like crowded reactors vaults to an
increased gas explosion potential. The reactor units have high steam and air oxidation potential on both
sides of over 10 km of low carbon steel feeder piping with over 1800 m? hot surface areas exposed for
each of internal steam and external air oxidation and copious amounts of core Zircaloy (> 50,000 kg, twice
of that in a BWR of similar power).

Combustible gas detection and mitigation systems are designed for Hydrogen (Hz) instead of
Deuterium (D2) gas in these D2O cooled and D,O moderated PHWRs. At the last hearings some OPG
senior manager claimed that ‘research’ showed there was no difference between the heavier isotope D2
and H2, an alarming claim that is indicative of the reason for my request to the Commission to deny the
OPG request for a 30 year license, a focal point of making this submission. The pressure relief systems in
primary cooling and moderating systems are dangerously inadequate, resulting likely in potential pressure
boundary ruptures and early containment bypass, accelerated onset of core damage and vessel failures.
Backup diesel generators are located low and close to water as in Fukushima. Sient fuel iools are

overcrowded with horizontally stacked fuel bundles akin fish in fish-baskets. Yet, th
—low oft-site releases [3] and _ assumption of an early

core collapse terminating further core degradation and releases into containment as facts and ignoring [4]
known design vulnerabilities that amplify risk actively denying [5] even the basic science on high
temperature oxidation of carbon steel [6].

Even more dangerous are the unsubstantiated claims being made of near impossibility of off-site
releases of long lived species from these multi-unit reactors by utility management [7] without any a
challenge by the regulators who are now being asked to rubber stamp a 30-year license extension request
and thus lose any viable control over the safety aspects of the reactor. The life management issues of
ageing, elongating, thinning, hydriding, embrittling and deforming CANDU Pressure Tubes is yet to be
resolved but these obsolete reactors keep getting ever longer license extensions (e.g. for 10 more years,
over 50% beyond original Pickering pressure tube design life - ignoring their own data [8] that suggests
that safe operation cannot be guaranteed due to elongation. There are references to
compliance with un-named IAEA documents and standards. No IAEA document has yet identified or
discussed the PHWR design vulnerabilities that may lead to disastrous outcomes and this paper is
repeating in forums akin ICONE for the n™ time. Of equally great harm to risk reduction are the IAEA
team of experts missions (Integrated Regulatory Review Service (IRRS) follow-up missions - for example
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[9] that issue oversight certifications / seals of approval to the Canadian regulator CNSC without anything
resembling a technical evaluation of CANDU design elements that contribute to risk.

Many critical vulnerabilities and proposed engineering fixes that can be undertaken to overcome
also been highlighted routinely [10] but are groundlessly rejected as in [11] which begs for an international
impartial scrutiny in ingrained obdurate industry intransigence against changes and investments into
substantive safety improvements and risk reduction. Emergency preparedness by civil authorities has been
illogically conditioned for the smallest possible 'Large Release' source term (of e.g. 100 TBq of Cs-137)
and available response time for mitigation measures have been exaggerated baselessly. Both acts are
irresponsible and dangerous to public and first responder safety. A number of early mitigation measures
to externally replenish boiler inventory (a measure common to all PWRs) will not work due to an
unusually low, below core, placement of pressurizer that will gradually gravity drain much primary coolant
from boiler tubes. So, the most important emergency measure to restore core cooling by reflooding boilers
to induce natural circulation flows will go to waste. Operators will never know why the core never cooled.

Right now, an unmitigated station blackout in
a CANDU multi-unit station will make the Fukushima disaster look like a walk in the park.

B REGULATORS & DESIGN OBSCELENCE

The long ignored severe accident related design deficiencies, inability to safely, successfully withstand
a simple accident such as a station blackout for a reasonable amount of time are amongst many unmet
challenges that multi-unit CANDU reactors pose to public safety and very directly to the utility corporate
health as well. It is not just that the reactors are now obsolete and were not designed with severe accidents
in the design basis so as to make severe accident management predictable and severe accident
consequences manageable; it is also that the utilities will do only the minimum they are required to |
i in the field of

severe accidents. As a result,

. safeti has become secondai to coiorate need for uninterrupted power production

Almost none of the operating 400 odd nuclear power reactors incorporated severe accidents within
their design basis. So, all multi-unit CANDU reactors, just like their single unit counterparts and most all
operating LWRs share some of the same vulnerabilities to onset of severe core damage accidents. They
also share their inability to adequately avoid severe core damage early, incorporate enough passive
systems to delay its onset, provide adequate means of early arresting their progression, provide ample
opportunities to successfully apply external resources to accident management, include enough design
margins to reduce releases into the containment and have strong and tight enough containments to keep
the accident source terms from releases by leaks, over-pressurization or explosive outcomes. While LWRs
also are of a vintage design and vulnerable to severe core damage, not all have taken the path of denial.
Many LWR utilities, like with NRC's State-of-the-Art Reactor Consequence Analysis Project, are doing a



Sunil Nijhawan REVISED submission to CNSC — 22 May 2025 for hearings on OPG 30 year license extension application for Darlington NGS

much better job of critical self examination and risk reduction. Overseas CANDU utilities cite Canadian
CNSC actions to justify their inaction

Detailed technical analyses including sophisticated computer simulations reveal that many of the
severe accident related vulnerabilities of multi unit CANDU PHWR design at Darlington (4 units) reactors
are common with single unit CANDU reactors in Canada , Korea, Argentina, India, Pakistan, Romania
and China. A number of inadequacies in severe accident mitigation capabilities are also shared with LWR
designs of the same vintage. As discussed in a number of earlier papers on the same issues [12], an
evaluation of a station blackout (SBO) accident at the multi-unit Darlington station reveals significant
challenges to accident management options. There, however, are easily identifiable indicators and sources,
instigators of potentially unacceptable off site radiological consequences as well as engineering fixes to
reduce risks. It is unfortunate that only another severe core damage accident will likely force the required
change. Right now the Canadian utilities have the regulator CNSC in a firm capture and are in no mood
for a serious dialogue on the topic, irrespective of risk or consequences. It is hoped that professional
forums such as ICONE and public awareness will propel the regulators and/or utilities into action.

Design analyses and numerical simulations reveal that opportunities for design improvements and

alternate mitigation measures are abundantly clear for certain challenges and not so much for others. But
in all cases regulators and utilities reject them in their h claims of easy

operator actions to bring the reactor under control and benign severe accident consequences even without
any operator actions.
These pronouncements

of eternal and near absolute safety in the presently operating, albeit of obsolete design reactors, portray
severe core damage accidents in a distorted positive light in defiance of engineered realities (by claiming
physically impossible long times to bring in emergency equipment - [13] that claims 5 hours for boilers
as heat sinks instead of likely 1 hour when an engineering analyses is undertaken [14] and in defiance of
expected professional integrity in ensuring public safety (by claiming extremely low releases of ~ 100
TBq of Cs-137 instead of likely 30,000 TBq from leaky, weak containments without ever doing any
numerical analyses or modelling - [3]).

The CANDU PHWRs concept started in 1950s with a 22 MWe Nuclear Power Demonstration (NPD)
going critical in 1962 and a first full scale power plant at Douglas Point (220 MWe) in 1966. The 600 to
800 MWe units first entered commercial operation as multi unit power plants in 1971. The basic design
of twelve or so, 10 cm diameter 50 cm long fuel bundles in about three to five hundred horizontal Zircaloy
pressure tubes within a thermally isolated low pressure, low temperature DO moderator has not changed
much over these 60 years. Improvements in rolled joints, end fittings and pressure tube materials have
increased their reliability but the degradation of Zircaloy pressure tubes has required previously
unforeseen 'mid-life' replacements and extensive 'refurbishments' which involve removal and replacement
of very radioactive core structural materials and have typically cost more than the original plant did. All
units are at the end of their design life, under 'refurbishment' to replace degraded core components
(pressure and Calandria tubes, feeders and boilers) or already rebuilt back to the original specs of 1960s
and 1970s.

Further development of the CANDU technology has since been almost abandoned in Canada with the
design organization AECL, into which literally billions of dollars were invested by the Government of
Canada to develop the CANDU reactor concept, was sold with most all its assets minus the liabilities to a
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private company SNC-Lavalin for the price of a well used corporate jet and all future plans have now

shifted to commercializing the so called Small Modular Reactors with renewed promises of riches and
cofcy. I .o s hificd avay from

the high risk obsolete multi unit reactors at Bruce, Darlington and Pickering with their long term licenses

What has changed over these 60 years is our understanding that these reactors, like all others of that
vintage, were more complex than other power reactors and were certainly not designed with core damage
accidents within the design basis. Some have been thankfully taken off service at the end of their life
(Gentilly-2) or earlier (Gentilly-1, Pickering A units 2,3) while one at Wolsong 1 was removed from
service after it was refurbished with new reactor internals at great expense but did not satisfy safe operating
envelope expectations. In Canada, Gentilly-2 single unit CANDU was wisely retired after its' design life.
It was not the regulator that initiated its closure, it was the utility that did not particularly need the
associated risk.

CONTRIBUTIONS BY THE NATIONAL REGULATOR

A comparison of CNSC generated claims in [3], [13] is instructive
with reports such as 'The State-of-the-Art Reactor Consequence Analyses' (SOARCA) project ['°] that
were undertaken by NRC to systematically summarize accident progression pathways and mitiiation

strategies with actual numerical analyses using state of the art computational aides without
I i 51, (3] on the other.

The continuing insistence by the regulator to _ support an obsolete technology that it
explicitly says need not be comprehensively, systematically rejuvenated before its further exploitation and
claims in its reports that severe accident consequences are nothing more than benign - are all appalling
facts. When the issue of high oxidation potential of feeders, the carbon steel pipes downstream of hot fuel,
their first reaction was that feeders cannot get warm and hence any issues of carbon steel oxidation were
humbug. The regulator has even told the local emergency management organizations that the worst off-
site releases after a severe accident are expected to be as minimal as total releases of 100 TBq of Cs-137
(and other species in proportion) which is from about 0.15% of the fuel and that health effects of a severe
accident would be benign. This pronouncement was not based on any analysis but was camouflaged under
words ||l implying that specific analyses for the worst accident without operator intervention
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were undertaken. This has emboldened the utilities to do practically nothing meaningful to reduce residual
risk and push for even longer operating licenses well beyond the original design life of plants whose
materials degrade faster than in any other reactor with age (Zircaloy pressure tube thinning, elongating,
thinning and increasing in diameter with creep, hydriding and being replaced prematurely at exorbitant
costs) and normal exploitation (e.g. thinning of carbon steel feeder pipes that connect the fuel channels to
pumps and boilers).

Given the unexpected nature of any accident and severe potential for extreme damage to the
environment if the accident results in severe core damage as in a sustained loss of heat sinks after a station
blackout as in Fukushima, one would imagine that the regulators would be insisting and utilities would be
installing proper measures to reduce the likelihood of occurrence of multiple failures that can lead to
severe core damage; and incorporating measures to identify, control, manage and arrest the progression of
the accidents early; and ensuring measures to contain the consequences to within the reactor units and
most of all, accepting the limitations of the technology and their understanding of it to invest in
fundamental research. None of that has happened to a degree consistent with needs. As a result the reactors
today are not much better able to mitigate severe accidents than they were before Fukushima and before
the shiny pumper fire trucks were bought to provide low pressure heat sinks, filtered containment venting
systems installed and a few symbolic but dangerous hydrogen recombiners scattered around the plants.
These measures are poorly thought out and even more poorly executed with the large number of other
vulnerabilities largely unaddressed. Of course such a behaviour has consequences. The official report of
The Fukushima Nuclear Accident Independent Investigation Commission concluded in part that :

“The TEPCO Fukushima Nuclear Power Plant accident was the result of collusion between the
government, the regulators and TEPCO, and the lack of governance by said parties. They effectively
betrayed the nation’s right to be safe from nuclear accidents. Therefore, we conclude that the accident
was clearly ‘manmade.’ We believe that the root causes were the organizational and regulatory systems
that supported faulty rationales for decisions and actions, rather than issues relating to the competency
of any specific individual.”

It has become very clear that the situation in a number of countries is exactly the same as summarized
above for Japan in 2011. While this paper concentrates on the issues arising out of multi unit CANDU
PHWR operation in Canada, the path taken by the regulators in other countries with CANDU reactors is
not much different. After 3 decades of severe accident progression and consequence assessment

evaluations and trying to get the industry to recognize that the reactors do not meet the evolving public
expectations of risk, it has become apparent to me and many others that ﬂ
I . oot i o form (ot is
detrimental not only to public safety but also to the future of nuclear power. The regulators have recently
bestowed on the multi unit reactor utilities unprecedented 10 year license extensions, in some cases in

defiance of overwhelming evidence that these reactors pose large risk under SBO accident conditions not
dissimilar to Fukushima.

['will make my point by first discussing the design specifics that have cried out for new and innovative
mitigating measures as our understanding of severe accidents have matured and then pointing out the
specific decisions made by specific people in the Canadian nuclear industry *

As a nuclear safety engineer with over 45 years of work in nuclear safety and as one who has
developed a dozen computer codes to model accident progression in CANDU reactors, including the
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CANDU specific parts of the now obsolete MAAP-CANDU code that the industry still uses to analyze
severe accidents, I consider it my ethical duty to present the arguments in favour of stepping our game up
to meet the unmet challenges to successfully mitigating severe accidents in Darlington multi unit CANDU
reactors or shutting them all down in interest of public safety and security. In interest of clarity I will use
the multi unit reactors at Darlington and Bruce in Canada as examples, although the malaise of poor severe
accident mitigation permeates to all CANDU / PHWR units in all countries. I will demonstrate that giving
OPG’s Darlington station a 30 year license is an exercise like driving on a highway with eyes closed on a
with erratic brakes and no fenders.

DARLINGTON CANDU DESIGN VULNERABITY IS NOT ANEWLY DISCOVERED
PROBLEM

A number of red flags have been raised over the years and a systematic design evaluation has

uncovered a long list of vulnerabilities that make severe core damage accident consequences from multi
unit reactors alarmingly unacceptable.
ﬂ The Canadian national regulator has taken the lead in

technically impossible positions on severe accident consequences [3] and the collusion between the
industry and the regulators has deteriorated progress in resolution to such an extent that the latest position
from a utility Bruce Power VP during relicensing hearings is that they will soon see no conditions under
which these reactors will release any long lived isotopes following a severe core damage accident [7] and
hence a reduction in planning zones is to be in order . This for a design that has a containment unable to

be tested above 0.45 atmospheres and a leak rate at design pressure of 2% per hour (500 times more than
at a light water PWR such as at Surry), not to mention the other design features that make these multi unit
reactors un-licensable in any other jurisdiction in the world. The same VP claimed that Bruce
Power adopted new standards faster than others and in special contrast to overseas utilities that would do
so only every 30 - 40 years on relicensin

CNSC has also quietly sidestepped its own
regulations to allow the utilities to pressure test their containment every 12 years [16] instead of
the already unusual for a nuclear reactor containment leakage test frequency at full design pressure of
every 6 years per the CNSC regulatory guide R7 [17].

In this time of strained relations, a severe accident at Darlington having contaminated lake Ontario
after a core damage accident, may invite swift response from the US against Canada. The CNSC members
need to be more responsible and deny OPG their unprecedented request for a 30 year license in a reactor
that essentially is an obsolete design void of any design enhancements after Fukushima.

CANDU REACTOR DESIGN VULNERABILITIES TO UNSATISFACTORY OUTCOMES
AFTER STATION BLACKOUT

CANDU PHWRs suffer from a number of vulnerabilities to unacceptable outcomes after severe
accidents and a number of design features that accelerate failures or exasperate the accident consequences
and hence risk to public. Some of these are specific to the DO cooled and moderated horizontal fuel
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channel concept just as the RBMK is with its vertical boiling light water cooled, hot graphite moderated
fuel channels. While utilities and the national regulators have long sung the CANDU design praises, some
fundamental CANDU vulnerabilities cannot be rectified for existing reactors. For example, absence of a
pressure vessel around the core will always directly expel activity into the containment once the channels
experience structural damage. Thus the leaky containment becomes the only barrier to release of activity.
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Figure 1 : Lower than core placement of pressurizer that will drain boiler tube inventory at
Darlington reactors in a station blackout scenario (not a low frequency event)

The strange choice of pressurizer location below the boilers and reactor headers (in 12 reactor units at
Darlington and Bruce stations) will cause draining into it of primary coolant from boiler tubes in a SBO
to an extent that boilers will become useless as heat sinks and no amount of emergency measures to add
water to boilers will restore cooling to the reactor core unless the primary cooling system was replenished
as well, something that cannot be done after an SBO in the present design and presently configured
SAMGs.

The low pressure retention capacity (<<0.9 bar) of the rectangular slab industrial buildings that
surround the reactor cores and their design leak rate at 2%/hour which is 480 times greater than the
0.1%/day in modern PWRs will always make the containments ineffective repositories of fission and
activation product activity put unfiltered into them from the disassembling fuel channels and also make
them traps for combustible Deuterium that will come out of the same path into inverted cup like inter-
connected rooms called reactor vaults that surround the reactors. Gas explosions in any one reactor vault
will cause a huge containment bypass.

What is fundamentally disturbing is that certain long well known design features that may cause an
unwarranted pressure boundary failure (because the primary heat transport system (PHTS) overpressure
steam relief capacity is too low) or accelerate onset of core disassembly (such as an un-necessary, forced
expulsion by flashing of a critical amount of moderator upon onset of boiling because rupture disks
actuate instead of a controlled relief through relief valves) or a lack means of direct depressurization of
PHTS or cause the containment to leak profusely at relatively low pressures have not been accepted or
rectified. Certain challenges to the containment integrity, such as from high amounts of hydrogen and
deuterium produced by oxidation of outside and inside surfaces of feeders after a core damage accident of
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LOCA+LOECC have been ignored for even design basis accidents without the regulator ever highlighting
the omission or recognizing that Carbon steel is more oxidation reactive than Zircaloy at all temperatures.

OXIDATION KINETICS FOR STEELS AND ZIRCALOY
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Figure 2: Oxidation kinetics for Zircaloy, carbon steel and stainless steel

Potential for steam and air oxidation to produce copious amounts of combustible Deuterium and
Hydrogen from the large amount of Zircaloy and carbon steel associated with the fuel channels during a
severe core damage accident is easy to see. There is about 50,000 kg of Zircaloy with an oxidation surface
area of over 12000 m? and over 120 tons of low carbon steel piping over 10 km long with a surface area
greater than 1800 m? in a Darlington CANDU PHWR associated with fuel channels where a loss of
cooling can elevate fuel temperatures such that rate of oxidation of feeder carbon steel will always be
greater than that for Zircaloy (Figure 2) and the amount of Deuterium produced by oxidation of steel will
exceed that from Zircaloy very early (Figure 3).
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Figure 3 : Sample results for the first 12 hours of combustible gas production in a 600 MWe single
unit CANDU

A station black out (SBO) scenario which with its sustained loss of engineered heat sinks represents a
large number of accidents with other initiating failures and is a representative scenario undertaken for all
reactors worldwide to assess effectiveness of engineered passive systems that may come into play and of
opportunities for emergency mitigating measures.

Engineering analyses reveal that reactor risk profiles are in the alarm territory for a number of very
obvious reasons. Early passive heat removal by steam generators after a station blackout is not only short
lived (~1.5 hours as opposed to claimed 5 hours) but can also be compromised even earlier by primary
coolant from boiler tubes getting drained into a large cooling pressurizer located well below the boilers
and the reactor core. (Figure 1, for Darlington). Thus any delay in restoring secondary heat sinks and
primary inventory drained by gravity into pressurizer may make the boilers irrelevant and ineffective.

Over-pressure protection systems on main core cooling system is indirect (goes through another vessel
and requires two sets of valves in series to successfully actuate) and functionally inadequate to satisfy the
heat load. On a loss of boilers as heat sink, a steam relief through relief valves is the only heat sinks for
decay heat but the PHTS steam relief capacity is only ~20% of decay heat equivalent, let alone for other
anticipated severe accident loads [18]. This can likely cause an early over pressure failure and hence a
containment bypass by steam generator tube ruptures or another uncontrolled pressure boundary rupture,
something that the ASME code or common engineering sense would require that not ever happen. This
very fundamental error in design has been known to the utilities for 20 years without resolution or nay an
understanding of its consequences. When an industry starts accepting a pressure boundary failure as an
acceptable outcome rather than re-engineer the safety valves, it is time for that industry to shut operations
or as an ex NRC chairman Gregory Jaczko put it 'is Going Away' [19]. As a nuclear engineer with great
confidence in my peers, I find such a direction and such an outcome for my industry also likely but
otherwise unacceptable.

Inability to manage a loss of heat sinks accidents is exacerbated by handicaps like no external
emergency means of high pressure water addition to the heat transport system. Any addition of emergency

10
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coolant requires that boilers be manually depressurized successfully first for the PHTS to be hopefully,
indirectly depressurized. A manual depressurization of boilers is actually an operator assisted process of
forcing the relief valves to stay open in a process that forcibly removes a third or so of the boiler liquid
inventory by flashing and dumps it into the atmosphere without a foolproof guarantee that any subsequent
action to replenish the same inventory would be successful. A high pressure makeup feedwater injection
with a passive steam driven turbine would have easily solved both problems without breaking a sweat.
This has been the logical backup solution at a number of PWRs but the CNSC brass totally trashed the
idea a number of times citing some unrelated steam turbine failures at Fukushima. A steam driven auxiliary
feedback system is as passive as they get. In fact one has been at the single unit CANDU at Pt. Lepreau
forever. The issue is really not the merit of this or that solution to the various vulnerabilities in multi unit
CANDU stations; the issue is the attitude and a collusive decision to do absolutely nothing more than what
little they have done, even if the decisions such as low pressure pumper fire trucks to add water to the
boilers is now recognized in private conversations to be not the wisest one.

The current SAMGs erroneously credit gravity feed of water into the boilers after their
depressurization through the feedwater train from de-aerator. This will really not work. Flashing of the
~160°C water inventory and unavoidable high pressure back leakage of boiler inventory through the check
valves would vapour bind the feedwater flow path. In addition, there will not be enough driving force to
open and then keep the feedwater check valves open.

With more and more channels losing their heat sinks and dumping their decay and chemical heat into
the moderator, onset of moderator boiling causes the rupture disks on the Calandria vessel to open up,
creating a direct path for release of steam, fission products, hot and combustible gases into the inverted-
cup reactor vault over the common duct in the containment.
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This happens as a lack of a decay heat level controlled steam relief on the Calandria vessel (which
contains the moderator) accelerates severe core damage by ejecting a significant amount of moderator
when it becomes the dominant heat sink for fuel channels, boils and causes the rupture disks on its large
piping to burst to eject water by flashing and carryover. By ignoring the extra 30-60 min such a design
omission subtracts from time to onset of severe core damage, the industry reinforces its intransigence and
inability to think through that public safety supersedes all other considerations .

An important claim by the industry on debris creation and potential retention of 'melt' in the Calandria
vessel is examined below:

Disassembly of a reactor fuel channel is its partial breakup into single or multiple bundle length pieces
and in some cases even separation from the rolled joints at end shields. Breakup into pieces can occur
when both the primary coolant from inside of the fuel channel and the moderator coolant from outside the
fuel channel are depleted and the pressure tube perforates with it being unable to sustain the weight of fuel
within or above it. Fuel channels begin to heatup individually once they are devoid of coolant and the
moderator becomes the sole heat sink. A widespread core damage accident in a CANDU would only occur
gradually because of the large variability in the inventory of water associated with each channel, variability
in channel powers and variability in time at which the moderator outside each channel may drain or be
boiled off. In all cases a fuel heatup to temperatures high enough to cause the pressure and Calandria tubes
to deform and perforate are required and disassembly of different channel segments would take a finite
time and with a finite stagger between channels.

8.45mdia, 5m
long inner shell

7.5 m dia, 0.5m
long outer shells

Moderator discharge
penetrations

Figure 5: Calandria vessel, a stepped stainless steel vessel with welded annular plate
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Accident termination by retention of molten core debris in a vessel have been adopted from PWRs
without consideration of the design specifics of the stepped low pressure and thin CANDU moderator
vessel. The debris formation in a CANDU reactor is in solid chunks of fuel channel and its eventual
retention upon Zircaloy melting in the Calandria vessel cannot be guaranteed as the relatively thin walled
stepped and welded vessel (wall thickness varying between 19 and 28 mm) may fail at welds by thermal
loads long before any gross melting thus violently introducing water from the shield tank onto hot debris.

Any claims of an LWR like in-vessel retention of molten uranium debris are not credible or consistent
with the gradual core disassembly of CANDU cores in case of a station blackout scenario with a sustained
absence of heat sinks. The Calandria vessel has a wall thickness that varies between 19mm at annular
plates to 28 mm in main shell. The weld failure upon differential expansion of the two shells, with outer
shell constrained, is easy to demonstrate (Figure 6 and Figure 7).

The effect of Calandria vessel weld failure can vary from additional hydrogen production, accelerated
fission product releases as one mode of outcome for small weld cracks and slow leaks, to catastrophic
vessel failures by energetic interactions of incoming water with the hot and molten solid-liquid debris at
the bottom of the Calandria vessel as the other mode.

1000 ot
800

600

Temperature [C]

Axial Thermal Expansion [mm]

Figure 7: Calandria shell elongation as an indicator of stresses that will cause weld failure
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As a result of absence of a retaining vessel, direct un-attenuated releases into the containment, weak
containment structures and significant likelihood of energetic interaction of hot debris with water and
Deuterium burns /explosions causing challenges to containment integrity, large releases of radioactivity
from failed containment structures are inevitable.

WEAK AND LEAKY CONTAINMENT STRUCTURES

In all cases in absence of a retaining LWR like pressure vessel, the disassembling channels would
continuously and over many hours release fission products without attenuation through the rupture disk
pipes and directly into the box like containments (Figure 9) that are at 48% per day design leak rate at
design pressure very leaky and at less than 1 bar design pressure, structurally weakest of all operating
reactor containments (typical PWR building design pressure is 5 times higher and leakage at design
pressure is 480 times lower).

Another containment bypass potential is in high temperature disassembly of in-core devices along
with hot channels. Recall that the in-core device controllers and drives are outside the containment on the
reactivity deck. So certain release of fission products onto the reactivity deck cannot be avoided once these
devices heatup and melt.

The reactor buildings around each individual reactor core are inverted cup like traps for combustible
gases (Figure 8). A large number of safety significant components like the steam generators, pumps and
the reactivity control devices are all outside the containment envelope and vulnerable to failures by
external impact or otherwise of the weak structures on top of the reactivity decks. These are some of the
vulnerabilities that can be fixed.

VACUUM /
BUILDING

' D
| .
Figure 8: Multi unit layout at Bruce station; Darlington is similar
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REACTOR VAULT A TRAP FOR HYDROGEN

The containment layout is such that even a 1% oxidation of any of these materials will cause stagnated
and explosive pockets of combustible Deuterium and Hydrogen in reactor vaults shaped like
interconnected inverted cups. The reactor vault is the direct recipient of products of reaction with hot fuel
as the moderator relief pipes vent into the reactor vault.
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Figure 9: Single unit reactor assembly in a crowded vault with common fuelllng machine duct
below

The production of combustible Deuterium gas from over ten km of carbon steel piping and over 50
tons of Zircaloy in each Darlington unit can be extremely high with steel oxidation more problematic over
the longer term; making the installed numbers and types of PARS not only inadequate but as early ignition
sources also dangerous.

These conclusions are based on forty years of working on severe accident related issues at CANDU
reactors, conducting extensive design reviews and developing integrated computer codes (MAAP-
CANDU [*°] and ROSHNI [?!]) and supporting numerous analytical methods for PHWR accident
progression and consequence assessments.
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It was hoped that open discussions by professional engineers would foster change in name of
public safety. That has not happened for a number of reasons, allegiances and self-interests. It is now
feared that nothing will change unless an accident occurs and an ensuing national inquiry unveils a naked
collusion between the regulator and the utility as in Japan prior to Fukushima. A lax and uninformed
regulatory regime blindly supporting an intransigent industry resisting basic design enhancements has
further exasperated, like it did in Japan, the severe accident related risk from continued operation of these
reactors.

It is unfortunate that assumptions in evaluations of accident progression are made by the industry and the
regulatory bodies acting in unison that make the accident consequences look benign. One such assumption
of a 'core collapse' due to disassembly of higher elevation channels is essentially a numerical trick that
gives a false impression of the whole core suddenly falling into cold water in the moderator and ceasing
to emit radiation for 8 hours or so. As a result the accident consequences can actually be engineered to
look benign.

Actual improvements after Fukushima are perfunctory and the analytical methods in support of severe
accident management procedures are outdated and incomplete. A widely used computer code MAAP-
CANDU (developed 25 years ago by this author based on the non CANDU specific components from
MAAP LWR code) is incapable of providing the source terms required to evaluate containment response,
design mitigation equipment or off-site releases. I developed that code over 25 years ago integrating
CANDU specific models with the LWR code MAAP at a time when we used Pentium 286 machines and
have made public [12] a large number of limitations that make it ill suited to meet today's post Fukushima
requirements.

A PHWR WILL PRODUCE DEUTERIUM - NOT HYDROGEN : D2-H: DIFFERENCE

Given that the reactor is cooled and moderated with D20, one would expect the mitigation measures
and detection measures designed for D2, but almost all research and development and implementation has
been for Hz. On top of public denial of the almost two fold difference in transport properties between D2
and H,, differences in recombination rates have been loudly professed by the regulator and the utilities to
be negligible, in defiance of hosts of research papers that have shown that except for chemical reaction of
formation, the two gases are really not identical in any meaningful way that would allow the utilities to
treat them as one and the same. In addition to differences in transport properties differences in
recombination on metallic catalysts has also shown to be different for the two gases [22, 23]. In addition,
there are scenarios in which H, would also be produced by external surface air oxidation of carbon steel
feeders. This also has to be considered in design of systems for mitigation and detection. It is interesting
that the senior OPG managers claim to the CNSC Commission in hearings to see no difference between

the 2 gases.

MANAGEMENT CLAIMS OF NO FUTURE RELEASES

Meanwhile the largest of multi unit reactors continue to operate with 5 to 10 year license extensions
in the middle of the most densely populated parts of Canada with almost no new systems in place to retard
the progression of a severe core damage accident with the management claiming publicly [7], to the horror
of those who understand these reactors that the improvements made so far will make the chances of long
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lived radioactive species escaping from these reactors after a severe accident an impossibility. A 30 year
license extension is a license to go ruin my country.

A 'HOLISTIC' APPROACH TO SAMG

Utilities have recently touted a new and bizarre 'holistic' approach to severe accident management. For
example, Bruce Power say that by claiming in-vessel retention of core melt and a filtered containment
venting it needs to not install adequate hydrogen mitigation systems or over pressure protection systems
or rectify any one of the dozens of design deficiencies [10]. In denying the risk reduction capability of
such simple measures such as adequate safety relief valves for over pressure protection of the primary and
the moderator cooling loops, it is acting against public interest, forgetting that according to good
engineering practices and IAEA guidelines probabilistic analyses should not be considered as a substitute
to a design approach based on deterministic requirements but as a part of the process to identify potential
safety enhancements and to judge their effectiveness.

STATION BLACKOUT AT A MULTU UNIT CANDU

Let us go back to a Station Blackout scenario with an unmitigated loss of all AC power in a multi-unit
CANDU plant at Darlington or Bruce station. This scenario implies that no AC power is available for a
specified recovery period, usually taken at 12-24 hours for consequence analyses.

As the reactor trips, turbines trip and feedwater flow ceases, nuclear steam discharges to the
atmosphere through Main Steam Safety Valves (MSSVs). Necessary condition for the atmospheric
discharge of steam to remain a heat sink is that fluid inventory in maintained both within the boiler tubes
and outside the boiler tubes. Early passive heat removal by thermo syphoning flows from core to the steam
generators is maintained as long as the primary fluid inventory can be carried over the U tubes. It is
unfortunately jeopardized early at Darlington and Bruce multi unit stations by the low elevation
positioning of the large pressurizer vessel. It's free steam volume a couple of minutes after a reactor trip
is about equal to the volume of the coolant in the boiler tubes (65 m?) upon a loss of power to the
pressurizer heaters [24]. So the pressurizer can slowly swallow the volume of the heat transport coolant
in the boiler tubes. As a result, the boilers stop being a heat sink even before they run out of water on the
secondary side. No further addition of water to the boilers by AFW pumps or any other means will restore
a heat sink for the core decay heat.

Even if the lost water inventory in the boilers tubes can be replenished by a major change in emergency
management procedures, with no passive steam driven auxiliary feedwater pumps or a method to easily
replenish the steam generators with a high pressure emergency water injection the boilers stop being an
effective heat sinks after less than 2 hours. Back leakage through the feedwater line check valves will
cause vapour binding in the feed pumps and only alternate paths for water addition to the boilers will be
effective.

With no effective heat sinks, the primary cooling system re-pressurizes and with an inadequate steam

relief capacity of the safety relief valves on the degasser condenser vessel in path of the relief, an
uncontrolled over-pressurization leads to a pressure boundary rupture. There neither are any provisions
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for passive or manual depressurization of the reactor loops after a loss of steam generator heat sinks nor a
capability for a high pressure coolant injection into the pressurized heat transport loops and an
uncontrolled rupture becomes an unnecessary inevitability with a potential for an early containment
bypass as the most atypical of any reactor overpressure protection system fails to provide adequate relieve
steam through dual valves in series qualified only for liquid relief. In absence of a retaining pressure
vessel like in LWRs, an ensuing gradual onset of fuel channel heatup and disassembly upon loss of
moderator coolant puts energy, radioactivity and combustible gases directly into the relatively weak
reactor buildings. These structures are quite different from a traditional PWR cylindrical dome building
and are rectangular structures built to old industrial standards. There are significantly high sources of
combustible Deuterium gas (‘heavy hydrogen’) from large amounts of carbon steel in feeders and Zircaloy
in fuel and fuel channels. Given the layout of the reactor units mimicking four inverted volumes
interconnected at the bottom by a common duct, separation and accumulation of combustible gases in
these unventable, inverted-cup like geometries makes for impracticable combustible gas control. The
small number of Passive Autocatalytic Recombiners planned and/or installed are neither quantified /
qualified for severe accidents nor for the actual gas (Deuterium) they must recombine and can become
early ignition sources. There is an enhanced potential for energetic interactions of fuel debris with bodies
of water enveloping the hot fuel channels. Pressure relief in relevant reactor systems (PHTS, Calandria,
Shield Tank, and Containment) is inadequate for anticipated severe accident loads. With the reactor units
directly attached to the containment pressure boundary and a significant number of reactor systems outside
the containment, a containment bypass, as for example from reactivity device failure following fuel and
debris heatup, is a likely outcome after a severe core damage. The Calandria Vessel, long heralded as a
core catcher, is a thin ~1” thick stainless steel welded low pressure vessel that has been assessed to fail
catastrophically at welds and not able to contain hot molten debris. This failure can not only lead to
enhanced combustible gas production but also severe energetic explosions leading to failure of structures
at the containment pressure boundary. The Shield Tank also cannot contain pressure upon boiling and can
fail.

Given that unmitigated expulsion of hot gases and fission products targets the small reactor buildings,
there is potential for poor equipment survivability. The in-reactor instrumentation for monitoring and
control is neither adequate nor qualified for conditions after a severe accident. Severe accident simulation
methods are outdated, crude and in dire need of upgrades. There are no dedicated simulators for severe
accidents and the perfunctory desktop exercises with high-level Severe Accident Management
‘Guidelines’ are inadequate. No significant design changes have been implemented since Fukushima that
may prevent a severe core damage scenario and some well known design problems like inadequate over
pressure protection have been ignored. Yet, there are opportunities for engineered upgrades that can
substantially eliminate a large number of vulnerabilities. However, the regulatory regime in Canada is lax
and regulatory staff does not have the technical capability or guidance to independently verify assessments
and analyses presented by the utilities not motivated to invest in design upgrades for low probability events
they want to ignore. As a result, a continued exploitation of an outdated design with refurbishments that
extend the life by another couple of decades is not only a risk to public but also to the utilities.

CONTAINMENT STRUCTURE VULNERABILITIES
The multi unit CANDU s at Darlington and Bruce house four reactor units in an interconnected slightly

sub-atmospheric containment attached to a normally isolated vacuum building maintained at about 7
kPa(a) and of about 75% of the containment volume. Each reactor sports a containment structure that is
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common and contiguous to 4 relatively large reactor power units. Each reactor is capable of putting un-
attenuated fission products from the ~2700 MW(th) fuel fission sources as well as combustible Deuterium
from over 50,000 kg of Zircaloy and 2000 m? of the 120,000 kg of carbon steel. As a result, any accident
that results in activity releases into the containment, whether within the design basis or not, is likely to
contaminate and disable from service all four reactor units.

With an over pressure retention capability of less than a bar (at design and significantly deteriorated
after 20+ years such that all containments are no longer tested at design pressure or at the required
frequency of 6 years) and a containment structure made up of rectangular concrete slabs and about 500
times leakier than the 1%/day leakage at design pressure for PWRs, a number of critical equipment are
outside the containment and some critical equipment like pressurizers are placed below the mid elevation
of the reactor core inside the containment. A common Fuelling Machine Duct underlying the 4 reactors
connects the containment volume via a Pressure Relief Duct to a Vacuum building whose volume is
deemed adequate for most design basis accidents in a single unit but its effectiveness to mitigate a severe
accident in all 4 units is very obviously lacking as the effective volume per reactor unit is less than half of
that for a typical PWR and the structures are weaker and with greater likelihood of trapping combustible
gases . The containment is built to the National Building Code as are the access requirements, fire
protection, smoke detection, etc. It is not built to modern nuclear containment standards.
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Figure 10 : Darlington station layout for 4 units with common containment

A number of reactor systems including the reactivity control mechanisms, primary pumps and steam
generators are located outside the containment boundary above the reactor cores. The reactor core related
structures themselves are within a tank attached at the containment pressure boundary. Critical structures
essential for maintaining core cooling being outside the containment are likely vulnerable to certain
externally induced challenges. The stations have not considered reactor building reinforcements to avoid
building failure or added additional reinforcements with special emphasis on confinement space on top
of reactivity decks to mitigate external impact hazards. While a PWR containment may be expected to
withstand an aircraft impact, there is such no protection in a multi unit CANDU.
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There are no new improvements to pressure suppression system in reactor building as the vacuum
building is an inadequate volume supplement to avoid building failure after a multiunit core damage
accident or even due to pressurization caused by hydrogen burns. Measures to reinforce the confinement
pressure boundary (space occupied by safety and process systems outside the containment) are missing.

The basement of the reactor buildings (fuelling machine duct and the pressure relief duct) is located
below the level of the water in the lake. To the credit of the utilities, new portable Emergency Diesel
Generators have been to be located at elevations higher than the original backup Diesel Generators that
are at lower grade elevations, about 3m higher than the water, not dissimilar to what sank Fukushima.
They are yet to be relocated to higher elevations. If that was done a failure similar to that at Fukushima
could be avoided.

3m 95

AN L}—

TURBINE
BUILDINGS

/4

VACUUM REACTOR PUMP HOUSE

BUILDING BUILDINGS
Figure 11 : Building basement layout below Lake water level. The emergency power supply
generators are at grade level with cable tunnel 6m under.

The containment structures are rectangular slabs different significantly from typical cylindrical PWR
containments and have a relatively weak design pressure (0.6 to 0.9 bar) with relatively high design
leakage at design pressure (up to 2% volume per hour or up to 48% per day comparing very unfavorably
to a typical PWR with 0.1% leakage per day (Figure 4) at a design pressure that is typically 5 times higher).

The containments are tested for pressure retention most infrequently of any power reactor in the world.
Darlington now tests containment for pressure every 12 years while the regulations under which it was
originally licensed required a 6 year test interval. The last pressure test was described as a difficult and
arduous process that took 6 months of planning.
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Nominal Containment Leakage
Design Specification 0.1% Voliday, Py = 45 psi
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Figure 12 : Comparison of a PWR containment design pressure leakage with that for a Multi unit
CANDU.

The individual reactor buildings can be envisioned to be inverted cups on top of a common duct such
that retention of flammable gases and fission products after the vacuum building becomes ineffective is a
concern. The reactor building volumes are about 14000 m?* each with a combined volume of the 4 unit
reactor buildings and the common fuelling machine and pressure relief ducts of about 120,000 m?>. The
normally isolated vacuum building is an additional 95,000 m® and it is maintained originally at an isolated
pressure of 7 kPa(a) with the main containment volume slightly sub atmospheric. For a multi unit severe
accident, the containment volume per unit power is among the smallest of any other similar power reactor
in the world.
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SUMMARY OF DARLINGTON SEVERE ACCIDENT PROGRESSION & MITIGATION
CHALLENGES

Containment

» Low containment design pressure (<0.9 bar) and high design leakage at design pressure(48% per
day)

» Reactivity devices, steam generators, pumps and other equipment critical for long term heat
removal are outside the containment and located under an industrial building .

» Containment bypass from over-pressure and thermal creep induced steam generator tube ruptures
and from reactivity device failure a likely outcome after a severe core damage.

» Reactor vaults shaped and arranged to be highly likely traps for combustible gases.

Poor Overpressure Protection Design

» Safety relief valves not directly on the main cooling circuit (ASME section III , NB-7141 (b)
requires a direct and unobstructed relief path) and require another pair of downstream valves to
open. All valves designed for liquid relief.

* Only two safety relief valves (called 50% capacity valves but the 'capacity' is misrepresented) -
contravenes single failure criteria

» Undersized over pressure protection with steam relief capacity of the 2 safety relief valves by a
factor of up to 10 - contravenes common sense - relief capacity must exceed anticipated loads,
which will always exceed decay heat.

* Inadequate primary cooling circuit relief inherently forces reactor damage by uncontrolled over-
pressurization even before an ECC is given a chance to avoid severe core damage. An uncontrolled
relief through a rupture in pressure boundary is an unacceptable outcome.

» Accelerated depletion of moderator inventory due to expulsion through pressurized Calandria
rupture disks upon channel voiding and fuel heatup to cause moderator boiling.

» Shield Tank cannot contain anticipated pressurization upon boiling and can fail. Restoration of
cooling after water depletion problematic as pump flow inlet at the top of vessel that can be voided.

Poor Pressure and inventory control

* No provisions for direct manual depressurization of the Primary Heat transport system.

* Pressurizer located well below the core can drain water from primary coolant system upon cooling
upon loss of power and inhibit thermosyphoning flows.

* No systems for high pressure ECC or any emergency measures for high pressure primary makeup
intervention / injection.

Lack of a pressure vessel causes direct containment contamination

*  Onset of severe core damage puts activity directly into the containment. There is no isolation of
damaged core and its activity in a closed vessel like in a PWR pressure vessel.
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Poor Deuterium Hydrogen mitigation systems

. Significantly higher sources of hydrogen from large amounts of carbon steel and Zircaloy.

*  Currently planned hydrogen mitigation systems (igniters + a small number of PARS) inadequate
and potentially dangerous. Poor combustible gas mitigation measures. Small number of
Autocatalytic Recombiners inadequate for severe accident scenarios and will cause explosions.

Moderator vessel an unlikely core catcher - poor

»  Energetic interactions of disassembling core debris with underlying boiling moderator water in
the low pressure Calandria vessel can cause vessel structural failures.
. Calandria vessel failure by weld failures is a likely outcome even before debris melt. There are a

number of pipe penetrations at the bottom of the vessel that can fail by thermal interactions with
hot debris.

Should the Calandria vessel fail, interaction of hot debris with Shield Tank water also similarly
challenging to integrity of structures holding the reactor vessels connected to the reactivity deck
at the containment pressure boundary pressure relief in ALL relevant reactor systems in
inadequate ( PHTS, Calandria, Shield Tank, Containment) to remove decay heat

»  Calandria vessel likely cannot contain melting reactor core debris and can fail catastrophically at
welds causing energetic interactions with potential for gross structure failures.

Spent Fuel storage

The spent fuel medium term storage in spent fuel pools is poorly designed and highly susceptible to
Zircaloy fires.

- -

——————————

~

Figure 13: Spent fuel bundles stacked like fish in a fish basket, 16 or more trays high
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Backup Diesel Generators

These are located at the lowest grade elevation in the plant and are no more than 3m above the water
line at Darlington The tunnel carrying the cables is below the water line by about 4m and can get deluged
with water. Pickering station has seen its basement level flooded in the past from water swell in the lake.
Location of backup diesel generators has been pointed out as the single most critical error at Fukushima;
something that has escaped the CNSC despite repeated warnings. In fact, CNSC staff provided misleading
information as to the actual location of the diesel generators in Bruce reactor relicensing public hearings
in 2018 by claiming that they were located 40-50 feet higher than the lake water.

In Bruce the diesel generators are at 591' elevation while the grade varies from 614.5' at the north side
to 590.5 ft at the south side. So the diesel generators are at lowest grade in the station grounds and certainly
below the average grade. The tunnel carrying the cables from the water treatment plant (where the
generators are) is at 569' with the water line higher by 10" at 579'. So the tunnel is below water line. The
tunnel can be flooded by a deluge or a flood or a seismic activity. So if the grounds which are at 591" in
that area ever get flooded by a wave, a tsunami, ice dam or whatever, the diesel generators will get flooded
at Bruce, just like at Fukushima. The cables from the diesels are in the trench at a much lower elevation,
below water line. Design of structures housing backup diesel generator at Darlington is a copy of the one
at Bruce.

And...

» Inadequate instrumentation and control for severe accidents

* Poor equipment survivability due to poor containment layout

* No dedicated operator training / simulators for severe accidents.

» Severe accident simulation methods are outdated, crude and inadequate.

» No significant design changes implemented. Known problems ignored for decades.

* Current SAMGs are unrealistic and inadequate. Many potentially favorable emergency hookups
not implemented.

* Environmental assessments for off-site releases after a severe accidents performed with a source
term that represents barely 0.15% of the total core inventory

The lessons learned from Fukushima disaster have been poorly accepted _
N < to public can only

be reduced by much needed design upgrades, starting with an open discussion of the severe accident
related vulnerabilities, and an acknowledgment that the reactors not designed with consideration of any
severe accidents within the design basis; cannot be expected to provide mitigation measures necessary to
meet the newly emerging understanding of progression and consequences of a severe accident and current
public expectations.
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SUMMARY MAJOR AVENUES OF DESIGN UPGRADES THAT SHOULD REVISITED EVERY
5 YEARS IN RELICENSING HEARINGS

Following is a partial list of design improvements that require serious and immediate consideration to
meet some of the vulnerabilities of the multi-unit CANDU design.

1. Passive makeup by steam driven auxiliary feedwater pumps for high pressure water addition to
boilers

2. PHTS overpressure protection enhancements for avoidance of uncontrolled ruptures (replace PHTS
relief valves)

3. Emergency power hookups to pressurizer heaters for early re-establishment of pressure control, or
Relocate pressurizer to higher elevation

4. High pressure makeup of PHTS inventory loss (high pressure emergency water injection pumps)

5. Pressure relief valves on Pressurizer for manual PHTS depressurization

6. Calandria vessel overpressure protection enhancements for avoidance of deliberate voiding (relief
valves with decay heat capacity in addition to rupture disks)

7. Calandria vessel structural design enhancements for better likelihood of retention of core debris

8. Shield tank overpressure protection enhancements for avoidance of structural failure

9. Shield tank heat removal capacity enhancements for retention of debris in Calandria vessel

10. Containment penetration reinforcement for avoidance of overpressure failures

11. Containment pressure suppression improvements: local sprays and external support to coolers

12. Instrumentation enhancements for detection of important accident parameters

13. Filtered containment cooling for avoidance of imminent structural failures

14. Emergency hookups for water and power to safety critical systems at appropriate pressures

15. Improved Class 1 batteries., better definition of anticipated loads over prolonged periods of loss of
AC power.

16. Combustible gas detection, measurement and recombination systems calibrated for Deuterium

17. External water makeup to a stranded fuelling machine after a LOCA

18. External water makeup and heat removal from the spent fuel bay

19. Off-site measurements of activity magnitude and energy for identification of radioactive species in
releases and correlating them to source terms;

20. Upgraded consequence assessment codes dedicated for PHWRs (current codes are not entirely fit for
intended use)
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UNEXPLORED AVENUES OF RESEARCH OR THINGS WE DO NOT KNOW / UNDERSTAND
WELL ENOUGH- A 30 YEAR LICENSE WILL RETARD ANY IMPETUS TO PROMOTE

RESEARCH

There are a number of phenomena associated with accident progression that require separate effect

quantification with research and have not been addressed properly. These include:

1. Effect of uncontrolled pressurization of the heat transport system before core degradation. With over-
pressure relief valves unable to remove decay heat an uncontrolled re-pressurization of the PHTS is
inevitable. Typical design failure pressures in a CANDU reactor for level C conditions in Table 1
indicate that the ever so vulnerable boiler tubes have the lowest pressure retention capacity and are
thus are prime candidates for failure. However, the degradation of feeders by thinning (~0.1 mm/yr)
and of pressure tubes by hydriding, creep - thinning, elongating etc. makes the issues more complex.

2. Reflux condensation holdup of water in boiler tubes on feedwater recovery. This becomes important
in case of boiler recovery after PHTS is voided and can lead to early channel heatup of voided channels

and their failures at high pressures when natural circulation flows cannot be re-established.

Table 1: PHTS COMPONENT PRESSURE RETENTION CAPACITY

3. Core and Channel thermal hydraulics under loss of forced circulation - during PHTS blowdown,

CANDU 6 Level C
REACTOR Level B Level C with
COMPONENT Seismic
Inlet Header 14.81 18.96 18.96
Outlet header 12.49 17.58 17.58
Pressure Tube Outlet 11.81 22.22 15.10
Rolled joint outlet 12.46 21.65 10.14
thickness 12.11 16.52 13.71
SG tubing 13.43 14.34 12.72
Pressurizer 12.13 16.00 16.00
Degasser Condenser 11.77 15.51 15.51
header interconnect 17.46 30.99 11.68

voiding by boiloff and depressurization ; intra channel fluid interactions

4. Mechanisms of high temperature fuel bundle deformations and quantification of bundle geometry

parameters

5. Fuel bundle oxidation with air, oxygen at various stages of its disassembly.
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Mechanisms of high pressure rupture failure of CANDU channels by hot fuel and melt interactions
with pressure tubes

Channel failures by their deformations; melt through to channel disassembly at low pressures

Gross core disassembly, debris retention, displacements, interactions and collapse of individual
columns of channels

Effect of recovery actions to reflood fuel channels

Steam explosion potential during debris and melt relocation to underlying water in Calandria vessel
Solid debris behavior in Calandria with accumulation over many hours and without water ingress
Solid debris interactions with air drawn from Calandria overpressure relief ducts
Thermo-mechanical behavior of stepped welded Calandria vessel under load of hot debris

Response of boiler tubes following core heatup (consequential boiler tube failure) at high pressures
and at low pressures with boilers dried out

Component and system failure modes for interfacing systems, in-core device failures that may create
a containment bypass.

Interaction of debris with an intact loop in case of coolant loss and core damage restricted to one loop.
Oxidation of end fittings, feeders, Calandria by steam and air

Fission product release mechanisms under different fluid conditions from fuel pins in bundles, debris,
corium

Effect of recovery actions in Calandria, shield tank, fueling machine duct in presence of debris

Effect of Calandria vessel weld failures including interaction of water ingress on solid and molten
debris

Containment response to sharp pressurization loads (energy, mass addition ; hydrogen combustion)
Hydrogen / Deuterium distribution in reactor vaults and rest of containment

Hydrogen / Deuterium burns, detonation, deflagration in reactor vaults and failure modes of structures
Effectiveness and adverse effects of recombiners, igniters (auto-ignition and explosions )
Containment response to sharp pressurization loads (energy, mass addition ; hydrogen combustion)

Potential and effects of consequential floods, fires in containment
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COMPUTER CODES USED FOR SEVERE ACCIDENT PROGRESSION & CONSEQUENCE
ASSESSMENTS

The currently used computer code MAAP-CANDU suffers from the following errors and deficiencies (a
complete list contains 52 entries) :

1.

2.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

No consideration of heavy water, deuterium gas (light water and H» properties used)
No momentum equation for PHTS

Channel degradation during channel boiloff before dry steam/D> heatup not modelled - Initial fuel
temperatures at onset of heatup are arbitrary

Channel hydraulics based on assumed header to header Ap and no overall core thermal hydraulics. No
intra channel flows. No consideration of fluid discharge paths.

A limited number of channels modelled.
No explicit fuel sheath modeling.

No modeling of out of flux pressure tube lengths.

. No modeling of water retention in end fittings after boiloff or blowdown

No thermal modeling of feeders and end fittings

No consideration of differences in burnup and power profiles between various channels

. No modeling of in-core devices and their effect on individual fuel bundle displacements.

No modeling of piping into Calandria vessel.

Crude modeling of core disassembly & a physically impossible model of 'core collapse'
Primitive modeling of suspended solid debris

Solid debris interactions with air not modelled

Deuterium / Hydrogen generation by steel oxidation and Uranium-steam oxidation ignored.
Fission product releases from debris crudely modelled.

Fission products do not decay.

As ‘engineered’ codes with specific accident progression pathways — many scenario paths not
considered.

Difficult I/O; primitive post processing
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It is incomprehensible that above deficiencies have not been rectified in the 25 years since the control
of code development left Canadian hands. No SAMGs, design assist or other accident management or
training measures are possible without properly modeling the reactor, its phenomenology and all potential
accident progression pathways. Without modeling the behaviour of each fuel channel individually, for
example, the erroneous conclusions drawn from models such as for a total, global core collapse can give
misleading and dangerously inaccurate results.

Let the first relicense be for 3 years so that OPG can create software to model its reactor’s response to
an unmitigated station blackout. Right now they are in the dark.

CONCLUDING REMARKS

The purpose of the submission is to foster an open discussion by CNSC of design vulnerabilities so
that OPG feels encouraged to develop engineering solutions that can help reduce risk. Our commitment
to reactor safety should not just be defensive but also honest. The recent claims by the industry of the
infallibility of the design and relative benign consequences of a severe accident prompting the regulator
to suggest that local authorities may not even need any evacuation for 24 hours is a very disturbing trend.
The purpose of this paper is also to reiterate that as professional engineers, we are bound by our

rofessional ethics to keep the public safety first in our list of concerns and that ignoring
m%ﬁciencies and known vulnerabilities to unfavourable outcomes
is contrary to our professional obligations. Damage done by radiation to the
countryside at Chernobyl and Fukushima far exceeds the economic and other benefits from operation of
all 400 odd nuclear reactors that have been operated so far. In both cases it was not just the technology
that was wanting; it was also the organization and the abysmal safety culture that was the root cause as
per the Japanese parliamentary investigations. Those accidents required a number of professionals to be
complicit in putting the corporate priorities first over public safety concerns.

Fukushima reviews by the industry have increased the awareness of the potential of a CANDU
severe core damage but not understanding of its implications. Some newly implemented mitigating
measures like mobile emergency hookups will partly reduce the likelihood of progression to a severe core
damage but are not passive or well thought through. Some long planned measures like PARS and
Containment Venting will help reduce off-site consequences but implementation is dangerously
incomplete and backup analyses are questionable. There is significant resistance to understanding,
acceptance and targeting of inherent reactor design deficiencies by the utility management. Restructuring
of CANDU nuclear industry has affected progress and granting of long term licenses by the CNSC has
further retarded progress towards risk reduction from ageing and obsolete reactors. Significant
opportunities exist in further reducing risk to owners and the public but regulatory actions have had a
negative effect. There has been little progress in enhancing analytical capabilities to help identify and
quantify vulnerabilities; justify and introduce new risk reduction measures. Unless corrective action is
taken, a disaster is looming. At a minimum it will consume the utility with no upper limit in sight of the
damage it can cause to the nation.
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