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The graph represents the unavailability of the safety systems at the
Bruce Nuclear Generating Station, "A", for the time period 3rd quarter
1976 through to 4th gquarter 1978. Each point represents the frequency
that a specific system was not operable within the corresponding time
interval. All values, as in@%cated on the vertical axis, must be
multiplied by the factor 10 (ie: .001 or 1/1000).

This number corresponds to the AECB licencing criteria which stipulates
that all safety systems must be available 99.9% of the time - this is

the "target" as indicated in the figure. Over the course of one year,

this implies that each system cannot be unavailable for more than

7.5 hours. The Emergency Core Cooling System (ECCS), for example,

was not operable for 39 hours (ie: total time allowed for unavailability /
number of time periods X frequency of unavailability = 7.5/4 X 21) during
the fourth quarter 1978; this is 21 times above the target., It is
important to note that the target level was exceeded by all systems over
the 3 year time span.

The graph appeared in a letter from T. J. Malloy, Manager, Power Reactor
Division of the AECB to L. W. Woodhead, Director, Nuclear Generation
Division of Ontario Hydro, June 15, 1979 (SCOHA Exhibit E-71).



Gordon Edwards

ONTARIO LEGISLATURE
INVESTIGATES NUCLEAR SAFETY

In the wake of the Three Mile Island accident, the Ontarioc
Legislature has become involved in matters of nuclear safety.

In June there was a full Parliamentary debate on a resoclution
to restrain Ontario Hydro from operating the small N.P.D. rsactor
north of Ottawa until seriocus allegations concerning the safety of
the plant had been heard by the Federal Appeals Court. The reso-
lution was defeated by a narrow margin (two votes).

In addition, the Legislature's Select Committee on Ontario
Hydro Affairs held 13 weeks of hearings on CANDU safety during 1979,
culminating in an Interim Report to the Legislature in December.
Copies of the transcripts and the Interim Report have been deposited
in the Legislative Libraries of every province in Canada. The safety

hearings are expected to conclude in March 1980.

The Interim Report: Recommendations

The Committee's Interim Report, entitled The Safety of Ontario's
Nuclear Reactors, contains a number of constructive recommendations
(20 in all). If implemented, they will go a long way towards clari-
fying the nature of the risks associated with CANDU reactors:

* For the first time in the 40-year history of nuclear power
in Canada, an attempt will be made "to analyze the likeli-
hood and consequences of a catastrophic accident in a CANDU
reactor"”. (Recommendation VII)

* All pertinent information on nuclear safaty will be made
publicly available, on a routine basis, in as accurate
and comprehensible a form as possible. (Recommendations
I, II, VI, XIX)

* An independent forum will be established wherein contro-
versies related tc the bioclogical effects of low-level
ionizing radiation and the adequacy of existing exposure
standards can be publicly scrutinized and acted upon.
(Recommendation III)



* The procedures and criteria by which nuclear reactors
are licensed for operation will be made much more
explicit. (Recommendations VIII, X, XI, XII, XIII)

* Increased attention will be focused on human error,
which is acknowledged to be the weakest link in the
chain of cause and effect that may lead to major
reactor accidents. (Recommendations IV, V, XIV)

* The effectiveness of the Atomic Energy Control Board will
be strengthened, largely as a result of the greater
degree of public accountability which will result from
the other proposed changes. (Recommendations IX, XV,
XVI, XVII, XVIII, XX} ' :

There are all welcome developments, long overdue.

Unfortunately, the text of the Report is not as constructive
as its recommendations. There one encounters a number of incen-
sistencies, confusions, and oversights of a rather fundamental
nature. In addition, the superficial tone of political expediency
adopted 1n the Report does not adeguately reflect the seriousness
of the issue or the quality of the testimony heard to date. Per-
haps the Final Report will avoid some of these pitfalls.

The Safety Record: Good and Bad

One of the accompiishmentsAof the Select Committee is the
liberation of about four tons of hitherto confidential safety docu-
ments from Ontarlo Hydro, AECL and AECB. At the 1nsmstence of
the Committee, these documents have been made avallable for publlc

pefusal;‘

pr thevfirst time, interestedbcitizens haye‘an’opportuhity to
glimpse the strange and murky world of signifieant'event'repofts,
forced outages, . safety system unavallablllty, and regulatory
squabbles. The result is 1mpressxve and not altogether reassurlng;

as the cocuments show that’v

"accidents, mlstakes,‘and'malfunctions do occur in nuclear
‘plants: equipment fails; instrumentation gives improper
readings; operators and maintainers make errors and fail
to follow instructions; designs are inadequate; events
that are considered ‘'incredible' happen. It is a sober-
ing reality, but one we must accept, that no matter how
careful we are, we must expect accidents; we must anti-
cipate the unexpected.” (Interim Report, p.33)



Despite the disturbing regularity with which things seem
to go wrong im Ontario's nucleér power reactors, the Committee
was consoled by the fact that the public has never been exposed
to highly danéerous amounts of radiocactivity as a result of these
untoward incidents. Indeed, "the incidents themselves do give
some assurance that CANDU reactors are properly designed and
opcrited. When incidents happen, the reactor does shut down
safely, and there is enough redundancy that in the incidents
that have happened, the public has not been at risk." (pp.33-34).
NMowhere in the Report are the Chalk River accidents of 1952 and

: .1958 mentioned ~-- not even briefly:!

Radioactive Pollution Not a Major Concern

In the "asbsence of serious accidents, the worst the public has
to fear from the operation of CANDU reactors is exposure to routine
radiocactive emissions, which are usually quite low. Even when
gerious gpills occur, such as the 28,000 curies of tritium that
leaked into the water system near Pickering in February of 1979,
the Committee found little cause for concern. After all, "the
irradiated water was well diluted by the time it reached the muni-
cipal water supply®. In the Report, no mention is made of the
fact that the Pickering Town Council was not informed of the spill
in question until three months after the fact.

Nor is there any reference to the testimony of Dr. Edward
Radéord, Chairman of the prestigious B.E.I.R. Committee of the U.S.
National Academy of Sciences. Dr. Radford told the Committee in
July that tritium appears to be considerably more hazardous than
previdusly thcught, and that sharp "pulses” of tritium may be
particularly harmful to the developing foetus if a pregnant woman
drinks the tritium-contaminated water at a critical stage in foetal
development. The Select Committee likewise makes no mention of the
ongoing concern expressed by the federal Department of the Environ-
ment to the Porter Commission that tritium levels in the Great Lakes
are measurably increasing and may become a problem by the turn of

the century.



"The Committee was impressed, however, by the continuing
attention that must be paid to questions of radiation
health effects... Studies that appear to show increased
danger at low levels need continuous review... The basic
Canadian regulatory standards come from a body [ICRP]
reputed to be dominated by those the critics call the
nuclear establishment... the Committee believes that
there is an additional need for a bedy that can focus on
Ontario problems, that can do so openly and with parti-
cipation from the publlc, and that can relate dlrectly to
the federal body [AECB]." (pp.23-24)

Evidence related to another chronic'pollution.problem associ-~
ated with CANDU reactors (the buildup of radloactlve carbon-14)
will be heard by the Commlttee early in 1980.

Catastrophe Risk "Acceptable"”

Although nuclear reactors are relatively nonepolluting in
normal operation, the Report makes it plain that "catastrophic
accidents" are an inescapable possibility:

"It is not right to say that a catastrophic accident is

impossible... The worst possible accident could involve
the spread of radiocactive poisons over large areas,
kllllng thousands immediately, killing others through
increasing susceptibility to cancer, risking genetic
defects that could affect future generations, and, pos-
sibly contaminating for further habitation or culti-
vation, larqe ‘land areas." (pp.2-10)

The reader is left to speculate whether these "large land areas

- might include dcwntown Toronto, about 20 mlles from Plckerlng.

Reassuringly, however,."the Commlttee found that the chance of
a very serious acc1dent occurring in any s1ngle reactor is extremely
small and, on the.ba51e of the information con51dered to date, that
the reactors are.therefere acceptably safe * In so doing, the
Committee recognized fully that it was making a political/societal
judgment that the benefits derived from its nuclear reactors are
worth the risks incurred by the people of Ontario." (p.32) ‘Thus
the Committee has decided on polltlcal grounds that the probablllty

of a serious reactor accident —- whatever it may turn out to be in

precise- scientific terms -- is acceptably small.



Of course, the Committee members could have reached a more
cautious conclusion. They could have stated that there is insuf-
ficient evidence to determine whether or not the catastrophe risk

posed by CANDU reactors is acceptable or not. This statement would
not necessitate shutting down operating reactors, as such a move
would be very expensive, and there is as yvet no compelling evidence
that they constitute an unacceptable risk. However, such a state-
ment would clearly signal the need for further, more detailed
studies before any expansion of the nuclear industry is allowed to
occur. It would lend a sense of urgency to Recommendation VII.

Instead, the Committee members chose to express an outright
political judgment in favour of nuclear power, by saying that the
chance of a sericus accident is "acceptably small". They were
careful to hedge their bets by adding: "This basic conclusion is, of
course, subject to change following further Committee investigation
before the final report is completed.” (p.2).

What makes their affirmation of faith so remarkable is the
enormous degree of uncertainty that surrounds the subject of pro-
babilities as applied to reactor accidents. The Select Committee
has chosen to base its most important conclusion on the most contro-
versial and least reliable concept in the entire field of reactor

safety analysis.

Rasmussen Probabilities for Meltdowns

In the early '70°'s, Dr. Norman Rasmussen of M.I.T. spent three
vears and four million dollars trying to determine the probability
of a complete cdre meltdown in an American light water reactor. But
despite all his efforts, he couldn’'t even pass the exam. Shortly
before the Three Mile Island accident, the U.S. Nuclear Regulatory
Commission publicly repudiated the Rasmussen probability estimates
by withdrawing any “explicit or implicit support” for them. The

N.R.C. announced that it had “"no confidence® in Rasmussen's numbers.

The N.R.C. action was prompted by the findings of a special
scientific review of Rasmussen's work carried out by the Lewis
Committee. The review, completed in September 1278, showed that



there are very fundamental questions about the validity of Ras-
mussen's calculations. The Lewis Committee found a host of
problems “"ranging from lack of data on which to base input dis-
tributions to the inventiocn and use of wrong statistical methods™.
At one point, referring to a particularly important probability
calculation by Rasmussen, the Lewis Committee observed that “the
arbitrariness of this [Rasmussen's) procedure boggles the mind".

In view of the Lewis Committee findings, the N.R.C. found it
prudent to warn against the use of such questionable probability
figures as a basis for deciding public policy.

Lack of Canadian Studies

As it happens, Ontario Hydro and Atomic Energy of Canada Limited
‘both leaned very heavily on Rasmussen's Report during the Porter
Commission Hearings (Ontaric Royal Commission on Electric Power
Planning). Theyv wanted to "show” that the probability of a major
accident in a CANDU reactor is acceptably small. Because they had
not done their own detailed studies, they expressed confidence in
Rasmussen's calculations. In so doing, they revealed that they do
not'know, in any technical sense, what the probability of a meltdown
in a CANDU reactor is. V

It is not clear how, in view of these cixmumstances,»the Com—-
mittee could have possibly "found" that the chance of a meltdown in
a CANDU reactor is either acceptable or unacceptable. ’

The Select Committee knows that Hydro still hasn't done its
own meltdown studies. That's why the Interim Report recommends
that AECB should get busy and do them. - (After all, why should
ontario pay for the research when Ottawa may be persuaded to pick.
up the bill? Taxpayers from other provinces surely won't object;
they never have in the past!)

In view of Hydro's track record, the Committee would have

been wiser to reserve judgment until the evidence is in,



Probability Estimates for a CANDU Meltdown

Following the Three Mile I=land Accident, Ontaric Hydro
spokesmen tried to allay public apprehensions by citing probability
figures for meltdowns which had already been thoroughly discredited.
Indeed, the Hydro number quoted on radio and TV was about 50 times
more reassuring than Rasmussen's number {one in a million compared
with one intwenty thousand per reactor per vear).

Dr. Arthur Porter, Chairman of the Royal Commission on Electric
Power Planning, felt compelled to go on radioc himself to state that
Hydro's probability estimate was about a hundred times too low.

Having carefully listened to 15 days of detailed cross-examination

on CANDU safety, and having studied the relevant background documents,
the Porter Commission concluded 18 months ago that one in ten thou-
sand per reactor per year was a "more realistic” estimate for the
probability of a meltdown in a CANDU (A Race Against Time, p.78j).

Although one-in-ten-thousand sounds guite small, it is actually
uncomfortably large. With a thousand reactors operating worldwide
scme time soon, it means one meltdown per decadéy on the average.
And as the Royal Commission pointed cut in their report A Race

Against Time, this estimate could be ocut by a factor of five either

way. If the true probability is five times worse, then even with 30
reactors operating at some time in the future here in Canada, one

might expect a meltdown about once eévery 40 vears.

in the Toronto area, 12 reactors are already committed -- eight
at Pickering and four at Darlincton. Each reactor is expected to
nave a lifetime of 30 vears. Using the Porter Comnission probability
2stimate, the chances that at least cne of thase reactors will suffer

a core meltdown during its lifetime can be easlly calculated:
{1/10,000) x (12 reactors) x {30 vyears) = 1/27 {approx.)

This is hardly a low probability. It is one-third higher than
the probability of rolling a "twelve®™ with two dice (which is one
in thigrty-six). And if the Porter Commission estimate happens to
ke low by a factor of five -- which i3 a distinct possibility --
then the probability of a nuclear disaster from one of these plants

near Toronto is about 1/6 -- which is the probability of rolling a



“one" with a single die!

An Unanswered Question

Does the Select Committee regard this precbability estimate .
of one in six as “acceptably small®? The Interim Report would
suggest that it does. Perhaps in its Final Report the Committes
will give some indication of just how large the prokability of a
serious accident would have to be before it would become “unaccept-
ably large”. Or perhaps the Committee members have concluded that
the risk is worth taking, no matter what the probability may be.
If so, they should say so. Not everyone would agree.

The Ostrich Syndrome

There is a disturbing possibility that the Select Committee
is simply refusing to face facts by adopting the traditional
ostrich-like posture. The Interim Report maintains a stony silence
on mundane matters like evacuation plans, emergency medical faci-
lities for radiation victims, insurance mechanisms to compensate
for billions of dollars in offsite property damage, and suchlike
details. One gets the impression that the Committee members have
persuaded themselves that no serious_acéidents will ever actually
happen at a CANDU nuclear power station. ’ '

One wonders how the Committee managed to arrive at such a con-
clusion, if indeed it did. In November, just before the Interim
Report was published, a prominent U.S. pro-nuclear scientist named
Alvin Weinberg was telling a United Nations Technblogy Conference in
Montréal that by the year 2020, we could expect an average of one
meltdown every two years, worldwide.

There is eﬁidence, however, that the Select Committee is
gambling that it won't ever happen, and is using scientific double-
talk to avoid the issue. The Interim Report states:

"A key element in determining what is 'reasonable’ is~the

technical concept of risk. In the scientific community,

risk is a precise term, defined mathematically as pro-
bability times conseguence..."” (p.10)



(Isn't science wonderful? We do not know the probability accurately,
we have not measured the consequences, but nevertheless risk is a

"precise term" equal to the product of these enigmatic quantities!)

The Interim Report gives no consideration to the potential con-
sequences of a meltdown accident. The Committee does not even dis-
cuss the most okvious guestion ©f all: how do you clean up the mess
after a CANDU reactor has melted down, and how much will it cost?

In a minority report, the four H.D.P. Committee members call attention
to this glaring inconsistency:

"In Committee Hearings, we were told many times that RISK=

PROBABILITY x CONSEQUENCE. Without any seriocus evaluation
of the CONSEQUENCE of a catastrophic accident, we do not
feel that a proper evaluation of RISK has yet been under-

taken by Hydro or the federal or provincial governments or
indeed by this Committee.” (p.63)

Consequences of a Meltdown

In the event of a core meltdown, U.S. studies have shown that
"the molten mass would be expected to eat its way through the con-
crete floor into the ground beneath" {(Executive Summary, Rasmussen
Rep@rt). Howeveyr, Ontario Hydro spokesmen told the Select Committee
and the Porter Commission that the “meltthrough” phenomencn would
not occur in the event of a meltdown at a Pickering reactor. When
challenged to prove this remarkable claim, which is in direct con-
tradiction to all published studies on the subject, Ontario Aydro
declined to do s30. The Select Committee did ncot pursue the subject
nor did it see fit to mention the dispute in the Interim Report.

The cleanup costs feollowing the Three Mile Island accident were
originally estimated at $400 million, but the Kemeny Commission
Report indicated that those costs will probably exceed $1 billion.
No one has vet @stimated the cost of decommissioning a power reactor

whose core has melted down.

If Ontaric Hydro is right and the molten cors does not pene-
trate the concrate floor, whom will they send into the reactor
building to clean up the mess? Indeed, how can they clean up the
mess? How will they package the congsaled cove materialis, and

where will they send them? How much radicactivity will have to be
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released into the atmosphere or into the Lake to make it safe
enough for the workers inside? How many workers will be required
for the job, what kind of pay will they require, and what levels of
radiation will they be exposed to?

On the other hand, if Hydro is wrong and the molten core does
penetrate the concrete floor within 20 hours or so after core melt-
ing begins, how much of that enormous radiocactive inventory will
find its way into Lake Ontario? What kind of steam explosions might
occur when the molten core comes in contact with soil moisture? How
will Hydro deal with the residual molten blob, which the Rasmussen
Report says will reach a maximum diameter of about 50 feet and which
will remain partially molten for about a year?

On all these matters the Interim Report is silent. The Report
does not even ingquire as to how many days the vacuum building would
be able to contain the radiocactive fission products without pumping
them out into the atmosphere or dumping them into the Lake. Nor does
the Report comment on the economic repercussions in Ontario resulting
from the prolonged forced shutdown of eight reactors on the Pickering
site, representing more than 4000 Megawatts of electrical power.
(Actually, a major accident would probably necessitate the shutdown of
all reactors in Ontario, thereby bringing about the kind of massive
and prolonged energy shortages that nuclear power is supposed to
prevent.) ' .

In view of these oversights, it is d;fficult'to'avoid the con-
clusion that the Select Committee does not believe that such sericus
accidents are really possible.

Magical Materials Don't Melt

There is a key passage in the Report (pp.17-20) -- a kind of
"worst case" scenario -- which may explain why the Committee has such
faith that catastrophic accidents won't happen. Basically, it is
assumed that a complete loss of coolihg of the reactor takes place:
this entails a loss of regular coocling (including the primary heat
transport system and the moderator cooling system) accompanied by a

loss of emergency cooling. According to expert U.S., testimony, such an
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accident would surely lead to a complete core meltdown. However,
the Select Comnittee Report makes no mention of fuel melting
whatsoever in this passage (though it does discuss the melting of

the zirconium sheath which encases the fuel rods).

The passage in question may reflect a fundamental misunder-
standing of the rudiments of reactor safety on the part of the
Select Committee members. If they do not believe that fuel melting
will occur, even with no cooling whatsoever, then of course they can
all relax and stop worrying about catastrophic reactor accidents
resulting from loss of cooling. The only indication that they are
aware of the problem of fuel melting at all is on page 14 where they
mention in passing that "temperatures can, in some circumstances,
build up to a level close to, or even slightly beyond, the fuel
melting point".

Testifying at the Cluff Lake Board of Inquify in Saskatchewan,
Norman Rasmussen (Head of Nuclear Engineering at M.I.T.) was much

more blunt:

Rasmussen: It's assumed that this accident lost the regular
cooling.
Questioner: Now, if the emergency core cooling system were not

there I presume you'd have massive melting?

Rasmussen: Indeed you would... That's one way to melt the core
and it's one of the ways we looked at in our study.

(Cluff Lake Transcript, vol.85, pp.8686-91)

Although Rasmussen's probability calculations have been disputed, his
facts about fuel melting have never been disputed, because they are

based on straightforward engineering calculations.

Testifying at the Royal Commission on Electric Power Planning,
Mr. Liberty Pease (Manager of the AECL's Safety Analysis Division)
confirmed Dr. Rasmussen's analysis:
Pease: Under those circumstances, since one has heat production
and since one doesn't have heat removal, the tempera-

ture must rise. It will continue to rise until the
system melts.
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Questioner: ~Mr, Pease, would that amount of heat production be
sufficient... to cause massive melting of the core
if there were no emergency cooling available?

Pease: Well, yes... If you produce heat and don‘t take it
away, the material must melt unless it is a magical
material. ‘

(Porter Commission Transcripts, voi.l36, PP.17357-58)

The heat referred to by Dr. Rasmussen and Mr. Pease is the
so-called "decay heat", the result of the intense radiocactivity cf
the nuclear fuel. Unlike the nuclear chain reaction, this decay
heat cannot be sihut off. Indeed, it persists for centuries, but at
gradually diminishing rates. As Dr. Rasmussen told the Cluff Lake
Board of Inquiry:

"Right after shutdown the heating rate cof the reactor is about
7% of the full power rate, and then as the radiocactivity decays
away it decreases; in a few hours it's less than 1% {pf full
power heat] and it keeps going down... Even one percent is a
lot of heat, and if you don't remove that heat it's surely
enough to overheat the fuel and melt it, and therein lies the
problem that the reactor safety analyst must face -~ to assure
himself that the heat produced by these decaying fission pro-
ducts is reduced, is removed for periods of weeks or months...
Every core melt in ocur study is assumed to melt its way
through the bottom of the reactor.® (Cluff Lake Transcript,
vol.85, p.8686-87)

Moderator as a Heat Sink

One witness, Dr. Terry Rogers of Carleton University, told the
Committee that the moderator cooling system would probably prevent
fuel melting in a CANDU even if all other cooling systems fail.
However, the Select Committee's "worst case” scenaric assumes that
the moderator cocoling system is completely inoperatiVe.along with
the main heat transport system and the emergency cooling system.
The Interim Report cites no evidence whatscever to indicate that
fuel melting wor.'t occur with all these cooling systems inoperativa.
It seems to be a gratuitous assumption which contradicts the basic
laws of physics. As Mr. Pease has said, "If vou produce heat and
don't take it away, the material must melt unless it is a magical
material®. ' '
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By the way, despite Dr. Rogers' opinions on the subject, even
if the moderator cooling system is operational and the other cool-
ing systems aren't, fuel melting may étill occur. Dr. Rogers'
analysis (a 1978 study commissioned by AECB which indicates that
the fuel won't melt) was hardly conclusive on this score:

"The pressure tube [containing the fuel] will heat up and

at about 1000°C it will sag...The fuel bundle slumps because
it overheats... The zircaloy [surrounding the fuel] would
eventually melt... The fuel reaches a maximum [calculated]
temperature around 2600°C, which is about 200°C below the
melting point... ‘

"Once you get up to about 1000°C, there can be a very rapid
{chemical]l reaction between the zircaloy and the steam.
This generates heat... This {reaction] was ignored in [my)
analysis... If you had just the right steam flow it [ the
chemical reaction] would result in about a 200°C increase
in temperature... It would get close to the melting point
[{of the fuel], right... If you take that further to the
peak, it would be slightly above the melting temperature...
Certainly from my analysis I couldn't say definitely that
the UO, fuel won't melt...

"[Even without considering the zircaloy-steam reaction]
there is enough uncertainty in my analyses that you could
say, 'You are predicting 2650°' or whatever it is -~ it
might be 27500C -- 'which is getting close to the melting
point [of the fuel]'. In other words, there are always
uncertainties in any analyses...” (Dr. Rogers' Testimony,
Select Committee Transcripts, July 23)

The melting point of UO, fuel is 28000C (about 5000°F). Since
Dr. Rogers ignores the extra heat produced both by zircaloy com-
bustion and by hydrogen combustion, his conclusions are not as firm

as one might hope.

Other Confusions

Not only does the Select Committee Report ignore fuel melting
as a possibility in its "worst case" scenario, it also reveals a

number of basic confusions:

* It is not necessary to assume, as the Report does, that the
initial pipe break "is the worst kind and in the worst
location" (p.18). A small pipe break is just as bad as a
large pipe break if emergency cooling is totally unavailable,
because the core is left uncooled, "causing the fuel bundles
to fall apart and the pressure tubes to split and break” (p.19).
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COMMENTS ON THE DIAGRAMS

FUEL BUNDLES AND FUEL SHEATHS

The accompanying illustration of a CANDU fuel bundle shows how the
zircaloy sheaths completely ceontain the uranium oxide fuel pellets
{visible only through the "cutaway” portion). Accordingly, radio-
active fission products cannot escape from the fuel bundle unless
this protective sheath is camagea (e.g. by overheating)..

Prolonged overheating can melt the sheath at about 120009C, but the
sheath will rupture before it melts because of other factors
{(softening of the metal and "ballooning® caused by gas pressures).

As soon as the sheath is damaged, all of the radiocactive fission
gases (krypton-85, argon-41, and up to 2% of the iodine-13l) are
released from the fiel bundle into the piping system. However, most
of the radicactive inventory (including strontium=90, caesium-137,
ruthenium=103, technetium=9%, plutonium=23%, and the bulk of the
iodine-131) cannot escape unless the ceramic pellets overheat and
melt at a temperature of about 18000C, '

Without fuel melting, a catastrophic release of radioactive materials
from a nuclear power plant {(causing massive radiation doses and long-
term offsite contamination) is simply not possible.

CALANDRIA TUBES AND PRESSURE TUBES

The core of a CANDU reactor is a large cylindrical vessel lying on
its side, penetrated bv hundreds of hollow "calandria tubes™ which
run horizontally from end to end. This vessel is filled with heavy
water "moderator® (outside the calandria tubes).

Inside each calandria tube i3 a smaller, concentric “pressure tube”
which is made of zircaloy. Inside each pressure tube there are eight
or twelve fuel bundles (depending on the design of the reactor). The
fuel bundles generate heat. Coolant flows through the pressure tubes
to transfer heat away from the core (to the boiler).

If the regular coolant is lost because of a pipe break, and if no
emergency cooling is available, then the fuel "dries ocut" and begins
to overheat. The fission reaction can be shut off immediately, but
the "decay heat” produced by the intense radioactivity of the
fission poducts cannot be shut off. This heat will cause the zir-
calog pressure tubes and fuel bundles to sag and slump at about
1000°C, as shown in the cross-sectional diagram which is inset o

the opposite page. :

In his testimony to the Select Committee, Dr. Rogers argued that the
decay heat can be transferred to the moderator as soon as the slumped
pressure tube comes in contact with the calandria tubes, as shown,
without exceeding the fuel melting temperature. However, he ignores
the fact that zircaloy will burn very vigorously in a steam atmos-
phere at about 10009C, adding more heat to the system and possibly
driving the fuel temperature beyond its melting point.

When zirconium reacts with steam, more than three times as much heat
is produced as when an equivalent amount of sodium reacts with water.
Moreover, hvdrogen gas is produced as a byproduct of the reaction,
which is also capable of burning or exploding, thereby adding even
more heat to the system. Not very reassuring.
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Taken from SCOHA Exhibit E-52
submitted by J. T. Rogers, July 23, 1979.
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o lﬁ -

* It is not necessary for the “pressure relief valves on
the calandria to open, permitting radioactive steam to
flash into the reactor building® (p.19!. In the cir-~
cumstances described, radicactive steam will automati-
cally and immediately exit into the reactor building
through the same hole in the piping system that caused
the original loss of coolant.

* It is not necessary that "the containment system fails
to function properly® in order for radiocactive gases to
be released to the environment. The overheated and
damaged fuel will generate large volumes of non-conden-
sible gases that will require purging to the atmosphere
(even with a vacuum building).

Dual Failures and Triple Failures

Perhaps as a result of these and other basic confusions, the
Selec% Committee has arrived at the dubious conclusion (p.19) that
a catastrophic accident in a CANDU reactor would have to involve,
"at the least, a 'triple failure' accident” (involving the simultane-
ous failure of tihree independent systems, such as regular cooling,
emergency cooling, and containment). This conclusion is unambigu-
ously stated on page 42 of the Interim Report:

"l. A single failure accident should be a very infrequent

event (say once every three yearg) and its conseguences

should fall within the safe limits set for releases
during normal operation.

2. A dual failure accident should be expected to occur very
raraly (about once in every 3000 reactor years) and its
consequences should be well below dangerous radiation levels.

3. A triple failure, or catastrophic accident, must be ex-
pected to be a highly improbable event.” o
According to current AECB licensing criteria, the public must
be protected in the event of any hypothetical dual failure accident.
Triple failure accidents are beyond the scope of the licensing criteria.

The difficulty with this neat dissection of possibilities is
that it may not correspond to reality. A dual failure which is suf-
ficiently severe may automatically trigger a triple failure, sc that
the two categoties overlap. For example, a loss of coolant coupled
with a loss of emergency coolant, precipitating a meltdown, would
almost certainlyv breach the containment, thereby turning a dual
failure into a triple failure,
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The probability of a small pipe break is between 1/10 and
1/100 (according to the Point Lepreau Safety Report) and the
probability that emergency cooling will be unavailable is also
between 1/10 and 1/100 (according to Ontario Hydro operating
records). The combined probability of this dual failure accident,
which could be catastrophic, is between 1/100 and 1/10,000 per
reactor per year —-- somewhat higher than the Porter Commission's
probability estimate for a CANDU meltdown. The average of these
two extremes is 1/200. With 20 reactors operating, the average

probability of such an accident is about 1/10 (10%) per year.

Destructive Power Surges

Another type of dual failure accident to worry about (at
Pickering) is a loss-of-regulation (that is, a sudden power surge)
combined with a failure-to-scram (due to unavailability of the
fast shutdown system). According to Dr. Richard Webb, author of

The Accident Hazards of Nuclear Power Plants (University of Massa-

chusetts Press, 1976), such an accident in a CANDU reactor would
definitely cause a core meltdown. The violence associated with
such an accident is illustrated by the accompanying photograph,
taken from Dr. Webb's book. (next page)

Dr. Webb writes, "It cannot be demonstrated theoretically that
the containment of a CANDU would not be breached in this event”
(p.152). He is referring to the containment shell bursting at a
weak point due to overpressurization, or being penetrated by an
energetic missile, thereby establishing a pathway for the atmos-
pheric release of huge quantities of radioactive materials. 1In a
footnote, he attributes his information to a conversation with
W.G. Morison,.chief design engineer for Pickering "A" Generating
Station, Dec. 1975. | .

In AECL document PP-32 by Brooks and Renshaw, entitled
"Safety in CANDU Power Reactbrs", this type of accident (loss of
regulation with failure to scram)} is also briefly alluded to:
"Operation at sxcessive power levels [;.e. loss of regulatiod]

could lead to melting of the U0 fuel and/or failure of the fuel



This photograph, taken from The Accident Hazards of Nuclear Power
Plants by Richard E, Webb, University of Massachusetts Press,

p.68), illustrates the violence associated with an unter-
minated power excursion in a nuclear reactor.

7

"= = ™. A destructive nuclear runaway (power excursion) test conducted in 1954 of
a small nuclear reactor—a 1/500 scale boiling water reactor. This test posed no serious
hazard to the public, because little radicactivity was involved and the reactor was lo-
cated in an ldaho desert. The core was smail and operated a short time at a low power
fevel prior to the test; so there was little buildup of fission products (no plutonium was.
used). Also, the fuel was metallic, which minimizes fission product release due to lower
meiting temperature, and only a fraction of the fuel melted (no afterheat was involved).

ABOUT THE CANDU

"An autocatalytic power excursion accident @oss of regulatiorﬂ
would definitely occur during a loss-of-coclant accident, if a
reactor SCRAM fzils to occur, which would cause a core melt-
down..« It cannot be demonstrated theoretically that the contain-
ment would not be breached in this event... The consequences of
such an accident in CANDU could be disastrous..."” (p.152)
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sheaths and/or coverpressure rupture of the heat transport system"
if not promptly terminated Ei.e. failure to scraﬁ] . It is later
pointed out that in such an event, "the containment might not be
able to cope with the energy release®, and in certain circum-~
stances even scramming the reactor might not prevent these severe
consequences from occurring. Such an accident could be a truly
catastrophic event.

At Pickering "A", there were six loss-of-regulation accidents
within four years (A Race Against Time, p.79). Fortunately, the

shut-off rods functioned as designed in each case, being driven
vertically into the core of the reactor with great force, shutting
the reaction off within two or three seconds and preventing a |
catastrophic failure. However, at both Pickering "A" and Bruce "A",
AECB documents reveal that the fast shutdown systems have been
frequently unavailable -- much more often than they are supposed

to be. If these critical safety systems happen to be unavailable
during a loss-of-regulation accidenf, we may have to kiss Pickering
good-bye, and possibly parts of Toronto as well.

Back in 1952, the small NRX reactor at Chalk River underwent
a violent power excursion (i.e. loss of regulation plus failure to
scram) that destroyed the core of the reactor, causing some fuel
melting in the process. Unaccountably, the shut-ocff rods failed
tc fully descend into the core. & series of hydrogen gas explosions
{or steam explosions) hurled the four-ton gasholder dome four feet
through the air where it jammed in the superstructure. Thousands
of curies of fission products were released to the atmosphere, and
a2 million gallons of radicactively contaminated water had to be
pumped out of the basement and disposed of in shallow trenches.
‘Young Jimmy Carter, then a nuclear engineer in the U.S. Navy, was
among those who participated in the NRX cleanup. This bit of his-
tory shows that such accidents do occur, improbable as they are.
Because NRX is a pygmy compared with Pickering, the result of the
1952 accident was not a catastrophe. At Pickering, such an acci-

dent would almost surely be a catastrophe.
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Since there is only one fast shutdown system in each of the
Pickering "A" reactors, a loss of regulation with failure to
scram is yet another example of a hypothetical dual failure acci-
dent which would trigger a triple failure either by penetrating
the containment shell at a weak point and/or by precipitating a
meltdown. It is therefore apparent that the Pickering "A" reactors
are not operating in conformity with the AECB dual failure licensing

criterion.

The probability of a loss-of-regulation is about 1/3 (AECE
target, already exceeded), and the probability of unavailability
of the scram system is about 1/1000 (AECB target, already exceeded).
Thg combined probability of such an accident at Pickering is there-
fore about 1/3000 per reactor per year (optimistic!) -~ considerably
larger than the Porter probability estimate for a meltdown. The
chance that such an accident will occur at one of the four Pickering
reactors during their useful lifetime of 30 years is about 1/3000
x 4 x 30 = 1/25. Not very feassuring.

Additional Scram Systems

In the Bruce reactors and in subsequent CANDU designs, unlike
the Pickering "A" reactors, there are two fully independent fast
shutdown systems. This makes the loss-of-regulation-plus-failure-
to-scram scenario truly a triple failure accident at Bruce. It
also sharply reduces the probability of such an accident occurring.

That is small consolation to people living near Pickering.

Ironically enough, the Select Committee singles out the second
fast shutdown system at Bruce for special criticism (p.48), yet
fails to point out that the Pickering reactors -- sited in a more
densely populated region than any other reactors in the world -- de
not even have a second fast shutdown system. (The moderator dump at
Pickering is too slow to qualify as a scram system; that is one

reason it has been eliminated from subsequent CANDU designs.)

Nuclear critics have charged that Pickering "A" is operating

in violation of its license because Ontario Hydro cannot demonstrate



that the public will be protected in the event of the dual failure
accidents described in the previcus sections. During the hearings,
it was suggested to the Select Committee that Pickering "A" be
operated at reduced power (to provide an extra margin of safety
against a destructive power surge) until it has been retrofitted
with an additional scram system. However, the Committee did not see
fit to record the suggestion in their Interim Report.

The Case of the IPD Reactor

Many of these seemingly abstract considerations are well
illustrated by the case of the small, 22 MW Nuclear Power Demon-
stration (NPD) reactor situated at Rolphton, Ontario. In April
1979, local citizens, acting through the Renfrew County Citizens
for Nuclear Responsibility (RCCNR), petitioned the AECB to hold
public hearings on the safety of the plant. They alleged that the
plant was operating in violation of its license because of admitted
inadeguacies in the emergency coolant injection system. (Analysis
had revealed that any size of pipe break in any location on the
"inlet" side of the reactor core would result in at least half the
fuel failing, thereby releasing radidactive gases and iodine, con-
trary to assurances given in the NPD licensing documents.)

The AECB refused to grant the citizens' petition because
modifications were being made to improve the safety systems of the
NPD plant. Among other things, the calandria spray cooling system
would be upgraded to compensate for the deficiencies in the emer-
gency coclant injection system. These modifications had been going
on for three years, during which time the plant was allowed to
operate at full power. The Renfrew citizens still wanted a public
hearing, so they lodged a complaint against the AECB with the
Federal Court of Appeals.

At this point the Select Committee recommended to the Ontario
Legislature that the NPD plant, which was then shut down for
"routine maintenance®, should remain shut down until the case had a
chance to be heard in court. Premier Davis prcmised a full Parlia-
mentary debate on the matter, but NPD was started up again the

night before the debate was scheduled to take place:



Fuel Melting at NPD

Meanwhile, AECB released documents {(dating from 1976) that
revealed that fuel melting would occur in the NPD reactor if
there were a loss of coolant coupled with a loss of emergency
coolant: "The melting of the core was presumed to occur with com~
plete incapacitation ©f the ECCS E?mergency core codling syste@j
since no account was taken of the effect of the calandria spray
system®. (History of ECCS at NPD,‘by D.J. Martin of AECB, May 30,
i%79) As it tutns out, it was wise that no account was taken of
the calandria spray system: subsequent analysis showed that a loss-~
of-eoolant accident would have unavoidably = floeded  the pumps
needed to drive the calandria sprays, rendéring themiuseléssw

Strangely enough, even though the core was presumed to melt, it
~ was not presumed to melt down (let alone melt through). Instead, AECL

calculated radiation doses three kilometers away from the plant on the
assumption that the containment would not be impaired in any way, that
97% of the radicactive iodine would stick to the metal surfaces inside
the plant and not escape, and that the filters in the NPD stack would
function at top efficiency. The result of this analysis was that an
infant's thyroid might receive a maximum dose of 10,000 rads, and

that 100 delayed deaths due to cancer might result from such an inci-
dent. (An infant receiving such a thyroid dose would no longer possess
a thyroid gland, according to medical evidence.)

More recently, it has been pointed out that the 97% retention
factor is probably too high, and that the filters would not work as
well as planned in an emergency, because they would be damp from the

- steam,

It has also been discovered that the NPD emergency ccoling
system was manually'éhu';fo; while the reactor was operating, for
more than a hundred days within the last year. If a small pipe break
had occurred during that time, theory might have been translated into
practice, and we might know for sure whether a meltdown would melt
through.

In September, the Federal Appeals Court refused to hear the
RCCNR case, suggesting that AECE was under no obligation to answer



to the public for its decisions or to obey its own regulations.

Without going into much detail, the Select Committee's Interim
Report concludes rather superficially that the NPD plant "was
allowed to continue to operate because it met its original licensing
criteria: the risk was equivalent to one expected death in 100
years, safer than a coal plant” (p.47); The Repért does not comment
on the fact that this highly theoretical calculation is based on the
doubt ful assumption that the NPD core can somehow manage to melt

without actually melting down or melting through.

However, the Report does point out that "the time may not be
far off when this plant will no longer be 'acceptably safe'. &t
that time Hydro and the AECB should have... no hesitation in closing
the plant" (p.38).

Conclusion

There 1s much food for thought in the Interim Report, and a
very healthy emphasis on the need for openness and public partici-
pation in matters of nuclear policy, especially those pertaining to

safety. 1In addition, the transcripts are a gold mine of information.

There are indeed a great many oversights in the Report, only
some of them touched on in the transcripts. In part, this is because
the summer hearings were oriented exclusively to the cooling systems
of the CANDU reactor. There were no hearings specifically on the
electrical systems or the containment systems. There were no hear-
ings on sabotage, or on external events (such as earthquakes, light-

ning strikes, airplane crashes, hurricanes, etc.).

For instance, the Report does not mention that Pickering is
still using the same kind of flammable urethane sealant that contri-
buted to the Brown's Ferry fire of 1975, or that a lightning strike
at the NPD plant in 1979 brought the plant perilously close to a loss-
of-cooling (as opposed to a loss-of-coolant) situation. Five
agonizing minutes passed before power was restored to the NPD pumps:

another few minutes and the fuel would have overheated.
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Nevertheless, despite its shortcomings, the Select Committee
has definitely broken new ground. PFor the first time in Canada,
elected representatives have grappled with the technical problems
surrounding reactor safety. They have made it much easier for
other Canadian citizens to begin to learn the truth about nuclear

- hazards with some depth of understanding. They have dispelled the
myth, once and for all, that reactor safety should be left to the
experts alone. |
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NOTE: APPROXIMATE VERSUS EXACT PROBABILITIES

In this article, the probability "P" that a mishap will occur when "n" reactors oper-
ate for a period of 30 years is calculated as follows: P = 30nf (where "f" is the pro-
bability that such a mishap will occur in any one reactor in any one year) . P]_e§§re1
note that this is only an approximation to the correct formula: P =1 - (1 - f) .
As applied in the article, the approximations are zll very good, as you may check.

As a rule, when 30nf is much smaller than 1, the approximation is good. As 30nf ap-
proaches 1, the approximation gets increasingly worse. When 30nf = 1, it is absurd.
For example, if the probability of a small pipe break is £ = 1/30 per reactor per year,
it would be foolish to think that, over a 30-year life, the probabillty_of_a small
pipe break in a single reactor is P = 30nf = 30(1/30) =1 (‘gBlCh would indicate com-
plete certainty). The correct answer is P =1 - (1 - 1/30)7" = 0.64 = 64%.
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Introduction:

Despite its shortcamings, the Rasmussen Report provides valuable insight into
the question of catastrophic reactor accidents.

To begin with, the report makes it clear that catastrophic accidents cannot occur
unless a substantial portion of the nuclear fuel melts. This is because most of the
fiercely radioactive fission products which are chemically and biologically active
(including 98% of the iodine~131) are locked up in the ceramic fuel and cannot be
released except by prolonged overheating and eventual melting of the fuel. Without
fuel melting, you cannot have thousands of people hospitalized with radiation sick-
ness, nor can you have long-lived radioactive contamination of soil and buildings
(leading to the $14 billion in property damage discussed in the report).

Secondly, the report makes it clear that once a substantial portion of the fuel
melts, it cannot be resolidified by any conventioml cooling methods. Drowning the
molten mass with water would only serve to form a solid crust, beneath which the melt
would continue to generate heat faster than it can be removed. Since the melting point
of the fuel (5000 F) is considerably higher than the melting point of any of the struc-
tural materials in the reactor building (including steel and concrete), it follows that
the molten core will inevitably eat its way through the steel contaimment vessel and
the concrete floor of the reactor building into the ground beneath.

Thirdly, the report indicates that without adequate cooling, the core of a reactor
will melt spontaneously even after it has been shut down for days or weeks. The so-
called "decay heat”, resulting solely from the radiocactivity of the fission products
(which camnot be shut off) is sufficient to melt the fuel even after it has been removed
from the reactor (e.g. in a spent fuel bay) unless there is sufficient cooling available.
This no doubt is why Sir Brian Flowers (author of the U.K. Royal Commission Report on
Nuclear Power and the Enviromment, 1976) concluded that if nuclear power had been deve-
loped before the time of the second world war, large parts of Europe would still be un-
inhabitable today (simply because of conventional warfare: bambs, sabotage, etc.). It
is an important fact that a nuclear reactor camnot be shut down and left in a safe con-
dition (REQUIRING NO MAINTENANCE) under emergency conditions. The possibility of a
meltdown in a damaged reactor is ever-present.

Fourthly, the report indicates that there are many ways in which the containment
shell can be damaged, releasing a deadly cloud of radiocactivity into the atmosphere.
Under meltdown conditions, the radioactivity released would be very intense and would
cause severe illness and death within days among the surroinding population -— unlike
the serious but non-catastrophic releases which occurred during the Three Mile Island
accident. In such a circumstance, evacuation may be permanent, as the levels of radio-
active contamination would make it extremely difficult, expensive, and dangerous to
decontaminate. The report calculates that, in the worst scenario that it considers,
about 45,000 people would require hospitalization with radiation sickness, of which
about 3,300 would die. In one of the appendices, it is pointed out that those who
survive this ordeal may require such radical medical treatment as bone marrow transplants.

In Canada, the nuclear authorities steadfastly refuse to talk about fuel melting
accidents -~ which are the only kind of reactor accidents with catastrophic potential.
The Interim Report of the Select Cammittee on Ontario Hydro Affairs (December 1979)
doesn't even mention fuel melting, except in one sentence of the report. This re-—
flects an astonishing degree of dishonesty in dealing with the issue of reactor safety
in Canada. For a discussion of possible fuel melting accidents in CANDU reactors, see
the CCNR Summary Argument to the Porter Cammission (available fram CCNR for $2.00).

Gordon Edwards
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I. uXCERPTS FROM PAGES € & 7 OF THE EXECUTIVE SUMMARY OF WASH-1400

2.6 HOW CAN RADIOACTIVITY BE RELEASED?

The only way that potentially large
amounts of radioactivityv could be re-
leased is by melting the fuel in the
reactor core. The fuel that is removed
from a reactor after use and stored at
the plant site also contains consider-
able amounts of radiocactivity. However,
accidental releases from such used fuel
were found to be quite unlikely and
small compared to potential releases of
radicactivity from the fuel in the reac-
tor core.

The study has examined a very large num-~
ber of potential paths by which poten-—
tial radiocactive releases might occur
and has identified those that determine
the risks. This involved defining the
ways in which the fuel in the core could
melt and the ways in which systems to
control the release of radiocactivity
could fail. )

2.7 HOW MIGHT A CORE MELT ACCIDENT
OCCUR?

It is significant that in some 200
reactor-years of commercial operation of
reactors of the type considered in the
report there have been no fuel melting
accidents. To melt the fuel requires a
failure in the «cooling system or the
occurrence of a heat imbalance that
would allow the fuel to heat up to its
melting point, about 5,000°F.

To those unfamiliar with the character-
istics of reactors, it might seem that
all that is required to prevent fuel
from overheating is a system.to promptly
stop, or shut down, the fission process
at the first sign of trouble. Although
reactors have such systems, they alone
are not enough since the radiocactive
decay of fission fragments in the fuel
continues to generate heat (called decay
heat) that must be removed even after
the fission process steps. Thus, redun-
dant decay heat removal systems are also
provided in reactors. In addition,
emergency core cooling systems (ECCS)
are provided to cope with a series of
potential but unlikely accidents, caused
by ruptures in, and loss of coolant
from, the normal cooling system.

The Reactor Safety Study has defined two
broad types of situations that might po-
tentially lead to a melting of the reac-
tor core: the loss-of-coolant accident
(LOCA) and transients. In the event of
a potential loss of coolant, the normal
cooling water would be 1lost £from the
cooling systems and core melting would
be prevented by the use of the emergency
core cooling system (ECCS). Howsver,
melting could occur in a loss of coolankt
i1f the ECCS were to fail to operate,

The term "transient” refers to any one
of a number of conditions which could
occur in a plant and would require the
reactor to be shut down. Fecllowing
shutdown, the decay heat removal sy 3
would operate to keep the cors from
overheating. Certain failures in either
the shutdown or the decayv heat removal
systems_also have the potential toO cause
melting of the core.

2.8 WHAT FEATURES ARE PROVIDED IN
REACTORS TO COPE WITH A CORE MELT
ACCIDENT?

An essentially leaktight containment
building is provided to prevent the
initial dispersion of the airborne ra-
dioactivity into the environment. Al-
though the containment would fail in
time if <the <core were to melt, until
that time, <the radioactivity released
from the fuel would be deposited by
natural processes on the surfaces inside
the containment. In addition, plants
are provided with systems to contain and
trap the radioactivity released within
the containment building.

Even though the containment building
would be expected to remain intact for
some time following a core melt, even-
tually the molten mass would be expected
to eat its way through the concrete
floor into the ground below. Following
this, much of the radiocactive material
would be trapped in the soil; however, a
small amount would escape to the surface
and be released. Almost all of the non-
gaseous radioactivity would be trapped
in the soil. :

It 1is possible to postulate core melt
accidents in which the containment
building would fail by overpressuriza-
tion or by missiles created by the
accident. Such accidents are less like-
ly but could release a larger amount of
airborne radiocactivity and have more
serious consequences.
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2.9 HOW MIGHT THE LOS3-OF-COOLANT ACCI-
DENT LEAD TO A CORE MELT?

Loss of coolant accidents are postulated
to result from failures in the normal
reactor cooling water system, and plants
are designed to cope with such failures.
The water in the reactor cooling systems
is at a very high pressure (between 50
to 100 times the pressure in a car tire)
and if a rupture were to occur in the
pipes, pumps, valves, or vessels that
contain it, then a "blowout" would hap-

pen. In this case some of the water
would flash to steam and blow out of the
hole. This could be serious since the

fuel could melt if additional c¢ooling

were not supplied 1in a rather short

time.

The study has examined a large number of
potential seguences of events following
LOCAs of various sizes. In almost all
of the cases, the LOCA must be followed
by failures in the emergency core cool-~
ing system_ for the core to melf,

2.10 HOW MIGHT A REACTOR TRANSIENT LEAD
TO A CORE MELT?

The term "reactor transient" refers to a
number of events that require the reac-
tor to be shut down. These range from
normal shutdown for such things as re-
fueling to such unplanned but expected
events as loss of power to the plant
from the wutility transmission lines.
The reactor is designed to cope with
unplanned transients by automatically
shutting down. Following shutdown,
cooling systems would be operated to
remove the heat produced by the radiocac-
tivity in the fuel. There are several
different cooling systems capable of re-
moving this heat, but if they all should
fail, the heat being produced would be
sufficient to eventually boil away all
the cooling water and melt the core.

In addition to the above pathway to core
melt, it 1is alsc possible to postulate
core melt resulting from the failure of
the reactor shutdown svstems following a
transient event. In this case it would
be possible for the amounts of heat
generated to be such that the available
cocling systems might not cope with it
and core melt could result.

2.11 HOW LIKELY IS A CORE MELT
ACCIDENT?

?he Reactcor Safety Study carefully exam-—
ined the various paths leading to core
melt., Using methods developed in recent
years for estimating the 1likelihocd of
such accidents, a probability of occutr-
rence was determined for each core melt
agcident identified, These probavili-
ties were combined to obtain the total
probability of melting the core. The
value obtained was about one  in 30,500
per reactor per year. With 100 react.rs
operating, as is anticipated <for the
U.S. by about 1980, this$ means that the
chance for one such accident is one in
200 per year.

BOTE

Both ABCL snd Oantario Hydro, inm their
submissions to the Porter Commission,

cited the Rasmussen Report (WASH-1k00)

as part of their 'proof' that nuclear
risks are acceptable. See Exhibit 1506
(pp.14-15) & Exhibit 2 (2.1-B3/kk).

Tn BExhidbit 28, G. A. Pon, Vice President
of Power Projects, said of WASH-1400:
"although the study was prepared in the
US assessing the risks associated with
their light water nuclear power plants,
the findings should not be significantly
difrerent for the CANDU reactor."(p.5)

In RCEPP-R1061, p.8629, Dr. Resmussen
says of CARDU meltdown possibilities:
"glthough the Canadian design philosophy
differs in some of its approaches ... it
schieves, in my judgment, about the same
safety level as far as I can tell.”

WORST CASE CONSEQUENCES IN WASH-1400:

45,000 nuclear sickness cases (hospital)

3,300 prompt deaths ‘
45,000 fetal cancers (over 50 years!

250,000 non-fatal cancers (over 50 years)

190 defective children per yesr
$1k pilliion in property damage

These conseguences are not the worst that
can be imagined, however.
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II. EXCERPTS FROM THE MAIN REPORT
RE FUEL MELTING (WASH-1k00)

Tsken from pp. 25-29.

The identification of all significant
sources of radioactivity, the fact that
a gross release of radioactivity -can
occur only if fuel melts, knowledge of
the factors that alifect heat balances in
the fuel, and the fact that mechanisms
that could lead to heat imbalances have
been scrutinized for many years, all
provide a high degree of confidence that
those accidents of significance to risk
have been identified.

3.3 LOSS OF COOLANT ACCIDENTS

A LOCA would result whenever the reactor
coolant system (RCS) experiences 2 Dreak
or opening large enough so that the
coolant inventory in the system could
not be maintained by the normally operxa-
- ting makeup system. Nuclear plants
include many engineered safety features
(ESFs) that are provided to mitigate the
consequences of such an event.

The specific LOCA - initiating events
analyzed in this study are:

a. Large pipe breaks (6" to approxi-
mately 3 feet equivalent diameter).

b. Small to intermediate pipe breaks
(2" to 6" equivalent diameters).

c. Small pipe breaks (1/2" to 2"
equivalent diameter).

d. Large disruptive reactor vessel
ruptures.

e. Gross steam generatoxr ruptures.

£. Ruptures between systems that inter-
face with the RCS.

The basic purpose of the ESFs 1is the
same for both PWR and BWR plants. How-
ever, the nature and functions of ESFs
differ somewhat between PWRs and BWRs
because of the differences in"the plant
designs. A number of the ESFs are
included in a group termed the. emergency
core cooling system (ECCS) whose func-
tion is to provide adequate cooling of

the reactor core in the event of a LOCA. "

Other ESFs provide rapid reactor shut-
down and reduce the containment radioac-
tivity and pressure levels that result
from escape of the reactor coolant from
the RCS.

In early power reactors the powsxr level
was about one tenth that of todav's
large reactors. It was thought that
core melting in those low power reactors
would not lead to melt-through of the
containment. Further, since the decay
heat was low enough to be readily
transferred +through the steel contain-
ment walls to the outside atmosphere, it
could not overpressurize and fail the
containment. Thus, if a LOCA were to
occur, and even if the core were to
melt, the low leakage containments that
were provided would have permitted the
release of only a small amount of
radioactivity. 2

However, as reactors grew larger, sever—
al new considerations became appar:nt.

The decay heat levels were now s high
that the heat could not be dissipated
through the containment walls. Furt
in the event of accidents, concr
shielding was required around the out-
gide of the containment to prevent over-
exposure of persons in the vicinity of
the plant. Finally, it became likely
that a molten core could melt through
the thick concrete contalnment base inte
the ground. Thus, new sets of require-
ments came 1nto being.

Emergency core cooling systems were
needed to prevent core melting which
could, in turn, cause failure of all
Darriers to the release of radiocactivi-

ty. Systems were needed to transfer the
core decay heat from the containment to
the outside environment in order to
prevent the heat from producing internal
pressures high enough to rupture the
containment. Finally, systems were
needed to remove radioactivity from the
containment atmosphere in order to
reduce the amount that could leak from
the containment into the environment.

The major goal behind these changes was
to attempt to provide ESFs designed so
that the failure of any single barrier
would not be likely to cause the failure
of any of the other barriers. Foxr
example, if the RCS were to rupture, ECC
systems were installed to prevent the
fuel from melting and thereby protect
the integrity of the containment. Other
features were added to aid this positive
objective. For example, additicnal
piping restraints and protective shields
were reguired to lessen the likelihood
of ESF damage that could result from
pipe whip following a large break in the
RCS. Knowledge that Targe natural
forces such as earthquakes and tornadoes
could cause multiple failures led to

design requirements that attempted to
reduce the likelihood of dependent fail-
ures from such causes. Appendix IX
provides more detailed descriptions of
the above and many more of the safety
features in current nuclear plants.
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MORE ABOUT FUEL MELTING ....

Prior studies have indicated that a core
meltdown in a large reactor would likely
lead to failure of the containment
(Ref., 1,2). Thus, a commonly held
opinion regarding core melting is that
such an  event would result in a very
serious accident with large public
consegquences. This is evidently one of
the reasons that major safety efforts
have been devoted to the prevention of
core meltdown and little attention has
been directed toward the examination of
the potential relationships between core
melting and containment integrity.

At two key stages in the course of a
potential core meltdown there wWould be

3.5 ACCIDENTS INVOLVING THE SPENT
FUEL STORAGE POOL

In section 3.2 the spent fuel storage
pool (SFSP} is identified as having a
significant radioactivity inventory,
second in amount to the reactor core.
Further, the decay heat levels in
freshly unloaded fuel assemblies that
may be stored in the pool may be
sufficiently high to cause fuel melting
if the water is completely drained from
the SFSP. Because the maximum amount of
fuel stored in the pool immedizvely
after refueling is _smaller than that in
the core and because it has had time .72
hours minimum) for radiocactive decay. Lt
is a less intense heat source than
reactor core {about one-sixth)

therefore melt-through of tha Dot on
structure ©f the pool woculd occur
much lower rate and, in fact, may pno

conditions which would have the poten-
tial to result in a steam explosion that
could rupture the_reactor vessel and/or
the containment. These conditions may
occur when molten fuel would fall from
the core region into water at the bottom

of the reactor vessel or when it would

melt through the bottom of the reactor
vessel and fall into water in the bottom
of the containment. It 1is predicted
(see Appendix VIII) +that if such an
explosion were to occur in the reactor
vessel, it may be energetic enough to
change the course of the accident. For
reactors enclosed in -relatively large
volume containments, 1t 1s considered
improbable that a steam explosion out-
side the reactor -vessel would rupture
the containment. If a steam explosion
were to occur within the reactor vessel,
it 1s considered possible that both
large and small containments could be
penetrated by a large ~missile. Such
occurrences might release substantial
amounts of radioactiwvity to the environ-
ment. However, these modes of contain-
ment failure are predicted to have low
probabilities of occurrence.

occur at all. On the average, fuel in
the pool will have undergone about 12Z
days of decay, and it is guestionable
that such fuel would melt. However, to
assure that +the 1risk would not be
underestimated, it has been assumed that
even this fuel would melt.

Although the pool is not within a con-
tainment building, filters in the SFSP
building ventilation system and natural
deposition of radiocactivity within the
building both aid in reducing the amount
of radicactivity that might be released
to the environment in the event of a
spent fuel accident.

The analyses of accidents that could
potentially lead to loss of fuel cooling
in the SFSP are discussed in section 5
of Appendix I. The most probable ways
in which such accidents could occur have
been determined to be the loss of the
pool cooling system or the perxrforation
of the bottom of the pool. The latterx
could occur, for example, by dropping a
shipping cask in the pool or on the top
edge of the pool. Both this +type of
accident and the loss.of cooling capa-
bility, are cf low likelihood.

"Right after shutdown the heating rate of the reactor is about 7% of the full power
rete, and then as the radiocsctivity decays away it decreages; in & few hours it's
less than 1% and it keeps going dowm....
if you don't remove that heat it’'s surely enough to overheat the fuel and melt it,
end therein lies the problem that the resctor safety analyst musl face -- to assure
himself that the heat produced by these decaying fisgion products is reduced, is
removed for periocds of weeks or months....
to melt its way through the bottom of the reactor.” Horman Rasmussen, testifying

Even one percent is a lot of heat, and

Every core melt in our study is =ssumed

_to the Cluff Lake Board of Inquiry, RCEPP-R1061, p.8686.




III. EXCERPTS FROM APPENDIX VIII OF WASH-1k0O ON CORE MELTDOWNS

Al.1.2.3.1 Core~Meltdown Behavior. The
pehavior of a core during a meltdown
accident 1s uncertain. No cores have
been melted. Experiments involving more
than a cupful of molten UO2 are st@ll in
the planning stages. Some prgpert1e§ of
molten U0, are known: meltlgg point,
boiling point, and heat of fu51on: How-
cver, little is known about the viscosi-
ty, internal thermal convection, surface
tension, or the metallurgical effects'of
various diluents. Nevertheless, consid-
erable insight has been developed by
people working . in the field abQut the
possible course of core meltdown.

Because the core powar tends to peak
{about 2.5 times average) at the center
of the core and because the cladding~
steam reaction increases the heatup rgte
of the hotter regions, core melting
starts at the center of the core. Be~
cause of the power peaking and the pre-
sence of water in +the bottom of the
core, the core temperatures a foot away
from the melted region are frequently
calculated to be more than 1000 F below
the melting point of the fuel. 1In these
relatively cool regicns, the U0y would
remain solid although the cladding could
be melted. Because the fuel rods in the
core are relatively closely packed,
there is not room for solid fuel pellets
to fall out of the core nor for gross

distortion of the solid portions of the
core. In this situation, it is believed
a region of solid rubble would form un-—
der the molten fuel, and the molten fuel
would tend to be retained in the core.
However, since the rubble continues to
generate heat, 1t will eventually melt,
and the increasingly larger molten re-
gion will move downward. II the pool
moves downward fast enough, it will in-
tercept the water that is boiling out of
the bottom of the core. When this hgp—
pens either (1) steam explosions will
occur or (2) the boiloff rate agd,
therefore, the cladding-steam reaction
rate will increase. When the molten
region grows to include 50 to B0 percent
oF the core, it becomes questionable
whether or not the mclten region can be
Tetained inside the ccre. At this t}me,
The molten pool will be 3 to 4 ft thick,
and will presumably be held up by.a lay-
er of rubble. When large fractions of
the core are molten, the core-support
plates and shrouds are a}so exposed to
high thermal loadings. Failure of these
major structural members would release
the molten pool and either (1) the rest
of the water boils out of the pressure
vessel or (2) a steam explosion results.

CONTAINMENT VESSEL MELTTHROUGH

The processes by which the molten core
interacts with the concrete floor of the
containment building are very complex
and not fully understood. In the ab-
sence of definitive experimental infor-
mation it is only possible +to es:imate
approximately the time required for
penetration of the containment Fioow by
the molten core. When the molten Fuel
(together with molten zirconium, zi-co-
nium oxide, steel, ircn oxide, euz.)
falls onto the concrete, vaporization of
free water below the surface will caus
spalling of the concrete and result in

very rapid penetration rate of the ns)

into the concrete. Based on ¢he VapoYi-
zation of the free water, initial spal-~
ling rates are calculated to bs 15-30
ft/hr. As the concrete heats up it will
give up its water of hydration at about
900 F; then at 1400-1600 F the limestone
will decompose into COp and Ca0. It is
expected that the water vapor and carbon
dioxide would escape from the melt and
be released to the containment atmos-—
phere, but the calcium angd silicon
oxides would stay with the melt. As the
products of concrete decomposition are
absorbed and/or dissolved by the melt,
the melt temperature will decrease until
constituents of the mixture begin to
precipitate. It is estimated that by
the time the melt has penetrated through
1-1/2 feet of concrete, U0, would begin
to precipitate from the multicomponent
mixture. From this point on the pro-
gress of the melt through the concrete
is controlled by the rate of decay-heat
generation, i.e., the quantity of con-
Ccrete penetrated is directly proportion-
al to the energy available to decompose
the concrete and raise the temperature

&
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- of the products to the temperature of

the melt.

After the initial rapid penetration of
concrete by spalling, the melt is ex-
pected to remain relatively viscous,
decomposing and dissolving concrete at a
rate compatible with decay-heat genera-
tion. Because the silica and caicia
that are introduced at the lower surface
are less dense than the body of the
melt, convection currents that should be
established will prevent the center of
the melt from reaching very high temper-
atures. Also, the carbon dioxide and
water vapor released by the concrete,
and/or their further decomposition pro-
ducts, will provide additional agitation
as they rise through the melt.
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The vupper surface of the melt is likely
to be covered with a s>lid crust and to
be radiating heat to the remains of the
pressure vessel and to the walls of the
reactor cavity. If there is water in
the cavity it will be vaporized by the
melt, but even the continued addition of
water would not avert containment meit-
through since the gcometry of the molten
mass  is  not  favorable for effective
cooling. If the structures above the
melt reach elevated temperatures, they
could fall into the melt.

That at least part of the mass of fuel,
structural, and other material remain
molten' is required by heat-transfer con-
siderations. If this mass should solid~
ify at some point during the accident,
then the only mechanism for dissipating
decay heat would be conduction. For
conduction to transfer the decay heat
out of the largely low conductivity mass
of material involved, temperatures at
the center of the mass would have to
exceed boiling points of some and
melting points of all the constituents.
lHence the conclusion that at least some
of the mass will remain in a fluid state

for considerable time, with convection
within the melt tending to maintain the
melt temperature near the effective
melting point of the mixture. It 1is
recognized that as the size of the melt
increases and the heat-generation rate
per unit volume decreases due to
dilution, solidification must eventually
occur. Scolidification is not, however,
expected to take place prior +o the
penetration of the containment foun-
dation mat.

-In estimating the time required to pene-
trate the 10-ft-thick foundation mat
three different configurations were
considered for the quantity of concrete
decomposed by the molten core: (1) a
l15-ft-diameter, 10-ft-high cylinder, (2)
a 10~ft-radius hemisphere, and (3) a 32-
ft-diameter, 10-ft-high cylinder. The
first case assumed that the melt pro-
gressed downward through the concrete
faster than it did horizontally; the
second case assumed equal rates of pro-
gress of the melt downward and horizon-
tally. The third case assumed that the
molten core materials spread within the
confines of the reactor cavity and then
attacked the concrete at equal rates in
the downward and horizontal directions.
Because the carbon dioxide and water
vapor produced by the decomposition of
concrete would tend to sparge the melt
of fission products, the decay heat
utilized for this analysis corresponded
tc 60 percent of that at the time of
LOCA. This implies complete loss of the
volatile fission products and fractional
removal of some of the less volatile

specins from the melt. Assuming all the
decay heat goes into the concrete, the
times required to penetrate the concrete
and bring the entire melt to 4000 F will
be 7, 9, and 36 hours for the thrae
cases considered. These times are based
on contact of the concrete by the molten
core at 2-3 hr after the start of the
accident. Making an allowance for heat
losses from the wupper surface of the
melt, the best estimate for the time
required to penetrate the containment
foundation mat is 18 hours.

More rapid meltthrough of the concrete
than calculated could occur if the spal-
led pieces of concrete were flcazed to
the surface of the melt without undergo-
ing dissolution and being elevat-d to
the temperature of the melt.
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After the molten material has penetrated
the concrete floor, the melt front will
proceed into the underlying gravel a;d
possibly into the earth. The ultimate
extent to which the molten zone can grow
depends upon the heat removal processes
at the upper and lowexr surfaces and the
chemical and physical processes within
the melt. Estimates have been made of
the ultimate extent of the growth of
this region. Assuming that heat removal
at the surface is limited to conduction,
the maximum radius of molten sphere has

been calculated to be 30 ft and 50 ft

for growth into media of limestone and
dry sand, respectively (Ref. 14). The

analyses of Jansen and Stepnewski (Ref.
12) for basaltic concrete indicated a
maximum radius of 38 ft for a melten
hemisphere. ' Since the ground underneath
containment is well below the level of
the water table, conduction heat trans-—
fer at the surface of the melt should be
augmented by steam generation and con-
vection. It is therefore 1likely that
the melt will not proceed more than 10-
50 £t below the bottom of the contain-
ment building. Greater depths could
only be achieved if the core material
were able to melt through the underlying
material without mixing and bein

diluted by the products of decomposi-
tion. Although it has been predicted
that small pellets of solid U037 could
travel scme distance before being dis-
solved into the molten products of the
medium being penetrated (Ref. 14), good
nixing should occur between molten UO2
and the products of decomposition of
concrete or soil in the configurations
expected in the meltdown accident.
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containment systens.

During a mejor nuclear sceident involving significant fuel melting,
tremendous pressures can be generated which will test the integrity of the

This is particularly true in the event of viclent steam explosions
or hydrogen detonztions, such as those which occurred during the 1952 acci-
dent at the small HRX reactor located in Chalk River. The explosions inside
the NRX reactor were sufficient to hurl a four-ton gesholder dome four feet
through the air, where it lodged in the superstructure.

The fellowing excerpts from Avppendix VIII-B of the Rasmussen Report
(pages VIII-TT to VIII-T9) describe briefly what ig known sbout the kind of |
steam explosions which can occur when molten metal comes in contact with §
water. A paragraph on non-condensible gases is also included for completeness.

Physical Explosions Resulting from
Contact of Molten Materials and Water

Bl. REVIEW OF LITERATURE

Bi.1 INTRODUCTION

When molten metal comes into contact
with a quenching fluid, a violent explo-
sion can occur. This so-called "vapor
or physical explosion” is a well-known,
but little wunderstood, phenomenon. A
vapor explosion is usually characterized
by an initiating event that leads to
fragmentation and by the sudden conver-
sion of thermal energy to mechanical
energy due to very rapid heat transfer
accompanied by a subseguent pressure
wave. The violence, or magnitude, of
such an explosion depends upon the guan-
tity and rate of energy release. Numex-
ous incidents have been reported in the

literature (Refs. 1-12). Such explo-
sions have occurred in the steel (Refs.
1-4), alumninum (Refs. 5,6), coppexr

smelting (Ref. 5), paper (Refs. 7,8),
and nuclear industries (Refs. 9,10).

The mechanism that triggers or initiates
the explosion is not knowp; however, two
basic facts have been established.
First, the causative mechanism is not
due to chemical reaction (Ref. 13), and
second, fragmentation of the sample ma-
terial is usually involved. Both exper-
imental results and analyses (Ref. 14)
have shown that the heat-transfer rates
required to release the observed energy
from a smooth metal sample are several
orders of magnitude higher than the max-
imum rates that can be obtained in labo-
ratory studies. Thus it has been con-
cluded by numerous investigators that
fragmentation of the metal to generate
large surface areas 1is required to
obtain the observed explosion violence.

B1.2 REPRESENTATIVE INCIDENTS
INVOLVING STEAM EXPLOSICGNS

Explosive incidents periodically occcur-
ring in the paper and metal industries
have been reported. Several such inci-
dents have been summarized (Ref. 11) and
are cited to demonstrate the magnitude
of the destructive forces present and
the physical circumstances 1leading to
the incidents.

Bl.2.1 METAL INDUSTRY

Explosive accidents are infrequent in
the metal industry but when they dc
occur, the destruction is severe.

B1.2.1.1 Mallory-Sharon Incident
(Ref. 35}.

In 1954, a titanium arc-melting furnace,
which was water—-cooled, explcded at a
plant in Ohio. Nine injuries included
four fatalities and property damage was
§30,000. The explosion was believed to
result from water entering the melting
crucible.

Bl1.2.1.2 Reynolds Alumin— L.ncident
(Ref. 33).

Th 1958, an aluminum-water explosion
occurred in Illinois involving some 46
injuries, 6 fatalities and approximately
$1,000,000 in property damage. The ex-
plosion "xocked a 25 mile" area. Wet
scrap metal was being loaded into a fur-
nace when the explosion was triggered.




B1.2.1.3 Quebec Foundry Incident
(Ref. 4).

The accident occurred in a foundry
building approximately 18 million cubic-
foct volume. One hundred pounds of mol-
ten steel fell into a shallow trough
containing about 78 gallons of water.
The resulting explosion injured mill
personnel (one fatally) and caused
$150,000 damage to the foundry building
including cracking a 20-inch concrete
floor, breaking 60C0 panes of glass, and
structural damage to the walls and ceil-

ings. Damage was also incurred by
another structure separated some 75
yards from the foundry building. This

accident is one of the better documented
incidents.

Bl.2.1.4 Western Foundries Incident
(Ref. 36j.

In 1966, while 3000 pounds of moclten
steel was being poured from an electric
furnace into a tile-lined ladle, a cable
broke and the hot steel dropped into a
water filled pit. The result was a
violent explosion that injured three
workers and tore a 600~-square~foot hole
in the roof of a building of some
12,000-square-foot floor area. The ex-
plosion was heard some 3 miles frxrom the
foundry.

Bl1.2.1.5 Armco Steel Incident

(Refs. 37,38).
In 1967, an expiosion occurred when
molten steel fell on "damp"” ground. A

ladle containing some 30 tons of molten
steel had been elevated some 40 feet
when the ladle fell. Injuries sustained
by some 30 workers included 6 fatali-
ties. Evidently, sufficient moisture
was present in +the porous ground to
trigger small-scaie explosions that
showered molten steel over a wide area.
Although the injuries were attributed
primarily to burns, an explosion accom-
panied the incident.

B1.2.1.6 East German Slag Incident
(Ref. 2).
Appearing in 1959, an East German arti-

cle discusses a number of slag-water ex—
plosions that have occurred in German
open—-hearth steel nmills. Two accidents
were discussed in which explosions
resulted from spraving water on molten
slag in open slag pits. One of the
explosions resulted in a fatality and a
number of other injuries.
structural damage was also noted.
second explosion was less severe. Both
explosions were attributed to excess
water on the slag passing down into the
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cracks to the hot molten material belaow.
A third instance resulting in an explo-
sion occurred when a slag pot was pl;ced
on a slag bed that had been previously

sprayed with water., An explosion oc-
curred, killing one man. The explosicn
was attributed to _the heav slag pot

causing cracks in the surface of the hot
slag bed and excess water on the surface
getting into these cracks. Other explo-
sions briefly described include rainwa-
ter leaking through an unsealed roof
over a slag bed, resulting in an explo-
sion, and two instances of explosions
resulting when moiten Slag was  Dourad
into dump cars that had small amcu ts of
water in the bottom.

Bl1.2.1.7 British Slag Incident

{(Ref. 3).

In 1964, an explosicn occcurrsd

British steel mill when a 1ladle bhein
used to tap a blast furnace was spraye
with lime water and returned to service.
When it was next used, the ladle explcd
ed when it was about three-fourths full
of slag (12 to 14 tons). Damage to the

structure and injuries to personnel were
reported.

B1.2.2 PAPER INDUSTRY

The paper industry experiences explo-
sions similar to those in the metal
industry more fregquently but they are
less destructive. Explosions occur when
paper smelt (mostly fused sodium carbon-
ate with a few percent of sodium sul-
fide, sodium chloride, and minor ingre-
dients) is quenched in large containers
of "green liquor" (Refs. 7,8). Aalso,
explcsions freguently occur when boiler
tubes in waste~heat boilers fueled by
"black liguor™ fail, and water is in-

jected into hot molten smelt and black
liquor. These explosions occur wit]
considerable destruction to the furnace

and plant facilities.

B1.2.3 NUCLEAR REACTOR INDUSTRY

Explosive vapor formation when hot,
molten core materials have come in con-
tact with water have also been observed
in nuclear reactors.

Bl1.2.3.1

Canadian NRX Reactor (Ref. 35)

In 1852, at
a low-power
sion was

Chalk River, Ontario, during
experiment, & nuclear excur-
experienced. Although the
duration of the incident was less than
62 seconds, the damage was sufficient to
result in contamination of the fdcility.
The reaction between uranium and steam
{or water) was the principal cause of
damage.




Bl1.2.3.2 Borax I Reactor {(Ref.  35).

In 1954, at the National Reactor Testing
station in Idaho, the Borax I reactor
was deliberately subjected to a poten-
tially damaging power excursion in reac-—
tor safety studies: A power excursion
lasting approximately 30 milliseconds
produced a peak rpower of 19,000 mega-
watts with a total energy release of 135
megawatt-seconds. The power excursion
melted most of the fuel elements. The
reactor tank (1l/2-inch steel) was rup-
tured by the pressure (prcbabily in

excess of 10,000 psi) resulting from the
reaction between the molten metal and
the water. The scund of the explosion
at the control station (1/2 mile away)
was comparable to that from 1-2 pounds

of 40 percent dynamite.

B1.2.3.3 SPERT l1-D Reactor.

During the final test of the destructive
test program with the SPERT 1-D core,
damaging pressure generation was ob-~
served. Pressure transducers recorded
the generation of a pressure pulse larg-

er than 3000 psi which caused the de-
struction of the core. The pressure
pulse occurred some 15 milliseconds

after initiation of the power excursion.
The power excursion rapidly overheated
the fuel plates; the increased tempera-
ture melted the metal and the cladding
of the fuel plates. After the tran-

sient, much of the fuel that had been
molten was found dispersed in the
goolant.

B1.2.3.4 SL-1 Reactor.

In January, 1961, a nuclear excursion

occurred in the SL-~1 reactor in Idaho.
The total energy released in the excur-
sion was approximately 130 Mw-sec (Ref.
51). Of this, 50 Mw-sec was produced in
the outer fuel elements in the core.
This portion of the energy was slowly
transferred to the water coclant over 2
sec period, and no melting (uranium-
aluminum alloy) of the outer fuel ele-
ments occurred. About 50-60 Mw-sec of
the total energy release was promptly
released by 12 heavily damaged inner
fuel elements to the water coolant in
less than 30 msec. This prompt energy
release resulted ir. rapid steam forma-
tion in the core which accelerated the
water above the ccre and produced a
water hammer that hit the pressure
vessel 1lid. The vessel, weighing about
30,000 1bs with "its internals, sheared
its connecting piping and was lirted
approximately 9 feet into the air by the
momen tum trangferred from the water
hammer, Calculations of the mechanical

deformation of the vessel indicate that
about 12 percent of the prompt eneugy
release or 4.7 percent of the total
nuclear release was converted into rme-
chanical energy (Ref. 52).

In each instance, under differing cir-
cunmstances, a hot molten material fe=ll,
dropped, or spewed into a mass of cocler
ligquid and destructive pressure geaera-
tion resulted. The complex mMecCnansm3
triggering this type of reaction ar: not
completely understood.

Internel steam pressure can be greatly
reduced by using o douzing system to
condense the stesmn. It is much more
difficult to reduce the pressure Trom
non-condensible gases which are formed

in great quantities during a meltdown.
This passage is from page VIIT-I117.

Noncondensable Gases

two major sources of noncon-
densable-gas generation 1in a reactor
accident in which core meltdown occurs.
Metal~-water reactions in the pressure
vessel will produce hydrogen gas (Hs)
shortly before and during the meltdown

There are

process. Later in the accident, carbon
dioxide (CO;) will be generated as the
molten core material causes thermal

decomposition of limestone aggregate in
the concrete base mat of the containment
structure. The production of these
gases presents two potential threats to
containment integrity. Both gases will
cause a buildup in internal gas pressure
in the system. Hydrogen generation can

also lead to combustible mixtures with
the oxygen already present in the
containment atmosphere. Ignition of the

hydrogen-oxygen mixtures can produce an
exothermic chemical reaction which, de-
pending upon conditions, might develop
into a detonation. The introduction of
additional +thermal energy into the
containment atmosphere will cause a rise
in pressure, perhaps coupled with a
shock-wave loading on the contairment
walls if the detonation occurs. The
important question 1in all of these
situations is whether, or under what
conditions, would they likely result in
containment failure by overpressuriza-
tion. The hydrogen—generation problem
1s examined first for each type of
water-reactor system; an analysis of the
carbon dioxide generation problem fol-
lows.
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i The kind of meltdown accidents envisaged in WASH-14%00 require a much more extenszive

evacuation plan than any that is currently envisaged in Canada, as indicated im this
very brief excerpt from Appendix VI.of WASH-1k0O.

5 Miles

Reac?or §

. Direction of plume

450

FIGURE VI 11-2 Evacuation area used for cost calculations.

In the evacuation model incorporated into the consequence calculations, the evacuation
area is postulated to be shaped like a keyvhole centered on the prevailing wind direction
at the time of the release. The dimensions of the area are chosen to be 5 and 25 miles
and 45° (see Fig. VI 11-2) for the following reasons. The evacuation would be carried
out to mitigate the early exposure to individuals; the early exposure from the passing
cloud would contribufe little to the population dose. Since the resources of the local
authorities —- all that would be available immediately after the accident -- are limited,
it would be desirable to minimize the evacuation area and the number of evacuees. On
the other hand, the goal would be to evacuate anyone who might receive a significant
dose. The values 25 miles and 45° represent a compromise. In addition to this sector,
it was judged prudent to evacuate all people within a 5-mile radius of the reactor. The
evacuation costs are calculated on the basis of the number of people living in this evac-
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,§ In order to calculate doses to individuals within the evacuation area, people are postu-
g lated to move radially away from the reactor at a specified effective evacuation speed
L until the cloud reaches them and then to move in a circumferential direction. For

% example, if an effective evacuation speed of 1 mph is assumed, people located between
? 2 te 3 miles from the reactor are assumed to be 7 to 8 miles away from the reactor 5

g hours after the warning.
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Fuel melting accidents release more than 200 different radioactive
substances, of which the following 54 are considered the most dan-
gerous. CANDU safety analyses routinely restrict themselves to
only a small handful of these: iodine, the inert gases krypton and
Xenon, and, in some cases, cesium -- all released before meltina
actually begins. )

TABLE VI 3-1 INITIAL ACTIVITY OF RADIONUCLIDES IN THE NUCLEAR REACTOR CCRE AT THE
TIME OF THE HYPOTHETICAL ACCIDENT

Radioactive Inventory

No. Radionuclicde Source (curies x 10 8) Half-Life (days)

1 Cobalt-58 $.0078 71.0

2 Cobalt-60 0.0029 1,920

3 Xrypton-85 0.0056 3,950

4 Krypton-8Sm 0.24 0.1832

S Xrypton-87 0.47 .0328

6 Xrypton-88 0.68 0.117

7 Rubidium-86 0.00026 18.7

8 Strontium~-89 0.94 S2.1

9 Strontium-90 0.037 11,030
10 Strontium~91 1.1 0.403
11 Yetrium-90 0.03% 2.67
12 Yetrium~91 1.2 53.0
13 ' Zirconium-95 1.5 65.2
14 . Zirconium-S7 1.5 0.71
15 Niobium-95 1.5 35.0
16 | ¥olybdenum-99 1.6 2.8
17 Technetium-99m 1.4. 0.25
18 Ruthenium-103 1.1 33.5
15 Ruthenium-105 0.72 0.185
20 Ruthenium—-106 Q.25 366
21 Rhodium=105 0.49 1.50
22 Tellurium=-127 0.059 0.3%1
23 Tellurium-127m 0.011 109
24 Tellurium-129 0.31 0.048
25 " Tellurium-129m 0.053 0.340
26 Telluwrium-131m 0.13 1.25
27 Tellurium~132 1.2 3.25
28 : Antimony-127 0.061 3.88
29 Antimony~129 0.33 0.179
30 Icdine~131 0.85 8.05
31 Todine-132 1.2 0.0958
32 Iodine~133 N 1.7 0.875
33 Iodine=134 1.9 0.0366
34 Icdine~135 1.5 0.280
35 Yenon~-133* 1.7 5.28
36 Xenon~13S 0.34 0.384
37 Cagium=—134 0.075 750
38 Cesium-136 0.030 13.0
39 Cesium-137 0.047 11,000
40 Barium-140 1.6 i2.8
41 Lanthanum-140 1.6 1.67
42 Cerium=~141 1.5 32.3
43 Cerium=-143 1.3 1.38
44 . Cerium-144 0.88 284
45 Prasecdymiuwm=-143 1.3 13.7
46 Neodymium~147 0.60 11.1
47 Neptunium—239 16.4 2.35
48 Plutonium=-238 0.00057 32,500
49 Plutcnium-239 0.00021 8.9 x 106
50 _ Plutonium-240 0.00021 2.4 x 108
51 Plutonium=241 0.034 5,350 5
52 Americium=241 ©.000017 1.5 x 10
53 Curium-242 0.0050 163

54 Curium=244 0.00023 6,630




EXCERPT FROM WASH-1400, APPENDIX VII, PAGES 6&7,

1.2 MELTDOWN RELEASE COMPONENT

The conditions pertaining to this re-
lease period begin with rapid boiloff of
the water coolant which uncovers the
reactor core. Steam, flowing up through
the heating core, initiates Zr-Hy0 reac-
tion and this accelerates the rate of
temperature rise. The cladding begins to
melt within one minute and in a few more
minutes fuel-melting temperatures are
approached in the hotter regions. The

process spreads throughout the core and
within 30 minutes to 2 hours (Ref. 1}
nearly the whole ceore is molten at

temperatures ranging from roughly 2000
to 3000 C. During the later stages of
this process molten core material can
run through or melt through the grid
plate and fall into the bottom. of the
pressure vessel. If a steam explosion
does not occur when residual water is
contacted in the lower portion of the
pressure vessel, partial guenching

temporary solidification of portions of

the molten mass can take place. How-
ever, the internal heat generation
causes remelting ané the inevitable

downward migration continues until the
pressure vessel fails, probably by
meltthrough. Pressure vessel failure is
expected to reguire about 1 hour after
most of the core has melted (Ref. 1).
Prior to this the high internal tempera-
tures have caused melting of some of the
pressure vessel steel and - interior
structural components. The molten iron
is not miscible with the c¢ore material
{(oxide phase) although partial conver-—
sion to iron oxides cculd produce some
dissolution in and dilution of the core
material. Nevertheless some fission
products (i.e., the roble metals) would
tend to distribute to the metalliec iron
phase.

Initial fuel melting is expected to
occur in only the center regions of
the rods on almost a pellet by pellet
scale. Thus the melting fuel will offer
a relatively high surface area for
release of fission products. As the
melting front moves outward, the melting
of the individual pellets may continue,
but it is also conceivable that larger

sections of fuel may collapse into the
molten mass. If this fuel melts within
the mass rather than at the edge, then
fission product release could be
inhibited Dby the time regquired for
transport to a free surface. On the

and

“in fission product properties =zt

other hand, gaseous fission products,
present as bubbles in the U02 could rise
quickly to the surface of the molten
mass and escape. It appears that most
of the fission product release that doces
occur will take place early in the
melting period at each core lecation.
Then as the melted fuel mixes with the
rest of the molten mass and ths mass
increases in size, fission T k=
release rates will become much s
The melting of structural steel- i
pressure vessel during this la
is expected to produce z laver of
iron above the molten core
which would offer a further bar
fission  product release. ©Other fact
which can inhibit release during =me
down 1in the pressure vessel includs
possibility of crust fermation at
melt surface and partial quenching when
melt runs or falls into water that may
be left in the bottom of the vessel.

The atmosphere in the core region and
pressure vessel during meltdown is
expected to be a steam-hydrogen mixture

with small concentrations of fission
product and core material vapors and
aerosols. This may be classified a

nonoxidizing atmosphere for most fission
products, and 1it, of course, results
irom partial consumption of steam by
metal-water reaction, yielding H; in the
core region. Although the metal-water
reaction that does cccur is steam supply

limited, some steam flow passes through
cooler portions of the core region
without complete reaction. It is esti

mated that during the meltdown phas

only about half the Zircaloy is reacted
and other metal-water reaction produces
only about 50 percent more Hj. Thus
total metal-water reaction is only the

equivalent of 75 percent Zr-H;0 reac-
tion.
Thermal analyses of core meltdown pro-

vide only generalized data on core tem-
perature profiles, geometry changes, and
melt behavior versus time. This, com-
bined with the uncertainties which exist
very
high temperatures, arxrgue aga%nst con-
struction of a highly mechanistic model
to calculate fission product release
during the meltdown phase. Therefore,
in this work, fission product release is
treated as being simply proportional to
the fraction of core melted.
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