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Abstract

On April 26, 1986, the #4 reactor at the Chernobyl Nuclear
Power Station in the Soviet Union suffered a severe accident.
It occurred as a result of a test — a turbine trip followed by
a rundown of four circulating pumps — performed, interest-
ingly enough, to test a safety improvement. Because of an
operator error, the test was performed at much too low a
reactor power, so that the core, instead of being "in boiling"
as it is normally, was full of saturated water, and the equi-
valent number of control rods in the reactor core was 6 to 8
instead of the minimum of 30 demanded by procedures.
This state, with little or no boiling in the core, was con-
sidered prohibited in operation by the reactor designers,
because sudden boiling of the coolant can lead to a rapid
power increase. In addition because the control rods, which
ai'e also used for shutdown in this design, were mostly
withdrawn, emergency shutdown was ineffective. The re-
sult was a power runaway, terminated by destruction of the
reactor core.

The Chernobyl design was deficient in that shutdown
effectiveness depended on operation within a certain op-
erating envelope. If the operator got outside this envelope,
he/she was operating blind — i.e., the operator could not
be sure that the shutdown rods would overcome an acci-
dental power rise. In this sense Chernobyl was an unfor-
giving design.

In addition only the lower piping was within a contain-
ment structure; pipe breaks above the core would leak ra-
dioactive steam into the fuelling machine hall, which could
not withstand high pressures.

The CANDU (CANadian Deuterium Uranium) reactor, by
contrast; is a forgiving design. The effect of coolant boiling
on reactor power is about one-third that of Chernobyl just
before the accident. The CANDU normal operating control
system itself is powerful enough to shut down the reactor
for most potential accidents. In addition CANDU has inde-
pendent and powerful safety shutdown provisions, capable
of shutting down the reactor for all accidents in less than
two seconds. Their effectiveness does not depend on the
operating state of the reactor.

The other safety functions — fuel cooling in the event of
a very severe accident, and containment — are likewise
more powerful in CANDU. The emergency core cooling
systems seem similar, although there is not enough infor-
mation on Chernobyl for a detailed review. However, in
CANDU, the emergency core cooling system is backed up
by the heavy water moderator, which can remove decay
heat from the fuel without a meltdown even if there is no
cooling water in the core — a concept unique among the
world's reactors. Finally, CANDU 600 is completely con-
tained within a concrete containment building.

After a careful review at Atomic Energy of Canada Limited
(AECL), we have found that there are no significant new
lessons to be learned from Chernobyl as it affects CANDU
design. We are nevertheless investigating two areas of pos-
sible improvement: protection of firefighters in areas of
potentially high radiation fields, and a review of earlier
analysis to confirm that the shutdown systems are not sig-
nificantly impaired by operation in abnormal states.

Similar reviews of the accident are underway at the elec-
trical utilities which own and operate CANDUs, and at the
Canadian regulatory agency, the Atomic Energy Control
Board.



Résumé

Le 26 avril 1986, un grave accident a eu lieu dans le réacteur
n° 4 de la centrale nucléaire de Tchernobyl, en URSS. L'acci-
dent s'est produit à la suite d'un essai, soit l'arrêt d'urgence
de la turbine, suivi d'un arrêt des quatre pompes de circula-
tion; ironie du sort, cet essai avait pour but d'éprouver une
amélioration de la sûreté. À cause de l'erreur d'un opérateur,
la puissance du réacteur était beaucoup trop basse lors de
l'essai; le coeur du réacteur, qui est alors habituellement
"bouillant", était rempli d'eau saturée, et il n'y avait que six
à huit barres de commande dans le coeur et non 30, le mini-
mum exigé dans les procédures. Cette situation, c'est-à-dire
un coeur qui ne "bout" pas, ou très peu, était interdite par
les concepteurs du réacteur, car si le caloporteur se met sou-
dainement à bouillir, il peut provoquer une hausse rapide
de puissance. De plus, comme les barres de commande, qui
servent également à l'arrêt selon la conception du réacteur,
étaient pratiquement toutes enlevées, l'arrêt d'urgence ne
pouvait être efficace. Il en a résulté un emballement, qui a
entraîné la destruction du coeur du réacteur.

La conception du réacteur de Tchernobyl était déficiente
dans la mesure où les systèmes d'arrêt n'étaient efficaces
que dans certains domaines de fonctionnement. En dehors
de ces domaines, l'opérateur travaillait en aveugle, c'est-
à-dire ne pouvait s'assurer que les barres de commande
maîtrisent effectivement une hausse de puissance acciden-
telle. Sous ce rapport, la conception comporte des erreurs
impardonnables.

De plus, seule la tuyauterie inférieure était située à l'in-
térieur de la structure de confinement; aussi, dans le cas
d'une rupture d'un tuyau au-dessus du coeur, la vapeur
radioactive s'échapperait dans la salle des machines de
manutention du combustible, laquelle est incapable de sup-
porter de hautes pressions.

Par contre, le réacteur CANDU (CANadian Deuterium
Uranium) possède une conception de sûreté. L'effet qu'en-
traîne le caloporteur bouillant sur la puissance du réacteur
est environ trois fois moins important que celui de Tcher-
nobyl, juste avant l'accident. Le système habituel de contrôle-
commande CANDU est suffisamment puissant pour arrêter
à lui seul le réacteur lors de la plupart des accidents. De
plus, le CANDU est équipé de puissants dispositifs d'arrêt
d'urgence autonomes, capables de mettre le réacteur à l'ar-
rêt en moins de deux secondes, en cas d'accident. Leur
efficacité ne dépend pas de l'état de fonctionnement du
réacteur.

Les autres fonctions de sûreté du CANDU, c'est-à-dire le
refroidissement du combustible en cas d'accident très grave,
sont également plus puissantes. Les systèmes de refroidisse-
ment d'urgence du coeur sont semblables, bien que nous
ne possédions pas suffisamment d'informations sur Tcher-
nobyl pour réaliser une étude détaillée. Toutefois, dans le
CANDU, le système de refroidissement d'urgence du coeur
est secondé par un modérateur à eau lourde qui est en
mesure de dissiper la chaleur résiduelle du combustible
sans provoquer de fusion, même en l'absence d'eau de re-
froidissement dans le coeur : il s'agit là d'un concept unique
dans le domaine nucléaire. Enfin, le CANDU 600 est entière-
ment entouré d'une enceinte de confinement de béton.

Après avoir étudié l'événement avec soin, l'Énergie Atomi-
que du Canada, Limitée (EACL), considère qu'il n'y a pas
de leçons nouvelles à tirer de l'accident de Tchernobyl, du
moins en ce qui a trait à la conception du réacteur CANDU,
Toutefois, nous étudions deux domaines qu'il serait possi-
ble d'améliorer ; la protection des "pompiers" oeuvrant
dans des champs de rayonnements pouvant être de très forte
intensité, et l'examen de l'analyse antérieure pour confirmer
que les systèmes d'arrêt ne sont pas sérieusement altérés par
des anomalies d'exploitation.

Les compagnies d'électricité, propriétaires et exploitantes
de centrales CANDU, font actuellement l'analyse de l'acci-
dent, de même que l'organisme canadien de réglementation,
la Commission de contrôle de l'énergie atomique.



Purpose of Report

On April 26, 1986, the #4 reactor at the Chernobyl Nuclear
Power Station in the Soviet Union suffered a severe accident
which destroyed the reactor core and led to a loss of life.
The four reactors at this station are of the RBMK-1000 type
— boiling-light-water cooled, graphite moderated, vertical
pressure-tube reactors, each generating 1000 MW of elec-
tricity through two turbines.

AECL has carefully studied the accident, and the design
of Chernobyl, to see if anything has been overlooked in the
CANDU design. This report reviews the results of that
study, in particular the relevant features of the Chernobyl
design which exacerbated the accident, and compares them
to the CANDU 600 design. A number of issues (the sign
of the void coefficient and the pressure-tube design) have
also been given some international prominence in the post-
Chernobyl analysis; these are discussed in this report and
shown to be irrelevant to the CANDU design. Finally this
report describes the subjects identified for further design
follow-up in Canada.



Accident Sequence

How and Why it Happened

A Test for Safety Sets it Off

It is one of history's ironies that the worst nuclear power
plant accident in the world began as a test of a safety im-
provement. The events of April 26 started as an experiment
to see how long a spinning turbine could provide electrical
power to certain systems in the plant. The need for the test
arose because the Soviets, in common with most of the rest
of the world, design their reactors not only to withstand an
accident, but also to cope simultaneously with a loss of elec-
tric power. The normal backup is to provide diesel engines
at the site to drive emergency generators, just as hospitals
do in case of a power failure. These diesels usually start
up in 30 seconds, and, in Western plants, the important
systems are designed to tolerate this short interruption.
Rsr the Chernobyl reactor, the Soviets required almost an
uninterrupted power supply. Even after the reactor shuts
down, the spinning turbine is so heavy that it takes a while
to slow down, and the Soviets decided to tap the energy
of the spinning turbine to generate electricity for the few
seconds before their diesels started. The experiment was
designed to see how long this electricity would power cer-
tain emergency core cooling pumps; in fact, the main pumps
which keep the cooling water flowing over the fuel were
used, as electrical load simulators, instead.

The test had been done before, on unit #3, with no ill-
effects on the reactor. However the electrical voltage had
fallen off too quickly, so that the test was to be redone on
unit #4 with improved electrical equipment. The idea was
to reduce reactor power to less than half its normal output,
so all the steam could be put into one turbine; this remain-
ing turbine would then be disconnected, and its spinning
energy used to run the main pumps for a short while.

The preparation for the test began 24 hours earlier, and
mistakes made during this period slowly set the scene that
culminated in the explosion on April 26.

At 1 a.m. on April 25, the reactor was operating normally
at full power, with steam going to both turbines. Permission
was given to start reducing power for the test, and this was
done slowly, with the reactor reaching 50% power twelve
hours later at 1:05 in the afternoon. At this point only one
of the two turbines was needed to take the steam from the
reactor, and the second turbine was switched off.

The test should then have proceeded, with the next step
being to reduce power still further to about 30%. However
the people in charge of distribution of electricity in the Kiev
Region refused to allow this; apparently the electricity was
needed, and the reactor stayed at 50% power for another
9 hours. At 11:10 p.m. on April 25, the Chernobyl staff got
permission to continue with the power reduction. Unfor-
tunately the operator made a mistake, and instead of hold-
ing power at about 30%, forgot to reset a controller and the
power fell to about 1% — the reactor was almost shut off.
This was too low for the test. A sudden power reduction in
a reactor causes a quick buildup of a material called xenon

in the uranium fuel. Xenon absorbs neutrons, and it tends
to hasten the reactor to a complete shutdown. As well,
the core was at such a low power that the water in the pres-
sure tubes was not boiling, as it normally does, but was
liquid instead. Liquid water has the same absorbing effect
as xenon. To try to offset these two effects, the operator
pulled out almost all the control rods, and managed to
struggle back up to about 7% power — still well below the
level at which he was supposed to conduct the test, but as
high as he could go because of the xenon and water.

Indeed, it is a very serious error in this reactor design to
try to run with all the control rods out — the main reason
being that some of these same rods are used for emergency
shutdown. If they are all pulled out well above the core,
it takes too long for them to be driven back into the high-
power part of the reactor in an emergency, and the reactor
shutdown is thus very slow. The Soviets said that their
procedures were very emphatic on that point.

Nevertheless, at the time of the accident, there were pro-
bably only the equivalent of 6 to 8 rods in the core.

At any rate, the operator had struggled up to 7% power
by 1 a.m. on April 26, by violating the procedures regard-
ing the control rods. He had other problems as well, all
stemming from the fact that the plant was never intended
to operate at such a low power. He had to take over manual
control of the flow of water returning from the turbine, as
the automatic controllers were not operating well at the low
power. This is a complex task to do manually, and he never
did succeed in getting the flow correct. The reactor was so
unstable that it was close to being shut down by the emer-
gency rods. But since a premature shutdown would abort
the test, the operator disabled a number of the emergency
shutdown signals.

As well, the core was filled with water almost at the boil-
ing point. We mentioned that liquid water is a good ab-
sorber of neutrons; therefore if it boils suddenly (water
being replaced with steam), fewer neutrons get absorbed
and the power goes up. In normal operation, this is not a
problem as the reactor is designed to cope with this change.
But at low power, with the core filled completely with water,
sudden boiling can cause a fast rise in power — at a time
when the emergency shutdown system was abnormally slow.

After about half an hour of trying to stabilize the reactor,
by 1:22 a.m., the operators felt that conditions were as steady
as they were going to be, and decided to start the test. But
first they disabled one more signal for automatic shutdown.
Normally the reactor would shut down automatically if the
remaining turbine were disconnected, as would occur in the
test, but because the staff wanted the chance to repeat the
test, they disabled this shutdown signal also. The plant
was now in the worst possible situation for a rise in power
which could not be caught in time by the emergency shut-
down system. And this is what happened!



The Test Begins

At 1:23:04, the turbine was disconnected and its energy fed
to four of the eight main pumps. As it slowed down, so did
the pumps, and the water in the core, now moving more
slowly over the hot fuel, began to boil. Twenty seconds
later the power started rising, and at 1:23:40 an operator
pushed the button to drive in the emergency rods and shut-
down the reactor. But it was too late. The shutdown rods
were so far removed from the core they would have taken
six seconds to start to reduce the reactor power. In addition,
recent Western simulations suggest that, due to a poor rod
design, the initial effect of the shutoff rod insertion was to
increase rather than decrease power under these abnormal
conditions. Within four seconds, the power had risen to
what the Soviets calculated to be perhaps 100 times full
power, and had destroyed the reactor.

The Test Ends Disastrously

The power suige put a sudden burst of heat into the uranium
fuel, and it broke into small fragments. These hot fragments
caused a rapid boiling and pressurization of the cooling
water, and a number of pressure tubes burst under the
stress. The steam escaped from the pressure tubes, burst
the metal container around the graphite moderator, and
lifted the concrete shield on top of the reactor. Since all the
pressure tubes and control rods are attached to this shield,
lifting the shield broke all the remaining pressure tubes.

Damage to the Plant

The power surge destroyed the top half of the reactor core,
the building immediately above the reactor, and some of
the walls on either side (Figure 1). Some burning fragments
of fuel and of graphite were thrown out in the explosion,
and landed on the roof of the adjacent turbine building,
causing about 30 fires on the asphalt roof and elsewhere.
The Soviets' first priority was to put these fires out, so the
damage would not spread. Local firefighters had extin-
guished all fires by 5:00 in the morning, but at a terrible
personal cost: many of them were overexposed to radiation
and were among the early casualties.

The graphite was exposed to air by the destruction, and
began to burn. Attempts to flood the core with water had
not worked, so the Soviets decided to cover the core to ex-
tinguish the fire and stop the releases of radioactive material.
From April 28 to May 2, the Soviets dropped 5000 tonnes
of material from helicopters onto the burning graphite and
the core, and finally injected nitrogen into the bottom of
the reactor to cool off the fuel and stop the combustion.
The large releases of radioactivity ended.

The damaged reactor itself has now been surrounded by a
concrete "sarcophagus", as the Soviets call it, which shields
the radiation sufficiently that working near it is possible.
The fuel will continue to generate a small amount of heat
for a long time, so fans blow cooling air through the core,
and filters remove radioactive particles from the air on its
way out.
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Figure 1 View of the damaged reactor



Effects on People

Immediate Effects

The brunt of the accident, in human terms, was borne by
the station staff and the firefighters — no member of the
public received lethal doses of radiation or even became ill
from radiation. Two station staff were killed almost imme-
diately — one was trapped by falling masonry, and the other
was badly burned. Twenty-nine others died over the next
few weeks — many from severe skin damage.

Longer-Term Effects

Longer-term effects are still under intensive study, with
predictions being made by numerous organizations on the
number of eventual cancer fatalities due to the accident.
The results are very sensitive to the models used, but pre-
dictions suggest that for the more exposed group of 135,000
people who were evacuated from the region surrounding
the station, the increase in the rate of cancer deaths will
be about one percent of the "normal" cancer rate (due to
factors other than radiation). The average dose the evacuees
received was equivalent to 60 years' worth of natural ra-
diation which we all receive from cosmic rays, and from
natural radioactivity in the soil, food, water and air. In the
regional population of 75 million, the accident would in-
crease the normal fatal cancer rate by 0.2%; the dose to these
people was equivalent to 4 to 16 years' worth of natural ra-
diation or the increase in dose one would get by spending
one's life in Banff rather than Toronto (because of the in-
crease of natural radiation exposure with altitude). In most
of Western Europe, the dose was equivalent to one years'
worth of natural radiation. There was however significant
disruption due to banning of food supplies.

The predicted effects are sufficiently small that direct
detection of them will be difficult if not impossible; a con-
tinuing study of the exposed people is, however, planned
to determine if any statistically significant effects are evident.



Evaluation of the Chernobyl Design vs.
CANDU 600

The CANDU has been a remarkably successful reactor. Cur-
rently there are eighteen reactors operating in Canada: six-
teen multi-unit CANDU reactors in Ontario, plus CANDU
600 reactors at Point Lepreau in New Brunswick and at
Gentilly-2 in Quebec. There are also CANDU 600 reactors
operating at Wolsung in Korea and at Embalse in Argentina.
Five CANDU 600s are under construction at Cernavoda in
Romania. The CANDU safety and reliability record has been
outstanding: no CANDU anywhere has suffered a serious
accident, and CANDU leads world reactor types in lifetime
capacity factors. The computerized control of CANDU and
the on-power refuelling contribute to this impressive record.

We now compare the CANDU to Chernobyl. It is clear
from the Soviet accident sequence that there were serious
deficiencies in the lines of authority and operating practices
at Chernobyl. Such aspects are being reviewed by the elec-
trical utilities in Canada and overseas which own and oper-
ate CANDUs. Since AECL is the designer of CANDU, this
report concentrates on the design issues only.

The major design aspects of Chernobyl which exacerbated
the accident are:

• the shutdown mechanism was slow and weak, and was
effective only if the reactor was operated according to
procedures, and

• the piping at the top of the reactor was not inside a con-
tainment structure

Chernobyl and CANDU are compared with respect to
each of these aspects below.

Emergency Shutdown

The emergency shutdown function in Chernobyl consists
of 24 of the (ovi-'r 200) normal control absorbers held out-
side the reactor core (Figure 2(b)). Abnormal signals are
classified into five types, in order of increasing severity;
only the last type leads to a full reactor shutdown. For this
type, the rods are driven in at maximum rate, which by
Canadian standards is very slow: about 10 seconds for a
significant reactivity effect, and about 20 seconds for full
insertion. All five levels of power reduction are a control
system function: there is little separation either physically
or logically between the control system and the emergency
shutdown function. In addition, the effectiveness of emer-
gency shutdown depends on the number and location of
supplementary absorbers in the core. There must be at least
30 other rods equivalent in the core, correctly positioned,
in order for emergency shutdown to be fast enough and/or
have enough shutdown capacity (reactivity depth) to over-
come an accidental power rise. Emergency shutdown was
clearly not designed to be effective in certain abnormal con-
ditions such as non-standard control rod configurations;
procedures were supposed to prevent such operation.

CANDU SHUTDOWN

a)

CHERNOBYL SHUTDOWN

AZ-5 rods (24)

Computer

Detectors
(48) 30 control rods musl be in

for shutdown effectiveness

100%

POWER AFTER SHUTDOWN

CHERNOBYL

Figure 2 Shutting down the reactor



The closest equivalent to the emergency shutdown func-
tion of Chernobyl is the stepback function of the CANDU
600 control system (Figure 2(a)). This is largely but not com-
pletely independent of the normal control logic, and works
by dropping four control absorbers into the core under a
number of abnormal conditions. It can shut down the reac-
tor for common faults, such as high power in one part of
the reactor, but lacks sufficient capability (reactivity depth)
for certain major accidents such as a large loss-of-coolant.
It is backed up by two independent, powerful and fast shut-
down systems. Shutdown system #1 consists of 28 absor-
ber rods, which are spring-accelerated into the moderator,
and shutdown system #2 consists of 6 pipes and over 200
jets through which a neutron-absorbing liquid is injected at
very high pressure into the moderator water. Each system
has its own sensing devices, amplifiers, comparators, and
actuating mechanisms, which are totally separate from the
control system and from each other. Each system is tested
during reactor operation to ensure that it meets stringent
reliability requirements (greater than 99.9%).

The accident analysis for CANDU establishes the required
effectiveness of these systems as follows: each system, act-
ing alone, must shut down the reactor from all operating
states in case of an accident. Normally at least two diverse
parameters are used, either of which will detect the acci-
dent (e.g., low pressure in the main cooling system and
low pressurizer level both detect a small loss-of-coolant
accident). Detailed analyses are done of possible accidents
from all reactor powers (and for varying parameters such as
size of pipe break or rate of reactivity addition) and these
show that the shutdown coverage is fully comprehensive.
The speed of shutdown is about ten times that of Chernobyl
— less than 2 seconds — and the effectiveness does not de-
pend on the control rod configuration or the operating state

of the reactor.
Specifically, the CANDU 600 shutdown systems are fast

enough and have enough capability (reactivity depth) that
had the Chernobyl process transient occurred in a CANDU,
th . result would have been a mild overpower transient ter-
minated with no fuel overheating. Similarly, had Chernobyl
possessed even one of the CANDU 600 shutdown systems,
the consequence of the accident would again have been a
mild overshoot in power with no damage to the core.

The emphasis on shutdown performance, and indepen-
dence from reactor control, are hallmarks of Canadian safety
philosophy going back to early days of power reactor devel-
opment in Canada, as discussed further on. Indeed the
Pickering A units put into operation in the early 1970's (near
Toronto, Ontario) have two separate shutdown mechanisms
(shutof f rods, and quickly draining the heavy water moder-
ator). The shutdown is fully independent of the control,
and unlike Chernobyl, capable under any accident con-
ditions of shutting the reactor down. The two shutdown
mechanisms are not as powerful as in later CANDU designs
(Pickering B, Bruce A & B, CANDU 600 and Darlingtun A),
and the logic is not as separated. Offsetting this, the msa-
sured reliability of shutdown in Pickering A is much better
than called for in the original design requirements, and
shutdown is possible even if a few of the rods do not work.

Containment

The Chernobyl reactor had a partial containment — piping
in the lower parts of the structure (basically the inlet piping)
was enclosed in leak-tight boxes (design pressure 100 to
400 kPa(g) 115 to 60 psigj) connected by standpipes to a
pool of water below the building (Figure 3(b)). If one of

Complete Containment
/ Enclosure

No Upper
Containment

oo Shielding

-Industrial
Building

OO

600 MW CANDU Chernobyl

\ Lower
Containment

Figure 3 Containment



these pipes should break, steam would be forced into the
pool, where it would be condensed and any radioactivity
trapped. The core of the reactor was contained within a
metal tank also connected to the pool. Piping in the upper
part of the structure was not contained, and a break in the
outlet piping would leak radioactive steam into the fuelling
machine hall whence it would escape to the environment.
Failures in the steam lines themselves would provide a
direct pathway to the environment, since there appear to
be no main steam isolating valves and the reactor is direct
cycle (steam from the reactor goes directly to the turbine
through the steam lines). The concept appears to be an
evolutionary one from earlier RBMK designs which as far
as we know had no containment at all.

The CANDU 600 design (Figure 3(a)) encloses the reac-
tor core, all major components of the primary system, the
moderator and the fuelling machines inside a reinforced
concrete containment building. A tank of water in the top
of the building provides a dousing spray which, if a pipe
break occurs, is highly effective in condensing steam and
reducing the building pressure. The steel-reinforced con-
crete containment building has the "forgiving" property
that the ultimate failure pressure is well above design pres-
sure, as follows:

Design pressure

Test Pressure

Cracking pressure

Failure pressure

124kPa(g)|18psig|

143kPa(g)[21psigj

about 330 kPa(g) j 50 psig]

about 530 kPa(g) [78 psig]

The containment is designed for rupture of the largest
main cooling pipe, an accident which has a predicted fre-
quency of less than one in 10,000 years per reactor. The
maximum pressure inside containment for this accident is
predicted to be less than 70 kPa(g) [ 10 psig |, well below the
design pressure of course.

A hypothetical power excursion in a CANDU 600 (as oc-
curred in Chernobyl) would be an extremely improbable
event, because many independent systems (of which only
one existed in Chernobyl) would have to simultaneously
fail, namely:

• failure of a normal control system

• PLUS failure or incapability of stepback

• PLUS failure of shutdown system #1

• PLUS failure of shutdown system #2

Such an accident has an estimated frequency of less than
1 in 10 million years per reactor in CANDU 600 — much
less frequent than in Chernobyl because of CANDU's step-
back and its redundant and independent shutdown sys-
tems. Accidents of such low frequency are not specifically
designed for anywhere in the world; for example, in a Light
Water Reactor (LWR), used in many countries in the world,
the core melt frequency is between one in 100,000 and one
in 1,000,000 years, and no specific design provision is made
or required, as the frequency and consequences together
are judged an acceptable social risk. Nevertheless, although
a hypothetical, severe power excursion could damage the
CANDU 600 reactor core, the energy would be released

into a large containment volume (50,000 m3), compared
to less than 100 m3 for the core container in Chernobyl;
and pressures in the CANDU 600 containment would be
much lower. Analysis of such events is quite speculative
and depends on the containment design, but even if the
CANDU 600 containment cracking pressure were exceeded,
the resulting pressure relief would make it unlikely to attain
the failure pressure. The CANDU 600 containment would
probably retain much of its effectiveness even for such a
severe and unlikely accident.

The large CANDU 600 containment volume, and the abil-
ity of the moderator to act as emergency cooling for the fuel
(as discussed in the next section), also make hydrogen com-
bustion and explosion unlikely. For a loss of coolant and
failure of the emergency coolant injection system, which in
light-water reactors leads to a core melt, the moderator
would prevent fuel melting and limit the amount of the
pressure-tube material that reacts with steam. The amount
of hydrogen produced would be less than 3% of the con-
tainment volume, or below the flammability limit in dry
air. Even if flammable concentrations were generated, the
resulting containment pressure would not result in crack-
ing. Finally the containment ensures a wet, chemically
reducing atmosphere so that volatile (and biologically signi-
ficant) fission products such as iodine and caesium are
trapped in the water inside containment and unavailable
for leakage outside.



Other Concerns Raised

Current owners of CANDU plants are well aware of the dif-
ferences between the Chernobyl and CANDU designs, and
remain convinced of the safety of the CANDU. Two main
aspects of the Chernobyl design have been described inter-
nationally as having contributed to the accident severity —
the positive sign of the void coefficient, and the pressure-
tube design. Since CANDU also has a (much smaller) posi-
•ve void coefficient and pressure tubes, we now discuss the

relevance of these to CANDU safety, and compare with
other reactor types.

Positive Void Coefficient

A positive void coefficient means that if the coolant in the
core turns to steam (due for example to a pipe break or a
loss of flow), there is a positive reactivity addition. If noth-
ing else is done, the reactor power will rise.

Chernobyl has a positive void coefficient mainly because,
as noted earlier, the coolant in the core is ordinary water,
which is a good absorber of neutrons. If the water turns to
steam, fewer neutrons are absorbed and the reactivity rises.
In normal operation, the practical effect of this void coeffi-
cient is small and the reactor is designed for it. Under ab-
normal conditions, as occurred, the void effect can increase
many times. In addition, Chernobyl is a direct-cycle reactor
(the water and steam that cool the reactor fuel go directly
to the turbine) so the turbine flows can have a direct in-
fluence on reactor power.

CANDU is cooled by heavy water (which does not absorb
neutrons) at a temperature of 300°C. The coolant flows
through 380 small tubes (called pressure tubes) in the core,
each of which contains fuel. The neutrons are slowed down
by a separate, cool, heavy-water moderator at a temperature
of 70-80°C. When neutrons enter the pressure tubes from
the moderator, they have an energy corresponding to the
moderator temperature, which is just the right energy for
efficient nuclear fission (thus if the moderator is lost, the
reactor shuts down). The coolant heats the neutrons up a
bit, and makes them slightly less efficient in causing fis-
sion. Thus if the coolant turns to steam in an accident, the
neutrons entering the fuel still have the moderator energy,
and the reactivity rises. The total effect is about one-third
the size of the effect in Chernobyl just before the accident. In
addition, the CANDU cycle is indirect — that is, the heavy
water which cools the reactor is a separate system from the
ordinar> steam which spins the turbines — they are separ-
ated by the steam generators where the heavy water gives
up its heat to the ordinary water. Thus the effects of changes
in the turbine side of the plant have a relatively slow and
indirect effect on the reactor power — i.e., through temper-
ature differences rather than through changes in flow.

In LWRs, a single large pressure vessel contains all of the
ordinary water, which acts as both coolant and moderator
and has a temperature of about 300°C. If the water is lost,
the fission reaction and the reactor power decrease (the

same as if the CANDU moderator were lost) and the void
coefficient is negative. On the other hand, it is therefore
possible in LWRs to cause a rapid power increase by replac-
ing steam with water or by increasing the density of the
water (by cooling it). One can say that LWRs have a positive
density coefficient.

Thus regardless of the sign of the void coefficient, a fast,
effective shutdown mechanism must be provided. The shut-
down mechanism should be able to overcome any possible
positive reactivity and have high reliability so that it works
when needed.

Chernobyl had one shutdown system which was not
powerful enough to overcome the greatly increased void
effect at low power operation.

The two CANDU 600 shutdown systems can each over-
come the void effect at any power. This emphasis on power
and redundancy arose from an accident in 1952 in the NRX
research reactor in Chalk River, Canada. The accident in-
volved a power rise and an impairment of the shutdown
rods. While the damage done to the reactor was much less
severe than in Chernobyl (mainly because the reactor was
very much smaller), we learned some hard lessons on sep-
aration of the shutdown systems from the control system,
and from each other; and on reliability, redundancy, and
capability of shutdown which were later applied to CANDU
power reactors (and to changes in the repaired NRX reactor).

Light water reactors have a single fast shutdown system
for major accidents. In addition this shutdown system shares
some reactivity control mechanisms with the normal control
system. Although LWRs are acceptably safe, there is less
redundancy than in a CANDU. For example, Figure 4 is
from the Safety Report (Reference 5) for a standard PWR
(Pressurized Water Reactor) (RESAR-3S). It evaluates the
response of the reactor to a steam main failure (this is the
limiting design basis event for the PWR fast shutdown sys-
tem). Initially, the reactor is shut down, but becomes critical
again, due to the influence of the positive density coefficient
as the reactor cools down. Another shutdown mechanism
is required — a slow addition of liquid neutron absorber
in the emergency core coolant (ECC) injection system — in
order to reduce the reactivity again.

Both CANDU and LWR designers examine the conse-
quences of a hypothetical unavailability of a shutdown
system in an accident. In CANDU 600, because there are
redundant, independent shutdown systems, if one should
be unavailable, the second can handle the accident just as
effectively — and every accident must be so examined.
For LWRs, such events are called Anticipated Transients
Without Scram (ATWS). The term "Anticipated Transients"
means that such events are considered likely to occur in
the life of the plant. They involve things like spurious open-
ing or closing of a valve, or a failure of a pump, but not
pipe breaks. For PWRs, loss of main feedwater and failure
to scram is considered limiting, and for BWRs (Boiling
Water Reactors), main steam isolation valve closure and
failure to scram is limiting. In both reactor designs, process
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Figure 4 Transient response to steam line break with
safety injection and offsite power

system action is required to shut the reactor down — for
example a turbine trip in PWRs, and a recirculating pump
trip for BWRs.

in fact, there are several (low probability) scenarios which
can lead to a significant positive reactivity insertion in
LWRs. Such events include:

(i) Negative Moderator Temperature/Void Coefficient
(BWR). The negative moderator temperature/void effect
in BWRs requires shutdown if the void is reduced —
e.g. after a turbine trip or after load rejection at high
power. If the shutdown system fails (ATWS), the power
will rise unless a process system is used — tripping of
the recirculation pumps.

(ii) Positive Moderator Temperature Coefficient (PWR).
At the beginning of a fuel cycle, the moderator temper-
ature coefficient in some older PWRs is positive. A rod
withdrawal accident from low temperature can cause a
rise in power.

This does not mean that LWRs are unsafe, since these issues
are known and have been examined. It does mean that
positive reactivity effects are not unique to CANDU or
Chernobyl.

In summary, the sign of a reactivity coefficient makes the
design neither inherently safe nor inherently unsafe. The
effect depends on specific accident circumstances. As a
generalization, a small coefficient, be it positive or negative,
is most desirable since it reduces the magnitude of the
demands put on the safety shutdown systems. CANDU
meets this objective. Chernobyl did not, because of the
large increase in void coefficient at low power.

Pressure Tubes

The other aspect which has been raised is that the Cher-
nobyl accident was exacerbater1 by the pressure-tube design,

which places the fuel next to the pressure boundary in the
core. The reasons expressed were that if the fuel overheats
in a pressure-tube reactor, the pressure boundary could be
damaged. The contrast has been drawn between the rela-
tively thin-walled pressure tubes and the thick pressure
vessel of LWRs. This contrast is wrong for three reasons.

First, the wall thickness is chosen based on the internal
pressure the tube or vessel must withstand, and on its dia-
meter. Large tubes or vessels need thicker walls to contain the
same pressure fluid.

Second, even for Chernobyl, pressure tubes did not make
the accident worse. Since the mechanical shutdown rods in
Chernobyl were too slow, the only way the power runaway
was stopped was by fuel breakup and destruction of the
core geometry.

Third, there are in fact a number of significant safety
advantages of the CANDU pressure-tube design, over Cher-
nobyl, and over pressure vessel design, for severe accidents.
Surrounding each of the channel assemblies in CANDU
is the cool (70-80°C) heavy-water moderator. If for some
reason, the fuel sheath, which is normally at 300°C, should
heat up to 1000°C or so, the pressure tube will begin to heat
up and will expand or sag to contact the surrounding calan-
dria tube. Heat is then transferred by conduction and radia-
tion from the fuel, through the pressure tube and calandria
tube, and finally to the cool moderator water, limiting the
maximum fuel and pressure tube temperatures that can be
reached. The moderator provides an inherent or built-in
level of defence for loss of coolant accidents. This has two
major benefits. It assures a possibility of long term cooling
of the channel, even for a loss of coolant coincident with a
failure of the emergency core cooling. And because fuel
and pressure-tube temperatures are kept low, there is little
formation of hydrogen for a large range of severe accidents.
These two benefits combine to create a third benefit. For
many types of severe accidents in CANDU, there is no direct
challenge (via core melting, steam explosion, or hydrogen
explosions) to containment integrity.

The Chernobyl moderator is hot (700°C) graphite and is
less effective in removing heat from the pressure tubes in
a severe accident than the CANDU water moderator. How-
ever it probably absorbed enough heat to help limit melting
of the dispersed fuel in the long term (after the initial power
excursion and fuel damage).

For LWRs, a loss of coolant accident and unavailability of
the emergency core coolant leads to a core melt.
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Canadian Response

After a careful review within Atomic Energy of Canada
Limited, we have found that there are no significant lessons
to be learned from Chernobyl as it affects CANDU design.
The basic CANDU reactor characteristics, the two diverse
and capable dedicated shutdown systems, and the effec-
tiveness of the containment system, lead us to conclude
that the Chernobyl accident is not relevant to CANDU.

However a responsible and prudent position has been
taken to review and evaluate the knowledge from the Cher-
nobyl accident. Such reviews are also underway at the
Canadian utilities and the regulatory agency in Canada,
the Atomic Energy Control Board. AECL, as the designer
of CANDU, will assess the need for firefighters to have to
work in areas of intense radiation, and in cooperation with
the Canadian utilities, will see if existing firefighting equip-
ment or procedures need to be improved.

Years of experience, reactor physics studies, and safety
analyses for CANDU have shown that the shutdown sys-
tems are not dependent on the reactor operating state.
Another study is underway however, to confirm that no
possible operating state has been omitted in this conclusion.

AECL's conclusion is that the Chernobyl design is an un-
forgiving one in which operator error allowed the reactor
to be put into a state in which the automatic protection
was ineffective. The CANDU snutdown systems would
rescue the operator from such a situation, and in that sense
CANDU is a far more forgiving design.
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