Chapter 5 - Safety Systems

Introduction - Spedal Safety Systems Functions

In previous chapters we have referred to the four safety functions required in anuclea reador:
. shut down the reador

. remove deca hea

. contain any radioadivity

. monitor the state of the plant.

In this chapter we shall describe the major systems that perform these functions. We shall
concentrate on CANDU for our examples, athough ather reacor types have similar systems.

Shutdown Systems

Shutdown is one of the most important safety functionsin areador becaise it reduces the
amourt of energy that has to be removed from the fuel after an acadent. It isusually
acomplished through rapid insertion d a neutron-absorbing material into the wre. Another way
isto remove from the core material which is essential to the diain readion - e.g. the moderator.
There ae more radicd concepts possblein principle, such as removing fuel or changing the wre
geometry, but they are not in widespread use for fast shutdown.

Before ashutdown system is designed, the requirements $houd be defined (although again

historicdly, the two went along together). Here ae some of the questions that must be asked, and

answered:

how do we get negative readivity into the cre?

how fast does the system have to ad, orceit recevesasignal?

how much readivity depth must it have (how many negative milli -k?)

how reliable must it be?

what are the accetance caiteria?

what sort of signals are avail able and pradicd to trigger the shutdown system for eat

acadent?

. what sort of environment must the shutdown system be designed to withstand?

. how do we ensure that afault which could affed the @ntrol system or a shutdown system
does nat affed both? Or bath shutdown systems?

. how do we know the systems will work as designed?

. how does the operator know the system has been required, and that it has worked?
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We shall cover thesetopicsin turn. Many of the questions are mmmonto ather safety systems,
so we shall explore them in more detail for the first time here, and just refer to them later on.

Mechanical Design

The most basic part of shutdown design, and the most common mechanism, isinserting a neutron
absorber onto the core. Becaise modern readors are large, asingle @sorbing deviceis generally
not sufficient. Almost all reacor types use some form of absorber rod, multi ples of which are
inserted verticdly into the @re. Actualy most of them are tubes, na rods, bu are cdl ed rods for
historicd reasons. In many cases, and espedally for non-presaurized readors sich as reseach
readors, they areinserted from the top, so that gravity can assst them; however in some Boili ng
Water readors (BWRS), they are inserted from the bottom. (This has the disadvantage of an
unsafe failure mode if the rod shoud fail mecdhanicaly sinceit can fal out of the core under
gravity; such a “rod drop’ acadent is therefore part of the BWR Design Basis.)

In most readors in the world, the rods do doulbe duty - being driven in and ou of the core for
control purposes, and keing driven or dropped in rapidly for shutdown puposes. CANDU
however separates the antrol rods from the shutoff rods, as one of the lesoons leaned from the
NRX acddent.

Other shutdown medhanisms exist. For example, a second means of shutting down BWRsis by
tripping the adant redrculation pumps - withou forced flow, the anourt of bailing in the
coolant increases and the negative void readivity shuts down the reador. If you visit the zero-
energy Pod Test Reador (PTR) reador at CRL (it is now defuelled - but the pod and the reador
structure ae still there), youwill be told that the primary means of shutdown was by rods.
However if you are observant youwill natice a cipbaard ouside the reacor hall, labelled “Boron
for PTR”. Thiswas the “ultimate shutdown system” - if for some reason the rods were nat able to
shut down the reador, someone - no douh a graduate student - would grab a bucket of boron
from the aupbaard and throw it into the pod. A similar “doamsday” shutdown system existed for
ealy gas-cooed readors - it injeded baon dust into the areif the primary shutdown system
failed. Sincethe boron dust could never be removed in entirety from the core structure, it would
not be used more than orce Later on (removable) boron kalls were used, pased above the wre.

Paradoxicdly, a‘doamsday’ shutdown system is not obviously safe. If its adion causes svere
econamic harm, an operator will be very reluctant to useit, and may even dsableit if hefeasit
will go of spuriously. Thisistrue of all safety systems- if their adion wredks the plant, ore risks
having them jumpered out (deli berately disabled).

The ealiest CANDU shutdown system was moderator dump - large valves at the base of the
cdandriawould open and the moderator would drain ou of the cdandriavessl under the adion
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of gravity. The system would be re-poised by closing the valves and pumping the moderator badk
into the cdandria.

NPD, Douglas Point S tzawn Sygem Numter 2

and Pickering-A used
this g/stem.
Pickering A aso

used afew shutoff ' |
rods (recdl that

Sl coarn Svstenm Nurmbe 1

designerslost
confidencein rods
after the NRX
acddent, and they
were not used again
until Pickering-A).
The moderator dump
system was (and is)
highly reliable but is
somewhat slow
compared to shutoff = e ;
I’OdS, espeoally for @I Yz Nomelly azed I
larger cores, andin '
addition removes a
source of water
surroundng the fuel
channels, which
could beusedinan
emergency (we will
discussthislater). A variation d moderator dump isrefledor dump - the heavy-water reflecor
onthe Maple reacor seriesis dumped as part of the shutdown safety system.
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Figure 5-1 - Shutdown Systems #1 and #2

Modern CANDU S have two separate shutdown systems - rods and pasoninjedion. Spedficdly,
Shutdown System #1 consists of 26 a 28 shutoff rods, namally suspended above the core, and
relessed onasignal. They ad in the moderator, between the rows of presaure tubes, as can be
seen in Figure 5-1. They would fal in by gravity, bu to give an initial boost to the speed, they are
spring loaded, which accéerates them over the first few fed of travel. Medhanicdly, therodis
suspended ona cdle running over apulley, which isreleased by a dutch andwound kadk up by
amotor. Theroditself fallsinto a perforated guide tube within the moderator, whose purpose is
to make sure therodfalls graight in and daesn’t tip over or snag.

Shutdown System #2 (where do they get al these imaginative names?) consists of aliquid

Chapter 5 - Safety Systemswpd Rev. 6
February 1, 2006(8:48PM) vgs'wg



neutron absorber (gadaoli nium nitrate) which injeds diredly into the moderator water through
perforated metal tubes, also asindicated in Figure 5-1. Theliquid is accéerated by gas presaure
from a common helium tank, presaurizing one poisontank per nozzle, as sown in the figure.
The system is aduated by opening the fast ading valves conreding the helium tank to the poison
tanks. A disadvantage of this g/stem isthat becaise it injeds into the moderator water, it must all
be removed chemicdly (by ion exchange) before the reador can start up again - a processthat
takes almost two days. Note that there ae no closed valves between the poison tanks and the
moderator, for reliability reasons; the cnsequence however isthat poison gradualy diff uses
toward the are down the pipe, which must therefore be badk-flushed from time to time to drive
the diffusion front away from the moderator.

Sped

The designer of a shutdown system must know its peed, spedficdly itsrequired insertiontime,
particularly the time when it first startsto “bite™. Not surprisingly, the required spead is st by
the fastest acadent. In CANDU, thisisthe large lossof codlant acadent, which inserts positive
readivity at arate of abou 4 mk./sec. The safety requirement isto prevent melting of the central
part of any fuel pin due to the overpower, since significant amounts of molten fuel could risk
faili ng the neaby presaure tube. Induced fail ure of ancther pressure boundry comporent is not
accetable, sinceif one presaure tube fail s, anumber of presaure tubes at similar condtions could
fail, and ore would risk lossof the cdandriavessd integrity. It isan easy exercise for youto
cdculate the dlowed energy addition. It turns out that as long as the net positive readivity is
kept below abou 6 mk., depending on the design and the asumptions, the energy is not
sufficient to melt the centre of the fuel. That then suggests the shutdown system hasto start to
bitein abou a second,and that the initial readivity insertion rate hasto overcome the 6 mk
already inserted, dusturn the transient over by 1.5semnds - in ather words, tens of (negative)
mk./sec

Typicdly the shutdown system for alarge LOCA istriggered by either of two very fast signals:
high neutronflux, or high rate of rise of neutron flux (log-rate). Trips onlow flow in the he&
transport system, and high containment presaure, are dso triggered bu not usually as quickly.
One of the perceived disadvantages of CANDU isits positive malant void coefficient (readivity
and pawer rise when the molant voids); the off setting advantage is that the rise in neutron flux
provides very sensitive rapid signalsto deted the LOCA.

Thetime & which the shutdown system begins to hiteis composed of several comporents (we'll
use the shutoff rods as an example):

First insertion d significant negative readivity
4
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Time of “bite” =
+ time of large bre&®
+ time for measured signal to rise to trip set-point
+ resporse time of detedor and amplifiers
+ resporse time of instrumentation which deddesif asignal has passed its st-point
+ resporse time of trip relay chain
+ timeto release dutch hdding shutoff rodin place
+ timeto acceerate shutoff rod from parked pasitionto ~ the first row of fuel channels

For the paison injedion system, the last two items are replacel by:

+ timeto open valves conreding helium tank to pdson tanks
+ time to acceerate poison through the nozzles and aaossa @wupe of |attice pitches
within the moderator.

In the end, systems which ad within asemndare pradica but require caeful design and
maintenanceto get them fast enough.

Reactivity Depth

Readivity depth means the total negative readivity inserted orcethe shutdown system has fully
operated. For shutoff rods, this occurs when the rods are full y inserted; for poisoninjedion,
when the poisonisfully injeded and mixed with the moderator. The readivity depth requirement
is st, obvioudly, by the acedent which inserts the greaest paositivereadivity. Thisisnat the
large LOCA, bu asmall LOCA, spedficdly apresaure-tube bre followed by a cdandriatube
rupture. Why? When areador is operating at full power, there is a negative readivity load due to
xenon,a neutron absorber which is formed from the decay of iodine, which in turn isformed
from the fisson product tellurium, as foll ows:

¥ Te< <min < 9 < 6.7h < X e< 9.2h < Cs< *Ba (stable)

*Traditi onall y the time of the acédent is taken as t=0
5
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where the times represent half-lives. The xenonload in a CANDU at full power isabou -25 mk
and hesto be compensated by paositive readivity from the fuel to keep the reador criticd. When
the reacor is suddenly shut down, the xenon cecays dower than the iodine, so that the asorption
due to xenoninitially increases to abou -40 mk., then deaeases as the iodine decays away
(Figure 5-2). After along shutdown, the xenonload is small; so that poisonisadded to the
moderator to compensate for the &sent xenonload (sincethe normal control system does not
have the required negative range). As the reacor comes bad to powver again, the iodine and thus
the xenongraduall y buil ds up, and the poison can be dhemicaly removed from the moderator (or
sometimes a burnable poisonisused - i.e., ore which is made into alessabsorptive spedes over
time by neutron absorption - typicaly gadoli nium). If a presaure-tube breg with fail ure of the
surroundng cdandriatube occurs during this gartup, then the “poisoned” heavy-water moderator
could be replaceal by un-poisoned heavy-water cooant. The anourt of pasitive readivity that
could be added in, say, thefirst 15 minutesis due to:

. codant void in the fuel channels, from the fradion d codant that is lost through
the bre&
. fuel temperature, dueto cool-down of the fuel after trip (remember the fuel
temperature readivity feedbad is negative from zero to full power)
. ‘clean’ codant displadng ‘poisoned’ moderator
. increase in moderator temperature (a positive wefficient in CANDU, bu small
and slow), due to the hat discharging coolant mixing with cold moderator
. decy after shutdown of any xenonthat has been formed duing power operation
Off setting thisis the - -
negative readivity due T T T T
to shutdown, and
eventually the very —0-10+ .
large negative readivity  z ¢ = 1014 n/em?s |
duetoinjedion d .E g 6% excess
emergency codlant light @3 = —005 R B reactivity |
water. The analysis of :
the readivity balanceis
usualy dore 15 minutes 1 | 1 |
after thefirst clea 0 20 40
signal of the presaure Startup . Shutgown 20 40 €0
tube bre&k, when the Time: hours
operator can be _ . . .
asaumed to supplement Figure 5-2 - XenonReadivity (negative) versus Reac¢or Power History
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the shutdown readivity (e.g., by manual poison addition). One then designs the shutdown depth
of the shutdown system to achieve ashutdown margin°® of at least -5 mk. if al the aumptions
are obviously conservative, adding more margin if there ae uncertainties. Physicaly one
achieves greaer shutdown depth by adding more rods, by putting rods preferentiall y in the high-
flux region d the cre, etc. Thereisapradicd spacelimit however, onthe number and location
of rods. Thetypicd shutdown depth for CANDU is-70 mk. for the shutoff rods and < -200 mk.
for paisoninjedion. Shutdown margins for the rods are obviously smaller, typicdly -5 to -10 mk
under the most pessmistic condtions (e.g., assuming the two most effedive rods are

unavail able).

Unavail abili ty

We have touched onshutdown system unavail ability. Recadl that thisis ademand uravail ability
andis expressd in dmensionlessunits, athough youwill also seeit written as hous/yea or
yeaslyea. Therequired uravail ability is st primarily by the safety goals applied to the reacor
by the regulator, and for CANDU is at most1 fail ure per 1000 aemands (102 per demand).
Experience has shown that the shutdown systems mee abou 10*. Unavail abilit y values much
lower than this are theoreticdly possble, but are usually not credited for a single system, becaise
of:

. the number of tests it would take to establi sh such a unavail ability

. the suspicion that unknavn crosslink effeds and common-cause fail ures give a

lower limit to the unavail ability of a single system

U.S. readorstypicdly use 10* for their shutdown system, based ona prediction dore during
design plustesting, bu they do nd test on-line & a sufficient frequency to establish it.

If eath shutdown system has an uravail ability of 10° per demand, then oreis tempted to say that
the unavail ability of both systems together is 10° per demand. Thisis only trueif the systems are
sufficiently independent and dverse so that they are not subjed to common cause fail ures. We
shall return to this later on.

AcceptanceCriteria

It is not enough to shut the reador down - one must do so in atimely fashion. We have discussed
the two acadents which set the rate and depth of the mecdhanicd and hydraulic design. However,
this does not guaranteethat for other acadents the system istriggered at the right point - that isa
function d the trip signals and trip signal set-paints, discussed below. Trip signals are chosen to

¢ Shutdown margin = [Total pasitive readivity| - [Total negative readivity|
7
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med acceptance giteria, chosen usually so asnot to place @ undwe burden onthe other safety
systems - in ather words, to prevent or postpore mnsequences. For example, for acadents which
are expeded to happen perhaps once or more in the plant lifetime, the shutdown systems shoud
ad ealy enough to prevent fuel failure - thus avoiding a dall enge to containment, as well asto
the pocketbook d the operating organization. This category would include lossof ClassIV
power, very small LOCA or failurein the readivity control system. For lossof hea sink
acddents, the shutdown systems $ioud ad so as to give the operator lots of timeto bringin a
badkup hea sink - typicdly 15to 30minutes, although in modern designs one amsfor at least 8
hours before operator adionis required. For acadents such aslarge LOCA, it is prudent to
prevent fuel damage ealy on (to allow time for the containment to isolate) and to ensure that the
fuel is not made so hrittle from the zircaoy-steam readionthat it canna be woled’. Of course
limiti ng fuel damage is ajob shared between shutdown and ECCin alarge LOCA - thejob d the
shutdown system isto deliver the fuel to the ECCin areasonable wmndtion so that ECC can
remove decay hea from aknown fuel geometry. In any acddent, shutdown systems oud ad
ealy enough so that thereisnorisk to the presaure boundry (or at least no risk additional to that
from the initi ating event).

Signals
For ashutdown system to be dfedive, it must deted an acadent soonenough that the accetance

criteria ae met. We can infer some of the commonly-used trip signals from the types of acadents
(thelist below is exemplary for CANDU Clasdc and nd intended to be mmplete):

Acddent Symptoms Typical Trip Signals

L ossof Reador power rises High neutron flux
reactor power Reador power rises rapidly High lograte of neutron flux
control Heda transport system pressure rises High heat transport system
presaure

L ossof forced Coodlant flow drops L ow heat transport system flow
circulation L ow core presaure drop
Presaure rises High heat transport system

presaure

Reador power rises’ High neutron flux

dAt temperatures readed in large LOCA, the Zircaoy fuel sheah can chemicadly read
with the steam in the dhannel to produce zirconium oxide, hea and hydrogen.

¢ Why?
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Acddent Symptoms Typical Trip Signals

L argelossof Reador power rises High neutron flux
coolant Reador power rises rapidly High lograte of neutron flux
Containment presaure rises High containment presaure

Codant flow drops L ow heat transport system flow

Codant pressuredrops | Low heat transport system pressure

Small | ossof Presaurizer level drops Low presairizer level
coolant Coodant flow drops L ow heat transport system flow
Containment presaure rises High containment presaure

Moderator level rises High moderator level

Codant pressuredrops | Low heat transport system pressure

Boiler level drops Low bailer level

L ossof Feedwater flow drops L ow feaedwater flow
feedwater Heda transport system presaure rises High heat transport system
presaure

Canadian pradiceisto sense an acadent with at least two dverse trip parameters on eat
shutdown system - typicdly chosen from the list abowe. It is not always pradicd to doso.

Manual trip is permitted if the time-scades arelong - typicdly fifteen minutes from the first clea
signal of the acedent in the Main Control Room - and if thereisno pradicd aternative. Even so,
it isusually not relied onas a primary trip.

Operating Environment

It seems obvious that if we rely on a safety system to mitigate an acadent, it shoud nd be
disabled by the acedent. Behind this smple statement is alarge anourt of work to:

. define the condtions which could affed the safety system

. design it to withstand them.
In additionit is not always posshle to med this requirement for asingle system - for example a
major firein the Main Control Room would require shutdown (because it could affed the control
computers) and at the same time passhbly damage some of the componrents of Shutdown System
#1 so that it would na respond(although it would likely fail safe).

" For an in-core breek only (pressure-tube / cadandria-tube rupture)

9
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The shutdown systemsin CANDU ad mostly within the moderator, which proteds them from
some of the dfeds of acadents. But not all . For example, we must design so that:

there ae no hgh-energy pipes within striking distance of the readivity
medchanisms dedk ontop d the reador, where the shutoff rod clutches and pul eys
arelocaed

an in-core bre& canna disable shutoff rods to the extent that the system does not
med its readivity depth requirements (it is not passble to proted all therods
from pipe whip and jet forces from an in-core bre&)

shutdown system cables and instruments are separated to the extent pradicd so
that alocd fire will not wipe out both shutdown systems. Thisis an example of
where &solute protedionisnat possble - one can ony separate cdles  far, and
alargefirein an area ould disable ashutdown system. The gproac then isto
ensure that it canna disable bath shutdown systems, which is dore by pladng
them in widely separated areas (90( to 18( separation) of the plant. Thisisan
example of the “two-groug’ phil osophy, which we shall cover later.

the steam, high temperatures, water, and high radiation fields from an acadent
must not prevent a shutdown system from firing when needed (onceit hasfired,
however, such protedionisnolonger neeled).

the shaking due to an eathquake must nat prevent the shutdown system from
aduating nor slow it down so that it canna med its acceptance aiteria.

Common Cause Failures

We gave an example of where asingle caise (fire) could dsable more than ore system. Thisisa
serious chall enge to the protedion provided by seemingly independent systems. One must
identify all common cause fail ures and design against them; however to cover off the posshbility
that we just aren’t clever enough to anticipate them all, atwo group philosophy isfollowed in
CANDU. In summary this philosophy is:

for ead fail ure, ensure that there ae & least two ways of performing the required safety
function

separate these two ways geometricaly (so that they are not subjed to locad damaging
hazards such asfire or turbine missles or aircraft crash)

use diverse equipment and dverse means of operation

proted them against the environmental results of the failure

qualify or proted at least one of the two systems against plant-wide external events such
astornadoes and eathquekes.

Like the fate of all i deds, the pradicd applicaioninvoves many tradeoffs: diversity is not
always posshble; and there is only so much spacewithin which systems can be separated. Thus

10
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whereas idedly one would like to route control system cables separate from shutdown system #1
(SDS1) cables and shutdown system #2 (SDS2) cables, it would be dmost impossble from a
plant layout point of view; so ore dlows grouping of control system and SDS1 cables, but they
must be separated from SDS2. However al 3 logic channels of any given group must be
separated, so that alocd cable fire caana generaly disable dl three diannels of any one system.
Even this must be qualified - afirein the SDS1 cabinet in the Main Control Room could disable
al 3 SDS1 channels, sincethey must come dose together at some point to “vote” on a 2-out-of-3
basis for tripping the reador. There ae further compromises forced by the system operation: alot
of instrumentation must be on the reacor, and there the systems come in closer proximity. For
example the neutron flux power measuring devices of the wntrol system, SDS1 and SDS2 all are
in the reador; the compromiseisthat the control system and SDS1 devices are dlowed to bein
close proximity, bu SDS2 devices must be onthe oppasite side of the reador.

The general ruleisthat if a ompromisein separation must be made, then ore must show that
one or more of the foll owing applies:

. thereis no credible hazard in the aea

. ancther Group 2system outside the aeawill miti gate the event
. the system or comporent is proteded by abarrier

. the system or comporent isfail safe

. the comporent designed to withstand the hazard

Hereis an example of how groupng and separation was implemented onCANDU 6:

Safety Function Group 1 Group 2

NI

Shutdown Reactor Control System Shutdown System
Shutdown System 1

Heat Removal From Fuel Heat Transport Systemn  Emergency Water System
Steam & Feedwater Systems

Shutdown Cooling Syster

ECC

Moderator

=)

—

Contain Radioactivity = Reactor building air coolers Containment & containmer
subsystem:

7

Monitoring & Control Main Control Centrg Secondary Control Arep

The rationale for this particular groupng and separationis as foll ows:

11
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. two shutdown systems are in separate groups < that asingle event canna prevent

shutdown

. ECC and containment are in separate groups < that asingle event canna damage fuel
andall ow radioadivity to escgpe

The dhoiceisnat unique - what would be the advantages and dsadvantages of switching ECC

and contai nment?

Most safety systems neal services such as air, water and paver. These too must be grouped and

separated, and here is an example @rrespondng to the table dove:

Safety Support Function

Group 1 Safety Support

Group 2 Safety Support

Eledrical Power

ServiceWater

I nstrument Air

Class IV

Class lll dieselS
Class I

Class |

Raw Service Wate
Recirculating Service Wats

Instrument Air Systen

[

-

Emergency Power Syste
(EPS) Diesels

Class Il

Class |

Emergency Water Syste

Local Air Tanks

m

m

With four safety systems, eat of which has threeinstrumentation channels, groupng and
separation d cablesisamajor challenge. Here is one such implementation:

System Group System Name Channedl
1 Reador Regulating System B C
1 Shutdown System 1 D E F
1 Emergency Core Codling L M
System
2 Shutdown System 2 H J
2 Containment System N P Q
1 Emergency Core Codling KK LL MM
System - Seismicdly
Qualified
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Figure 5-3 shows how all this
comes together in a plant
layout. Here iswhat one
attemptsto da

safety system

tripli cated
instrumentation
channelswithin a
Group separated by
1.5metres

power suppies lit
into“ODD” &
“EVEN?” to serve
reduncant comporents
within a Group
“ODD” & “EVEN”"
cables sparated by
1.5metres

single channels within
the same Groupcan
share @mmon routing
(eg., A, D, K)
buffering of
conredions between
Main Control Room &
SCA

power cables >600
volts must be 0.45m.

abowe instrumentation cables

GROUP 2

Figure 3 Location and Separation Requirements for Safety Related Systems

Figure 5-3 - Grouping and Separation for Safety-Related Systems

Note that only one group (Group 2 isnormally required to be seismicaly qualified - the
frequency of severe eathquekesis such that adoule line of defenceis not needed.

Note that there ae other approades to groupng and separation. LWRs tend to have two to four
spatially separated trains, with ead train fully qualified for all acadents, and lessredundancy
within the train, as shown in Figure 5-4. The alvantage of afour-train approach isthat it allows
onetrain to be taken ou for maintenance whil e the plant is operating. The disadvantage is less
diversity of equipment among trains. The ACR-1000 csign has adopted afour-train approad.
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This can be mntrasted with the CANDU Clasdgc goproach we have just discussed: two dverse
separated groups of systems, redundancy within ead group,andthe level of qualificaion
determined by the safety function d ead system, as snown in Figure 5-5.

Note from the diagrams that LWRs do nd

normally al ow crossconrexion between the

trains. CANDUSs al ow crossconrexions

within the group, bu only limited and bufered

conrexion ketween Groups. Why all ow any at

all? For example, the Main Control Room

(MCR) isaGroup larea so idedly shoud

have no Group 2equipment. But the operator

would want to have the capability of firing

SDS2 manually from the MCR, or observing

itsindicdions - rather than having to walk over _ o i
to the Secondary Cortrol Area eah time. Soa 19Uré 5-4 - Smplified LWR ThreeTrain
buffered connexion is provided - typicaly the Grouping and Separation

eledricd link is broken by an opticd

link, so that signals can go orly one

way, and afault in the Group larea

canna propagate to Group 2,and vice

versa..

Testing

Figure 5-5 - Simplified CANDU Two-Group Groupgng
How do we know the systems will and Separation
work as designed? For shutdown
systems, the answer isfairly easy: they are tested duing operationto determine their reliability
and their performance

Recdl that demand avail ability is suppcsed to be >0.999, @ al but 8 hous per yea. The
difficulty isthat if asystem isadually tested® at afrequency sufficient to demonstrate this value,
there would be severe negative impad on station ogeration. The dedsion and adiontime &ter a
shutdown is only abou 20 minutes before xenon bul d-up overcomes the positi ve readivity range
of the control system. For SDSL1 thisis barely enough time to reset the system and restart; for
SDS2, apaoison-out isinevitable and the plant is down for 40 hous or more urtil the xenon has
decayed sufficiently. Moreover excesgve shutdowns gressthe plant (for example eab time the

9That is, if the entire system is tested al together, asit would ‘redly’ work
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reacor is wut down the ‘house load’ - the ClasslV eledrica power generated by the station
itself - isobviously lost, sincethe turbine is not supdied with steam, and trips). The problem is
addressed by separating the testing of the logic from that of the final medhanism; and by testing
the mechanism in pieces, na all together.

First, thelogic. All safety systems have threelogic channels, as noted, with two-out-of-three
being sufficient to initiate the trip or safety system adion (Figure 5-6). The requirement that two
channels must both vote ‘for’ atrip reduces the likelihood d spurious trips due to asingle
comporent fail ure. On the other hand the reacor will still trip if required, even if one channel is
unavail able (failed ursafe). It is usua when a dhannel isknown to befailed to pu it into a safe
(tripped) state: thisincreases mewhat the likelihood d a spurious trip, sinceonly one of the
remaining two channels nedd fireto trip the reador, bu al ows continued (safe) operation urtil
the fail ed channel isrepaired. Finally asingle dnannel can be tested withou tripping the reador:

By the same token, ore can test hardware devices (as well aslogic) withou firing the system.

Channel 1
Channel 2

Channel 3
P 4

Test

Trip signal

Figure5-6 - 2 ou of 3trip logic andtest

In the ACR-1000,and modern LWR designs, a “two-out-of-four” voting logic isused. There ae
four instrumentation channels, any two of which can trip the reador. Again, this allows one
channel to be taken ou for maintenance and left ‘untripped’, reducing the likelihood d spurious
trips, bu at a st increase of 33% in instrumentation, maintenance and testing.

The shutoff rods are designed to be partially dropped, individualy, in atest. That is, shortly after
the dutch hasreleased and the rod beginsto fall, the dutch can be re-energized and the rod
“caught” before it entersthe wre. This provestherodis nat stuck (what does it not prove?). In
pradice eab rodis partially dropped abou once aweek.

Shutdown system 2 is more complex, asit is not easy to stop an injedion. Figure 5-7 shows one
way of testing ead valve by itself withou firing the system, while any two channels which trip
will firethe system. Testing any single logic channel opens two valves but does not al ow (much)
poisonto le& into the moderator. Thus ead comporent can be tested without adivating an
injedion.
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Figure 5-7 - Testing of SDS2 Valves

Before along shutdown, when the poison-out doesn’t matter, SDS2 can be tested “for red” to
ensure that some subtle fail ure has not gone undeteded in test.

Performancetesting is dore usualy by measuring the speal of actuation d one or more
comporents. Thusonapartia rod dop, ore can determine how long it takes the rod to read the
point when it is caught; or one can test the valve opening times on SDS2. A full test measures the
rod dop versus time (time to passthree ‘gates’ onitsway down), and d course the ad¢ua power
rundown is measured duing commissoning and onthe tests before along shutdown to verify
that the designers got the physics right.

Human Interface
An operator must:

1. Be natified that the shutdown system has tripped
2. Be aleto confirm that it has aduated corredly
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3. Have proceduresto follow in case it has nat.

These seam like obvious requirements but there have been anumber of acadents where the
operator has been misled by his instrumentation - we @mvered some in the test cases we reviewed.
Normally natification consists of an alarm window onthe SDS panel, showing (for ead channel)
that atrip parameter has passed its trip setpoint, and awindow showing that the SDS has fired.
The latter is nat sufficient to establi sh that the system has indeed worked (recdl the ThreeMile
Island case where the valve positionindicator in the wntrol room was taken from the cntrol
signal which told the valve what to do, nd what it adually did), and an operator can exped to
have avail able supdementary information such as sutoff rod pcsition; he will aso ched the
neutron paver measurement to ensure it is consistent with a shut down reador. Finally shoud
these latter measurements suggest that the system has nat fired, he will have and follow badkup
procedures such as: manually trip the shutdown system, manually fire the second shutdown
system, drop the medhanicd control absorbers (manual stepbad) etc.

Our in-depth example of the shutdown systems is echoed in the systems resporsible for the other
safety functions - hed removal, containment, and monitoring. We will cover these more briefly.

Heat Removal Systems

Some of the spedfic questions that have to be asked abou a hea removal system are & foll ows:
. how much hea must it remove (full power, decay hed, decey hea after x minutes etc.)?
whereisit conreded (primary side, seoondary side, etc.)?

how it isiniti ated?

what condtions can it operate under (presaure, temperature)?

what isits reliability?

We will now suggest some answers.
Heat Removal Capability

It seems obvious that at least one system must remove up to the full power generated by the
reador - else how are we to use the power? Thisis normally dore by the main steam and
feadwater system. It also seams obvious that one does not need more than ore such complete
system for safety reasons. However safety does have to cater for the cae of asudden lossof hea
removal from the secondary side (e.g., turbine trip with lossof condenser vaauum) so that the
cgpability of 100% stean dump to atmosphere is provided. Thisis aceomplished by 16 main
steam safety valves (MSSV's) onthe main steam lines. Full steam flow is needed only urtil
shortly after the reacor hastripped. The MSSVs have afunctionfor LOCA aswell, which we
shall cover later.
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For econamic reasons, ancther subsystem is provided which can dump upto 6% steam diredly
from the stean generators to the condenser. Thisis used for poison prevent - that is, if the turbine
trips but the operator thinks he can restart it reasonably soon,instead of shutting the reador
down, he can set bad the reador power to the level just sufficient to prevent a poison-out due to
xenon buldup.He still hasto get rid of this hea, however, so the design all ows him to dump the
steam diredly to the mndenser, bypassng the turbine. Since (unli ke steam dump to atmosphere)
the seaondary water isregycled from the condenser badk to the steam generators, he can dothis
for considerable periods of time. Thisis abig advantage for a prolonged lossof eledricd grid; if
the reador can avoid atrip when the grid islost (e.g. via stepbadk to 60% power) and is kept
running in pason-prevent mode, it remains ready to suppdy power as onas grid stability is
restored.

For safety, we ensure first that any acadent leals to a shutdown, so that the safety functionis
then removing decgy hea. How much? The maximum is the decay hea immediately after
shutdown, abou 6%. However
we can sometimes neal less
For example, the moderator can
ad as an emergency hed
removal pathway for the fuel,
after aLOCA with lossof ECC. 1.00E+06

CANDU Bundle Power after Shutdown

It is not needed immediately 1.00E+05 H\\\ " Power ()]
after shutdown, sincethe fuel 1.00E+04 ~——

channels take time to empty, 1.00E+03 ~

hea up, and crede ahed 1.00E+02 <
transfer pathway to the 1.00E+01 <
moderator. So the hea removal 1.00E+00 -
capadty of the moderator (for 1.00E-01 ‘ ‘ : : ‘
safety reaaons) can be abit less 1E-01 1E+01 1E+03 1E+05 1E+07 1E+09

than 6%.

Time after shutdown (sec.)

The desired end-point of an

acddent is stable mld Figure 5-8 - Decgy hea After Shutdown
shutdown - i.e,, thereador is

well sub-criticd, the decgy hea generated by the fuel is being removed, there is no further release
of radioadivity from the fuel, and the reador is depresaurized and “cold” (i.e., ~100C or less.
Thus in addition to removing the decay hea from the fuel asit is generated, there must be some
additional hed removal capability to cod the reador down.

Figure 5-8 shows the variation d decay heda with time dter shutdown.
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L ocation of Heat Removal
The two obvious places to remove hea are from the secondary coadli ng system, and from the
primary cooling system.
Seomndary Side Heat Removal
The secondary codling system isagoodchaiceif it is avail able (this depends on the acedent, of

course), and if the primary codling system isintad (nolarge LOCA), sinceit isnormally
operating anyway. Thus the usual choiceto remove hed is viathe stean and feedwater system.

The requirements to use the seoondary side ae:

the seondary piping shoud beintad (there ae exceptions which we can cover |ater)
there shoud be source of eledricd power (or gravity head, a steam presaure) to pump
cold water into the steam generators

there shoud be asourceof water to remove hed from the steam generators

These rather obvious datements give rise to the foll owing design choices:

if al comporents and systems on the seaondary side ae working, the main feedwater
pumps provide water to the stean generators; the cmndenser removes hed from the steam
and provides a continuing source of cold water to the feedwater pumps. Clealy thisrelies
onthe availability of ClasslV eledricd power (generated by the stationitself when it is
operating, or from the dedricd grid), sincethe main feedwater pumps are very large.

if for some reason the main feedwater pumps are not avail able, the task can be undertaken
by one or more auxili ary feedwater pumps, sized to remove decg hed. These feedwater
pumps are typicdly powered by Classlil eledrica power (generated by station desels),
or diredly by adiesel engine, or by astean turbine mwnneded to the stean generators. It
isnat necessary to size them for 6% power (the decay power imnediately after
shutdown), asthey are not redly neaded urtil some of the water already in the stean
generators boil s away. Thistakes abou half an hou, so that ahea removal capability of
the auxili ary feedwater pumpsistypicaly abou 4%.

if the acedent invalves alossof ClassIV power, then the main feedwater pumps andthe
condenser are unavail able (the latter sincethe wadling water to the condenser is suppied
by large Raw Service Water pumps which are on Class|V power). The auxili ary
feedwater pump can still supdy water, and the hea is removed by steaming to
atmosphere from the steam generators, either viathe Atmospheric Stean Discharge
Valves (ASDVs), with a cgaaty of abou 10% of full power steam flow, or viathe Main
Steam Safety Valves (MSSVs), with a cgadty of about 115% full power steam flow.
Thisisfine along asthereiswater in the feedwater train, bu after about an hou or so
the water will be used upand the operator will have to establi sh ancther hea sink.
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. in some CANDUS, the dousing tank located in the top pation d the mntainment can
suppy alonger-term source of water by gravity to the stean generators. Condtionsfor its
use aethat it canna have been used up duing the aciedent (e.g., for a pipe bre& inside
containment) and that sinceit is alow-presaure source of water, the steam generators
must be depresaurized before it is brought in. The ACR-1000 fas an elevated tank at the
top d containment (the Reserve Water Tank) for this purpose.

. most recent CANDUSs have aseismicdly qualified source of water (e.g. alarge pond for
use dter an eathquake. This Emergency Water System (EWS) hasits own seismicdly-
qualified power and pumps, and can suppy water independently to the stean generators
for abou 3 days. The water is“dirty” and, karring ared eathquake, would be asystem of
last resort for the operator.

Primary Side Heat Removal

Sincemany of the options for seaondary side hea removal are only valid for alimited period d
timein an acadent, most reac¢ors also have aprimary-side system to remove deca hed. In
CANDU, thisisthe Shudown Coding System. It isa dosed system conrneded to the reacor
headers (as shown in Figure 5-9) with its own pumps and hea exchangers. It is a high-presaure
system. Light Water Readors have asimilar system cdled a Residud Heat Removal (RHR)
system, bu it islow

presaure and requires

deoresaurization o the fLOLUMIICALON WIERCHANEN _ - J2A0 erow eatssumag
ep es ' \ H t
. ' ) '
HEAT TRAANSPOAT HEAT TRANSPORY i
prl m ary COd ant Syaerr] SYSTEM LOOP 2 : SYSTEM LOOP |" : . :55‘1’5’:":0“05:."" : ;‘VESAY'E:CRLA(;‘::.:" :
o, . - INLEY ] INLET ]
beforeit is brought in. e 1 O w0 e ' n :

OUTLETY X- OUTLEY
e Yery OUTLEY - OUTLETY
HEADER ,rn HEADER l'pd HEADER -4 HEADER ‘)'(\n
]

In some CANDUSs, ---d ]

FROM EMERAGENCY

thereisa cnrexion RRRRE NN - e, L
from the Emergency %D ﬁfu Xu
Water Systemto the

primary coadling
system. It requires —
depresaurization d the ﬁ'>E‘r

—
primary coolant o 6)
system, and away for he (9 L

SHUTDOWN,

the stean to be cooLen

removed - e.g., by ’ .

opening a primary-side —N—@———[X)—I" ..!—{><1—<—@-—!><1—
relief valve. Thisis

likewise a doiceof Figure 5-9 - Shutdown Codling System

|ast resort.
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The Emergency Core Coding System can be viewed as adecay hea removal system for the
spedal case of abred in the primary codling system piping. We shall cover this g/stem asa
spedal case.

Other Heat Removal
Possbilities

We have mentioned that the
moderator surroundng the fuel
channels can be used in asevere
acddent (LOCA with lossof

ECC) to remove deca hed.

The hea removal pathway is efficient
enough to prevent fuel melting,

but will not prevent extensive

fuel damage and dstortion o

the fuel channels (Figure 5-10).

The shield tank surroundng the
cdandria(see &so Figure 5-10)
hasits own hed removal system
(pumps and hea exchangers)
and can be used in asevere
acddent, e.q., if thereisa
LOCA pluslossof ECC plus
lossof moderator hea removal.
It does not have enough hea
removal cgpability (0.3%) to
match that being generated by
the fuel; in addition the caises
for the failure of ECC and CANDU 6 Reactor Assembly

moderator codingmay also  Figure 5-10 - Moderator and Shield Tank Surroundng Core
have disabled the hea removal

cgpability of the shield tank

(e.g., lossof eledricd power, lossof servicewater). The shield tank ads moreto delay the
progresson d core damage than to stopit. However on CANDU 9 and ACR, makeup from the
elevated Reserve Water Tank has been provided to bah the moderator and to the shield tank, and
thisis aufficient to prevent lossof reador geometry for abou threedays. In severe accdents, the
more time one has for human adion, the better.

1 CALANDRIA
2  CALANDRIA END SHIELD
3  SHUT-OFF AND CONTROL RODS
4  POISON INJECTION
970667-2 5  FUEL CHANNEL ASSEMBLIES
6 FEEDERPIPES
7 VAULT
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The feeder pipes conreded to ead fuel channel give a
large surface @aeawhich, aslong as there is water in the
fuel channels, can be used to rejed hed to the buil ding
atmosphere, if the plant has been shut down for along
time (Figure 5-11), without primary side hea removal
or circulation. This means of hed removal was used at
Point Lepreau duing the long shutdown after wood
was left in the bail er.

Initiation of Decay Heat Removal

Unlike shutdown systems, which are dmost always

initi ated automaticdly, decay hed removal systems can
be ather automatic or manual. The dedsionis based on
when they are neaded. Typicdly if they are not needed
for 15-30 minutes, they can be manually initiated (e.g.,
shutdown codling system, EWYS); if they are nealed
soorer, they must be aitomatic (e.g., ECC, auxili ary
feedwater system).

Operating Presaure

Figure 5-11 - Feeder Pipes

A key design choiceisthe operating presaure of the hea removal system. The table below
summarizes the advantages and dsadvantages of high vs. low presaure. In many cases the
presaure is determined by the nature of the design (e.g.. moderator).

Operating Advantages Disadvantages
Presaure

High Can be brought in at any stage of | More stringent requirements on code
an acadent classof piping and comporents
Comporentstend to be small er Neel to ensureit istolerant if brought
due to more dficient hea remova | in when system is at low presaure (e.g.,
(larger o T) risk of pump cavitation)
More eaily automated

Low Can be simpler/cheger Requires prior depresaurization d the
Can be made more passve system (i.e. depends on ancther system)
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Reli abili ty

The misgontime of decg hea removal systems can extendto daysor (in the cae of ECC) to
months - the fadors of concern are therefore bath the demand avail ability (reli abilit y to start) and
the running reliability onceit has garted . A typicd adive decgy heda removal system consists of
pumps, which require dedricd power, and hea exchangers, which require asource of coaling
water, which in turn requires eledricd power. For systems other than ECC, unavail abiliti esin the
range of 107 to start, and 10" over along missontime aetypica", ECCistypicaly an order of
magnitude better. Thus redundancy in decgy hea removal systemsis necessary.

Some reador designs have passve systems, where an elevated water tank provides decay hea
removal with no pumps required. The mnredion from the dousing tank to the steam generators
in CANDU 6 is of thistype. The steam generators must first be depresaurized by opening the
MSSVs, and pawver is also required to open the valves to conred the dousing tank to the steam
generators, bu theredter no motive power is neaded, with water flowing into the steam
generators under gravity. Care must be taken to match the water flow to the required hea
removal cgpability, or else the steam generators will represaurize and dock further flow; or
flood.In designs such as the Westinghouse AP-600'1000series, decgy hea removal from both
the primary coadling system and the containment is passve. A passve system is not inherently
more or lessreliable than an adive one, athough it is often percaved to be more reliable; nor it
is necessarily chegoer ore more expensive. Asis usual with design, the result depends onthe
detail s.

The Table below summarizesin simplified form' some of the main charaderistics of hea
removal systems:

"Note the units are diff erent: the starting unavail ability is ademand unaail ability andis
dimensionless(think ‘unavail ability per attempt’) ; the misson uravail ability is per defined urit
of time, e.g., over the defined missontime.

' To cover eatt CANDU type would lead to an overly complex table; thus the reference
plant for these statementsis anew CANDU 6. Some mmments refer to CANDU 9 or ACR.
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System Operating Heat Removal Support Comments
Presaure Range Capacity Systems
Main stean and | Atmosphericto | 0-11%% ClasslV power Normal power
feedwater operating Water from operation
system (10MPa) condenser Coddown to
177C after a
shutdown
Auxili ary Atmosphericto | Decg power Classlll power Used for lossof
feedwater operating Water from ClassIV power
system condenser
Shutdown Operating to Decay power Classlll power Used for
Coding system | atmospheric (+ Group 2 cooddown from
Emergency 177C after a
Power System shutdown
0N some new Can be brought
designs) inat full system
Redrculating temperaturein
Coding Water an emergency
(RCW)
Emergency Nea- Decay power Group 2 Used after an
Water System atmospheric Emergency eathqueke and
(upto sendary Power System. asabadkupto
Side operating Some form of Group 1 fea
pressure on water reservoir removal
some new (dousing tank, systems.
designs) external pond Requires
depresaurization
of primary or
semndary side
to be dfedive.
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System Operating Heat Removal Support Comments
Presaure Range Capacity Systems
Moderator Atmospheric Decay power a | Classlll power Used in severe
(canremove few minutes RCW acadents where
hea when the after shutdown thereisno
Hea Transport | (5%) primary-side
System isupto hea sink e.g.,
abou 6 MPa, LOCA +
withou LOECC
presaure-tube
failure)
Shield Tank Atmospheric 0.3% power Classlll power Will delay
RCW progresson o
core melt dueto
large anourt of
water. In
CANDU 9 and
ACR, water can
be alded to the
shield tank by
gravity.
Fealer pipes Full presaureto | Very low (weeks | Channels soud Used at Point
atmospheric after shutdown) | befull of water Lepreau duing
Hea must be thelong
removed from shutdown,
containment which was
required to
remove debris
from the HTS
ECC
Some of the spedfic questions that have to be asked abou the Emergency Core Coadling System
are asfollows:
. what are its sfety performance requirements?
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whereisit conneded? (whereisthe best placeto pu the water?)
what istheinjedion pesaure?

what other functions besides water injedion must ECC perform?
how isit initiated?

what is its reliability?

We will now suggest some answers.
Performance Requirements

A modern CANDU reacor has between 360and 480fuel channels, and therefore 720and 960
feeder pipes; the ACR-1000 tas 520channels. Such alarge anourt of small diameter (<3.5")
piping would suggest that small breeks are of much interest in CANDU. To date the history has
been mgjor fail ures of two presaure tubes, orein Pickering A and orein BruceA; le&ksin a
number of presaure tubes which were not allowed to proceeal to fail ure; feeder pipe lesks but no
feeder pipe bres. The probability of asmall pipe brea isthus abou 102 per reador yea,
which islarge enough that it isa concern na only for safety but also for plant investment
protedion. Large primary pipe bre&s have never occurred in aWestern nuclea reador; the
probability is between 10* and 10° per reador yea. Thus ECC has safety requirements for both
large and small bre&ks; and in additi on investment protedion requirements for small bregs only.

It would appea that small bregks would be lessof a mncern for LWRs. However asmall bres
comes in many guises. a stuck-open relief valveis equivaent to asmall bre& for an LWR (asiit
isfor CANDU); the ThreeMile Island partial core melt began as such asmall bre&, exacebated
by the ladk of attention paid to small bre&ksin the design and safety analysis of LWRs prior to
the accdent.

The safety requirements for large bresks are:

. med pubic dose limits
. prevent presaure-tube failure
. ensure the fuel in the fuel channelsis codlable

The safety (nat regulatory) requirements for small bregs are the same. However for investment
protedion the requirement isto limit (to the extent pradicable) the anourt of fuel sheah failure.
The hope would be to restart the reac¢or with the same fuel |oad after recovery from a small
bres; and at least if defuelling was required, nd to have to clean upa highly-contaminated
environment.

26

Chapter 5 - Safety Systemswpd Rev. 6
February 1, 2006(8:48PM) vgs'wg



Figure 5-12 - ECC Schematic

L ocation of Water Injedion

The CANDU ECC injects into the reactor inlet and outlet headers in both heat transport system
loops (for reactors which have two loops) - 8 headers in all, in CANDU 6 (Figure 5-12). Since
each channel is connected to two headers, and the headers are above the core, this gives a water
pathway to every channel in the core. The disadvantages of this scheme are:

the water injected near or at the break is wasted - i.e., discharges without removing heat

from the fuel

the (feeder) pipe to each channel is fairly small-diameter, and contains a lot of stored

heat, and the injection water may have to flow countercurrent to the steam exiting the

channel as it refills.

Current designs provide sufficient pressure and water volume that wastage of water out of the
injection point at or near the break is acceptable.
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Early CANDUSs such as Douglas Point (and early Indian HWRS) used instrumentation to
automatically deduce the end of the reactor where the large break had occurred, by comparing the
pressure in the headers. The ECC was then injected into the headers at the opposite end. For
small LOCAs, the ECC was injected to all headers. This design does not waste as much ECC
water out the break but it is complex and has reliability issues.

Other locations have been tried in different designs. The UK design for a vertical pressure-tube
reactor (the Steam Generating Heavy Water Reactor, or SGHWR) used a perforated "sparge
tube" running down the centre of each channel, in place of the central fuel element, which carried
ECC water directly to the fuel. However analysis of its performance was very difficult, and it
could not be proven analytically that each fuel element was cooled sufficiently by the water jets
from the central tube.

Refilling a LWR is in principle much simpler: it is a large pot with large pipes all above the core,
so all one has to do is pour water into one or more of these pipes (hot or cold leg) and fill the pot
nicely from the bottom. The fuel rewets as the water level rises. However the ECC must be
borated to avoid a reactivity excursion (why?). There were also some concerns (now solved)
about bypass of the ECC water from the ECC inlet location directly to the break, without going
through the core.

Light water has been used as the ECC fluid in all water-cooled reactors. In CANDU it has the
disadvantage (except for ACR) that a spurious injection of ECC will downgrade the heavy-water
coolant. Alternative coolants have been studied but not implemented (except see the discussion
below re Douglas Point and Pickering-A). Light water ensures shutdown in CANDU, of course,
without the need for borating.

Injection Pressure and Flowrate

Early CANDUSs (Douglas Point, Pickering-A) had arelatively low-pressure ECC suppied by the
moderator pumps. It avoided heary-water downgrading for small bregks. However this concept
had a number of disadvantages (one can always be dever in retrosped): it crosslinked the
moderator and the ECC, so that the moderator could na be relied onas an independent backup to
alossof ECC; and as fuel element powersincreased in later designs, theinjedion pressure was
insufficient to provide both econamic and safety protedion.

The aurrent concept (using CANDU 6 asamodd) isto have athreestage ECC:

JEspedally sinceit might also have been dumped due to shutdown
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. A high pesarreinitial injedion phese limits fuel overheding for small breaks, and forces
rapid refill for large breaks (to limit pressure tube deformation and early fuel damage).
Typical injection pressure is 5.3 MPa. The pressure creates a good pressure-drop across
each channel, allowing water to enter one feeder and steam to exit thénofifeDU
6, high pressure injection comes from 2 water tanks which are pressurized by gas at the
time of a LOCA signal. The tanks have enough water volume to fill one complete heat
transport system loop twice ovén.some multi-unit CANDU plants, this high presaure

Figure 5-13 - ECC Phases

phaseis supdied by pumps. The reason for pumps versus acaimulators hasalot to do
with the reli ability of eledricd power. In single unit plants, when the reador trips, it may
cause a oll apse of the external eledricd grid, espedally if the reador isamajor part of
the grid. Thus designers canna court on areliable source of continuing ClassIV power
to paver ECC pumps; hencethe high-presaure phase is through acaimulators, which
neeal ony control power (locd AC power badked up Ly batteries) to open valves and start
to injea water. Classlll diesel-generators onthe plant site will start automaticdly onloss
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of ClasslV power, bu take afew minutes to run upto speed and synchronize; they are
therefore used to powver the medium presaure and recvery pumps. The acamulators
therefore provide cadling water to the core while the ClasslIl diesel-generators are
starting. On multi-unit plants, the reliability of ClasslV power tends to be very high
(sinceit can be obtained from the other operating units as well as the grid), so that all
parts of ECC can be dedricdly powered. Internationally it is very unusual to have safety
systems powered by ClassIV power.

. Medium pressur@njection takes over when the high pressure water tanks are nearly
empty. It uses medium pressure (~1 MPa) pumps and draws cold water from the dousing
tank. It pumps this water into the same locations (all headers) as the high pressure ECC.
The pumps have a dual electrical supply for reliability: normal diesel-backed Class Ili
power; and seismically qualified Group 2 diesel-generated Emergency Power. This is so
they can continue functioning if a LOCA is followed after 24 hours by an earthquake.
(CANDU design does not consider a LOCA simultaneous with an earthquake as it is too
low in probability.) The medium pressure phase ensures that enough water has collected
in the basement of the containment building for the recovery phase to start.

In recovery injectionthe medium pressure ECC pumps are switched over to take water
from the sump in the basement. They pump this water through dedicated ECC heat
exchangers before returning it to the heat transport system.

The high pressure phase lasts for 2.5 minoiesmumfor the largest break; medium pressure
lasts for 12.5 minutesminimum recovery ECC has a mission time of 3 months, after which the
moderator can remove heat from the fuel channels without further fuel damage even if ECC is
unavailable. Figure 5-13 shows the phases.

In recent CANDU designs (CANDU 9, ACR) the medium-pressure phase has been eliminated:
after the accumulator phase, the initial water for the recovery phase comes from the Reserve
Water Tank, which dumps water on the floor to ensure there is a sufficient head for the ECC
recovery pumps when they start, or from grade-level tanks inside containment.

The flowrates are chosen as expected: the high-pressure phase should refill the core for the
largest double-ended pipe break; the medium pressure phase should not lead to uncovery of the
fuel; the low pressure phase must keep the fuel covered indefinitely. As with many such
performance requirements, deviations may occur and limited fuel uncovery during transitions in
cooling mode is both unavoidable and permitted, as long as the heatup is not excessive.
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Other Functions
There are two further functions that ECC must perform: loop isolation, and crash cooldown.

Loop isolationsimply closes the valves connecting the two heat transport system loops (for those
CANDUSs which have two loops). In simple terms it limits (most of) the LOCA to one loop. In
terms of fuel cooling, the effect is small; indeed it is probably better not to have loop isolation
because when the "un-failed loop" is isolated, it gets refilled by ECC quite late - most of the
water goes to the failed loop. If the main heat transport pumps are tripped in the interim, the un-
failed loop has a period of partial-inventory thermosyphoning, which can be difficult to analyze.
However for a LOCA with loss of ECC injection, the loop isolation (which is an independent
signal) limits the possible source term of hydrogen. Safety (as usual) is a tradeoff between these
two aspects. Loop isolation has been removed from Darlington; and the ACR-1000, while it has
two loops, has pressurized Core Makeup Tanks continually connected to each loop to
compensate for limited loss of inventory and shrinkage due to cooldown.

Crash cooldowns more significant. If a break is small, less than say a feeder failure, it is not

able to depressurize the heat transport system down to ECC pressure, or to keep it below ECC
pressure once injection begins. The problem can be narrowed to smaller breaks, but not solved,
by increasing ECC pressure; in any case this rapidly becomes too expensive and too prone to
spurious initiation (in CANDU the ECC pressure should be below the lowest pressure to which
the heat transport system pressure falls, after a reactor trip without a LOCA). This was an issue
for Three Mile Island: the break was small and the pressure remained high enough to prevent
ECC from being effective. Crash cooldown works by opening all the MSSVs on all the steam
lines and blowing down the steam generator secondary side to near atmospheric pressure over
about 15 minutes. Since the steam generators are still a heat sink for the primary coolant in a
small LOCA, the effect is to force the primary side pressure down over the same timescale. Thus
it ensures that ECC is not blocked by the heat transport pressure "hanging up" at secondary side
pressure, and that the unfailed loop will be refilled by ECC. Some CANDUSs (Darlington) use
high-pressure pumps for a small LOCA and are not as dependent on crash cooldown for this
purpose.

Note that crash cooldown is not used in PWRs: First, it has a positive reactivity effect due to the
negative coolant void coefficient (why?); second the containment philosophy on LWRs isolates
(closeshll lines penetrating containment, including the steam and feedwater lines, so they are
not available for depressurization. We discuss this later in this chapter under ‘containment’.

Themain heat transport system pungday an important role in fuel cooling for small LOCA
early in the transient. In Three Mile Island, turning off the main pumps collapsed the water level
in the core and lead to fuel overheating (nevertheless the final decision made in the U.S. after
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TMI was analyzed was to turn off the pumps in a LOCA). For CANDU, the main heat transport
pumps are left running during the early phase of a LOCA, since they assist refill; and for small
breaks, they provide assurance of fuel cooling. Their electrical supplies and the pumps
themselves are therefore environmentally qualified for LOCA. In the longer term, they are
tripped, to prevent cavitation once the heat transport system is refilled with cold water. However
CANDU safety analysis also predicts the behaviour of LOCA assuming that Class IV power
(which powers the pumps) is lost at the time of reactof trip.

Initiation Signals

Given the speed of fuel overheating for a large break (a few seconds), it is obvious that ECC
initiation must be automated. Even for small breaks manual initiation is marginal, and the system
is likewise automated. The basic signal is low heat transport system pressure (Figure 5-14). By
itself this is not unique to a LOCA,

so it isconditioned(ANDed) by

one or more of: high building

pressure, sustained low heat

transport system pressure, and high

moderator level. The last is for an

in-core break. A separate signal

isolates the loops on low pressure

(spurious loop isolation is not a

major headache). Crash cooldown

is shown in Figure 5-14 as being

part of the ECC signal; however

because of its importance recent

designs have two independent crash

cooldown signals.

Transition to medium pressure
ECC is automatic; transition to
recovery ECC is automatic in new
designs and is being backfit to
some existing ones (the time-
pressure on the operator was felt to
be too severe).

Figure 5-14 - ECClInitiation Signals

“This is standard practice in most jurisdictions. The concern is, as noted previously, that a
small or unstable electrical grid might collapse if the reactor output to it is suddenly taken off.
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Reliability

As a special safety system, the ECC must meet a demand unavailabilityafléss. Because

of the large number of valves, this has proven to be a challenging target in the past and is only
recently being met consistently. There are no formal requirements for running reliability over the
three month mission (after three months, as noted previously, decay heat can be removed directly
to the moderator without further fuel damage, even with no water in the channels); a running
unavailability of 10 over the mission time has been used as a target in the PSA, in recognition

of the lower consequences of failure and the possibility of repair.

The requirements to have reli able separation between light and heavy water in namal operation,

reliable mixing (injedion) of light and heavy water during an acadent, and the adilit y to test any
ECCvaveon paver withou firing the system, have lead to complex valving arrangements, as

shown in Figure 5-15. The picture shows a valve train from the ECC water tanks to one of the
headers. Each valve must be testable without firing ECC, and where a valve is required to open
for ECC to be effective, it must be duplicated in parallel to ensure sufficient reliability.

In more recent designs (ACR-1000), the number of isolation valves and ched valves have been
reduced as purious light-water injedionis nat abig concern. Indeed ACR-1000 fas removed the
ECC gastanks, using gasto presaurize the ECC water tanks diredly.

N.O.

Rupture Header
disk
ECC N.O.

H,0 D,O
Figure 5-15- Typicd CANDU Classc ECC Vaving Arrangement

Containment & Sub-Systems

The important aspeds of containment are & foll ows:

1. What is the design presaure?

2 What isthe le&rate & design presaure?

3. How is presaure controlled? How is hed removed?
4 How is containment isolation ensured?
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5. What is the containment reli abilit y?
6. What other functions does containment perform?

Design Presaure and L eakrate

Inits smplest terms, containment is an envelope aoundthose systems containing fisson
products, andis le&k-tight in an acadent. Of course any structure will | ek in redity, the leskrate
increasing with the internal pressure. The design resaure is chasen to be greder than the
maximum presaure readed in any acdadent for which a predictable degreeof containment leek-
tightnessis arequirement. To determine the design presaire, all acadents which release
significant radioadivity into containment are analyzed, and the pegk presaure readed in any one,
plus sme margin, is chosen to be the design presaure. The important asped of design presaureis
that the leak-rate at the design presaureis known. For CANDU 6, for example, the design
presaureis 124 KPa(g) and the le&krate a the design presaure is 0.5% of the mntained vdume

per day.

Shoud the presaure exceal the design presaure, the buil ding will not explode (typicd safety
margins on massve fail ure of the building are afador of abou threeover the design presaure).
However the leskrate will be lesseasy to predict becaise the legk areamay increase.

Typicdly the design presaure for CANDU is st by the large LOCA, as this causes both alarge
short-term presaure and hes the potential to release fisson productsinto the cmntainment. The

leakage rate at design pressure is confirmed by proof testing before the plant is operational and
by periodic testing thereafter

A large stean-line breg within containment in CANDU causes ahigher ped&k presaure than a
large LOCA. However has not been used to set the design presaure, asit is argued that there ae
nofisgon products acompanying the bred (there muld be minor releases of radioadivity if the
plant is runnng with ale&ing bail er tube). The requirement for a steam-line bre& is that there
be no structural damage to containment, which could risk damage to ather mitigating systems.

The requirement to stay within design presaure for aLOCA applies even assuming fail ure of an
adive presaire suppresson system (dousing or air coders, discussed below), consistent with the
traditional Canadian approad to licensing.

By contrast, LWRs require that the pressure from both LOCAs and steam/feedwater line breaks
stay within containment design pressure. This may be partly because of the potential for a
reactivity increase in LWRs for secondary side breaks (in CANDU there is a reactivity decrease)
and partly to a view that containment capability should not be damaged after any single accident.
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International pradice aloptsthe LWR approadch andit islikely that new CANDU designs will
accet thisalso.

The calculation of the design pressure differs between CANDU and LWR practice. In CANDU,
the dose used for siting and in accident analysis is calculated using physically-based scientific
models: reactor physics, fuel behaviour, heat transport system thermohydraulics, fission product
behaviour, containment pressure transient and atmospheric dispersion. The leakage rate at the
design pressure is one of the parameters chosen by designers to meet the dose limit. This is
different from the approach followed when siting LWRSs: the source term and the containment
pressure are pre-set (i.e., the dose is calculated assuming the containment is at design pressure fo
a predetermined period of time and leaking at the design leakrate). The result is that LWRs
typically have lower leakage rates (~0.1 - 0.2% / day at design pressure) and (partly because of
the requirement on steam line breaks discussed above and partly because of their smaller
volume) higher design pressures than CANDU. Again, the ACR-1000 follows LWR practice on
containment leak-rate, with a low leak rate being enabled by the steel liner used in the ACR-1000
containment.

In some severe accidents, the containment pressure can increase much greater than design
pressure. It is desirable that the containment leak gradually rather than fail catastrophically in
such cases. The Atomic Energy Control Board (AECB - now Canadian Nuclear Safety
Commission or CNSC) tested a 1/14 scale-model of a CANDU 6 containment and showed that
cracking would not occur until the internal pressure was more than twice the design pressure. To
fail the building took over 4 times design pressure. However to cause this failure the
experimenters had to artificially prevent leakage. In actuality the leakage would increase through
the cracks before the pressure reached failure pressure, so it would be impossible for the building
to fail suddenly. We shall cover severe accident behaviour in a later chapter.

Pressure Control and Heat Removal

Without some means of removing heat, the containment pressure in an accident such as a pipe
break will rise rapidly as the broken system discharges steam and empties, then more slowly as
the decay heat is steamed into containment. It is possible to build a CANDU containment to
withstand this; such a "dry" containment would have a high design pressure and/or would be
large. To date CANDU containments have had some means of short-term pressure suppression
and/or some means of long term heat removal, to cater for these two phases of an accident.

Canada has used several different methods of pressure suppression:
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Ontario Hydréused multi-unit containment, in which parts of the containment envelope are
shared among 4 or 8 units. The individual reactor containment buildings are all connected to a
common vacuum building kept at very low pressure. Inside the vacuum building is an elevated
water tank; when a LOCA occurs, the vacuum valves open (self-actuated on pressure
differential), thereby connecting the vacuum building to the reactor building(s); and the contents
of the water tank is sprayed over the vacuum building volume. These sprays are also self-
actuated on the pressure differential caused by the LOCA. The water sprays condense the steam,
and reduce the internal pressure. The containment pressure quickly goes sub-atmospheric, and
remains so for several days after an accident, so the leakage is inward, not outward. The vacuum
containment concept was developed for two reasons. First, it was thought to be economic on
multi-unit plants. Second, because of the near-zero leakage, it is highly effective. It was first
proposed by designers on Pickering A, to provide increased safety for a plant that would be
located near a major population centre. @ilsadvantagesf the vacuum containment concept

are: it is more difficult to seismically qualify the long duct connecting the reactor buildings to the
vacuum buildings; and if interest rates are high, the economic case is marginal, since one has to
build most of the common containment structure before the first reactor can start up.

Single unit CANDU 6s also use pressure-suppression (Fig. 5-16). There is no separate vacuum
building, so the sprays and the elevated water tank are located in the actual reactor building.
There are six spray arms
(Fig. 5-17), each with
spray valves. There are
two valves in series on
each spray arm (to avoid
a spurious douse). The
valves on three spray
arms are pneumatically
operated; the valves on
the other three are
electrically operated, for
diversity. The
containment building is
prestressed, post-
tensioned concrete with
an epoxy liner for leak-
tightness. Dousing starts
automatically when the
building pressure reaches

Figure 5-16 - Single-Unit Containment
'aka Ontario Power Generation, a OPG
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14 kPa (g) and is turned off

if it falls to 7 kPa (g). This

means that it cycles on and

off for small breaks.

However for large breaks it

remains on until the

dousing water is used up

and is all on the basement

floor of the reactor

building. Since some of the

dousing water is also used

for medium

pressure ECC, the

connections of the spray

headers are above the

bottom of the dousing tank,

to ensure that ECC water is

not used upDousing is Figure 5-17 - Dousing Spray Arms
effedivein washing soluble

fisson poducts out of the mntainment atmosphere. However it does not control presaure in the
long term, sinceit isused upin the ealy part of an acadent.

The ACR-1000 design is a single-unit containnments - i.e. like CANDU 6 but without high-
volume dousing sprays. The design pressure is higher and a steel liner is used instead of epoxy
for increased leak-tightness at the higher presgurew flow spray controls containment

presaure in the long term for severe acedents, and has sme presaure-suppresson cgpability for
design-basis acadentsin the shorter term.

Many other containment concepts have been developed. Here ae just afew:

1. Many Boili ng Water Readors have awater reservoir circling the base of the buil ding;
steam produced in an acadent is direded by pipesto this sippresson pod and
condensed.

2. Recent Indian HWRs use a double containment, with a suppression pool to reduce
internal pressure. The outer containment prevents leaks from the inner containment from
escaping.

3. Some PWRs use ice reservoirs in the building, to which the steam is directed and
condensed.

4. Some early reactors (e.g., NPD in Canada) used a pressure-relief containment. The first
pulse of steam is released to atmosphere, and then the containment isolates. The idea was
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that the release of fission products would be delayed relative to the initial release of
steam.

5. The Westinghouse AP-600/1000 containment consists of an inner steel pressure shell
surrounded by a concrete outer shell; water flows by gravity over the inner shell to
provide passive heat removal via heat conduction through the shell, aided by air
convection between the two shells. We discuss this in a later chapter.

Air coolers \T _r —r Service Water

ECChedt ——
exchanger Service Water
Figure 5-18 - Long-Term Hea Removal

In the longer term, heat can be removed by containment air coolers (Figure 5-18). These require
both water and electrical power. Alternatively low-flow sprays can also be used, with heat being
removed from the spray water by heat exchangers; and the cooled water pumped back up to the
Spray arms..

Isolation

In namal operation, containment is nat a seded system. Many fluid li nes penetrate the buil ding

(e.g., steam lines, feedwater lines, servicewater lines, instrument lines). For CANDUS, the

building is normally ventil ated for atmospheric temperature control, espedally since personnel

accessto parts of the building isrequired duing operation. All these penetrations are pathways

for release of radioadivity if an acdadent shoud occur; so onan acddent signal, many of them

are atomaticdly isolated. There are two dampers in series on each ventilation line which are
closed very rapidly on a containment isolation signal (for CANDU 6, high containment pressure
[3.5 kPa (g)] or high radiation in containment). Other lines penetrating containment are also
closed on the sansegnal.

Isolation d steam, feadwater, and servicewater linesisa mntroversial issue. They are required
to remove hed. If they are isolated, aher means of removing hea must be provided. In CANDU,
they are not isolated immediately, sinceit is believed that continuing to use arunning system is
more reliable than stoppng it and starting up anaother one. For LWRs, the oppasite gpproadi is
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taken. For example, in LWRS, the main steam lines are isolated rapidly and automaticdly as part
of the containment isolation. This closes a patential lesk path (dueto ale&ing bail er tube prior
to the acedent, or abailer tube fail ure a the initi ating or consequential event) but requires a
suppementary hea removal system to be brought in, in short order. In CANDU, atypicd
compromise was reated: there ae Main Steam Isolating Valves (MSIVs) but they are manually
operated and slow - they are used seledively to control |legkage in the longer term. Feedwater and
servicewater are not normally isolated.

Reli ability

Asaspedal safety system, the containment must mee a demand uravail ability of 10° yeaslyea
or less Containment le&k-tightnessis tested every few yeas by presaurizing the buil ding and
measuring the legk-rate. Thisisan invasive and expensive test, and if the le&-rate excealsthe
requirement, ore must assume there has been a containment impairment for half the interval
between tests. Thus on-li ne le&kage monitoring systems are being deployed.

The containment isolation system is a subsystem
of the containment special safety system; since
the containment as a whole must have an
unavailability less than 8 hours per year, the
unavailability of the containment isolation
subsystem must be less than that. It is tested
during operation to prove its unavailability target
is not exceeded.

A similar situation holds for the dousing
subsystem. With two valves in series in each
arm, each can be tested during operation without
firing the system. However in two cases (once in
Gentilly-2 and once in Point Lepreau), operator
errors during test have led to a spurious douse.

Other Functions

Containment also acts as a barrier to protect
reactor systems from external events (tornadoes,
turbine missiles, aircraft crash). These may
impose additional design requirements on the
structure.
Figure 19 - Hydrogen Recombiner
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Hydrogen can build up in containment after an accident. After a LOCA, hydrogen is formed

slowly by radiolysis of the water. Also LOCA plus loss of Emergency Core Cooling can produce
hydrogen early on due to the chemical reaction between the hot cladding and the steam in the
fuel channels. (It is however less than the amount of hydrogen produced in a core melt in a LWR
because the pressure tube conducts heat away from the fuel to the moderator.) The large building
allows some mixing of the hydrogen due to natural circulation. Air cooler fans provide forced
mixing. In addition there are igniters (44 in recent CANDU 6s) placed in various rooms to burn a
local hydrogen concentration before it can detonate. Turning on the igniters is done automatically
by the containment isolation signal. The requirement is to keep the local concentration of
hydrogen below the lower limit for detonation (9%) - controlled slow burning is acceptable.

Pasgve aitocaalytic reacombiners™ are being developed for long-term hydrogen control - they
have the alvantage of not needing eledricd power and are dways ‘on’ (Figure 5-19).

Monitoring

For most acadents, the plant state is monitored from the main control room (MCR), and the
safety functions of shutdown, hea removal and containment can be performed from there. Some
acddents however can render the MCR uninhabitable: for example eathquekes', firein the
MCR, hastil e takeover, aircraft strikes, and high radiationfields. A Secondary Control Area
(SCA) is provided for such eventualiti es: the operators relocae to the SCA and can perform the
required safety functions therefrom. In CANDUS, the SCA isrequired after an eathquake; for
ACR, the MCR and essntia equipment within it has been qualified for post-seismic acedent
mitigation.

MAsthe words suggest, they present a cdalyst bed to the containment atmosphere, on
which the hydrogen recombines with axygen. The hed of readion causes a mnvedion flow
through the device which helps mix the containment atmosphere.

"The MCRis sismicdly qualified na to collapse andinjure operatorsin an eathqueke.
However the Group lequipment in the MCRisnot seismicaly quaified.
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Exercises

1. Using the SLOWPOKE 10MW hedaing reador which you analyzed in the ealier ledure,
describe the possble shutdown system requirements in terms of design, rate, depth,
signals, margins, environment, and independence. Again the “right” answer (which of
course presumes the designers were “right”) islessimportant than an ariginal well -
reasoned case.

2. The ACR design uses light water coolant and heavy water moderator. What are the
implicaions onthe ECC design compared to CANDU 6, say? Consider theimpad on
choiceof ECC fluid and design of isolation devices. What simplifications could be made
to the overall concept (i.e., can you think of a different concept that would be dfedive)?

3. The ACR also uses enriched fuel, in a cnfiguration where the void coefficient is snall
and regative (abou -5 mk. total core void), compared to abou +16 mk. for current
CANDUSs. How would that affed safety system design? Cover ead ore in turn and give
reasons (you will be assessed onyour reasoning, so do nda just copy what designers have
doreon ACR). In particular estimate the speed of shutdown required for alarge LOCA
by assuming the molant voids in ~2 seconds. (Estimate the anourt of energy required to
melt the fuel in ead case. You will need to estimate the power transient also. Y ou may
findit easier to work in units of integrated pover - e.g. full-power-semnds. You can
asume that the hottest fuel pin has twicethe power of a‘core average’ fuel pinif you
like).

4. An in-core bre& sets the shutdown system depth in a CANDU Classc. What acddent
sets the shutdown system depth in an ACR, and why?

5. What are the options for hea removal from containment after a severe acedent (core
damage)? What are the pros and cons of ead of your options?

6. Propcse an alternative ECC fluid for CANDU s which might be better than li ght water.
What are its advantages and dsadvantages? How would the ECC design change?

7. What are some of the medhanicd fail ure modes of a CANDU shutoff rod?

8. Calculate the anourt of energy that can be added to afuel pininalarge LOCA, to
prevent fuel melting. Use symbalsif you dorit have the data.
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Using the ZED-2 zero-power research reacor which you analyzed in the ealier ledure,
describe the passble shutdown system (moderator dump) requirements in terms of
design, rate, depth, signals, margins, environment, and independence. Again the “right”
answer (which of course presumes the designers were “right”) islessimportant than an
original well-reasoned case.

42

Chapter 5 - Safety Systemswpd Rev. 6
February 1, 2006(8:48PM) vgs'wg



