Chapter 3 - Case Studies'

| ntroduction

The purpose of this chapter isto examine some red-life acedents as an introduction to the
methoddogy that will t ake up the next few chapters. As you may have gathered, it isall too easy
to present safety analysis as a formalism, with well -defined rules and “right” answers. Red
acddents amost never follow the simple asumptionsin safety analysis. Most red acddents tend
to be very complex, have more than ore contributing fador, have ahigh comporent of human
error and human reavery, and dten lease one wondering “How did all these improbable things
happen all at once?’

The simple answer is, of course, that if they didn't happen all at once, there would be no
acddent. It isapoaly-designed nuwclea power plant where asingle fail ure caises a cdastrophic
acddent. Most acadents are the end-point of a chain of events, prevention d any one of which
would have stopped the acedent from happening. The fad that such chains occurred provides
powerful lessons learned for future designs and current operation, lessons which are ignored at
our peril .

That isnat to denigrate the purpose of safety analysis. Traditionally safety analysisis gructured
so that its answers provide an upper boundto the acedent consequencesin ead classof
acddents - “things can na be worse than this’. So if you base your design onthe safety analysis,
it will be quite robust and able to withstand ared acddent with some margin - at least asfar as
pubic safety is concerned. Safety analysisis not generally concerned with econamics, so that a
plant owner can take littl e comfort alone from the fad that the puldicis proteded, if hisplant is
damaged beyondrepair in the process Econamicsis adually a more powerful influenceon
design than safety, at least for the more likely acddents - simply because of the huge st of plant
damage. From an ecnamic paoint of view, it isimportant to knov how the ‘red’ plant islikely to
behave - something traditional safety analysis with its pessmistic assumptions distorts badly. For
the same reason, if you are writing abnarmal or emergency operating procedures to help an
operator manage ared acadent, traditional safety analysisis not agood lesis, asit tendsto
compressthe time-scde, ignore the (possbly beneficial) effeds of nonsafety systems, over- and
underestimate human intelli gence and ingenuity, and exaggerate the ansequences. A more
redistic picture of the plant is obtained from PSA (which gives bath a best estimate of the
frequency of event chains and uses “best estimate” safety analysis.

In general, when any new tedndogy is introduced, its charaderistics are not fully known and
thereisan ealy pe&k in the acedent rate. As people lean from design and operating mistakes,
the accdent rate dedines, as siown in the sketch below. The dedine does nat, however, acourt
for organizational forgetting, and if nothing is done to preserve @rporate or industry memory,
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the rate will start to rise again. One of
the purposes of case studiesisto
ensure that past mistakes are not
repeated.

Typical Failure Trend for a New Technology
Ret. K.O. Ott and J.F. Marchaterre (1981)

What you are expected to get from
this chapter then is the ability to
dissect an accident - what was its
nature? What were the root causes?
What were the lessons learned on its
design? On operation? The exercise at
the end of the chapter gives you T Time
examples of an actual incident and
asks you to figure out what really
went wrong.

Effect of “forgetting”

Unidentified failure
modes (UFM)

Failures per Y ear

Identified failure modes (IFM)

New technology introduced
Figure 3-1 - Technology Learning Curve

Reactor Physics*®
Four Factor Formula

It is not possible in the course of afew lectures to cover al reactor technology. However since
some understanding of reactor physics is necessary to make sense of some of the case studiesin
this chapter, and aso to avoid a chapter which is al words, we make a brief detour to point
kinetics. Thisis by no means a course in reactor physics and the knowledgeabl e reader is asked
not to cringe at some of the simplifications made to achieve understanding.

Point kineticsis amodel of reactor dynamics - that is, how areactor state can change in time.
The point kinetics model is asimplification which treats the reactor, asimplied, asapoint - in
other words, all parts of the reactor are assumed to behave the same way in atransient. (Thisis
not a very good approximation for CANDU but it illustrates the basic concepts). First we look at
some simple kinetics of afinite reactor.

Consider a chain reaction with no external sources of neutrons. Define a reproduction constant, k,
astheratio of the number of neutrons in one generation to the number in the preceding
generation:

k __ Number of neutronsin generation i+1
Number of neutronsin generation i
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Clealy if k<1, thereador is subcriticd andwill shut down; if k>1, the reador is supercriticd
and pawer will i ncrease; if k=1, thereador is criticd, the chain readionis dable and the reacor
will stay at constant power.

Splitti ng of U?* produces fast neutrons. Let’s dart off with n such neutrons and trac the
passhiliti es between ore generation and the next. Some of these neutrons producefast fisson
before they slow down. Define the fast fisson factor ¢ as the number of neutrons dowing down
per neutron produced by thermal fisgon. Clealy ¢ >1 dueto the aldition d neutrons produced
from fast fisson. Thus ne neutrons are slowing down per n thermal neutrons we start out with.
Some will | ek out of the reador before they slow down: define the nonleakage probaklity Py
asthe fradion o fast neutrons which donot le& out. That leaves nePy; neutrons left of our
original n. Some will get cagptured in U resonances?; let p be the fradion that escape resonance
cgpture. Now we're down to nepPy ; heutrons which have now been thermali zed. Some will | e&k
at thermal energies: let the fradion which does nat legk be Py, (the thermal nonleakage
probalility). In order to cause the next generation d fisson, they have to be &sorbed in the fuel,
not in ather structures; let the fraction alsorbed in the fuel be f. Thus of our original n neutrons,
NepfPy P @€ dsorbed in the fuel. About half of these caise fisson, poducing between 2 and
3 neutrons per fisgon. Let # (the fuel utili zation factor, be defined as the average number of
fisson reutrons produced per neutron absorbed in the fuel. So finally we have nepfn Py Py
neutrons born in the next generation, and hence

Kett = ePfPuPrin

where ky (effedive) isused instead of k for afinitereador. If thereador isinfinite, thereisno
lekage, so

Pawr=Pun=1
and the infinite reproduction constant is therefore
k.= epfy

Thisisthe famous “four-fador-formula”. k. can be cdculated by cadculating eat of the four
fadors onthe right. Table 3-1 shows* how neutrons are born and dein a CANDU.

Note that abou twenty times as many neutrons are produced from thermal fisgon as from fast
fisson, which iswhy one needs a moderator in awater reador. Think of trying to catch a
baseball - it’s much easier if the baseball i s going slowly. Y ou can make areador work onfast

& Thisisn't altogether a bad thing because it produces Pu?®, which can be fissoned later on.
Abou half the energy in a CANDU comes from fissoning Pu?®,

3
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Typical Neuton balance in an equilibrium CANDU 6 core

Production

56.5 Neutrons from U238 fast fission
491.9 Neutrons from U235 thermal fission
438.4 Neutrons from Pu239 thermal fission

13.2 Neutrons from Pu241 thermal fission

Fast Neutron Leakage

:

6.0 Neutrons

Fast Neutron Absorption
31.7 Neutrons

Slowing Down

Thermal leakage

O—

Resonance absorption in U238
89.4 Neutrons

A

23.0 Neutrons

Thermal absorption
849.9 Neutrons

+—O

!

Thermal absorption in
non-fuel core components

Thermal absorption in fuel

14.4 Neutrons in moderator
0.3 Neutrons in coolant
19.0 Neutrons in P T

8.5 Neutrons in C T

6.2 Neutrons in sheath

parasitic absorption
Total = 63.4 Neutrons

15.0 Neutrons in adjustors, zone controller,

Notes

Fastgroup denotes 10 MeV > E > 100 keV
Resonance groupsd denotes 100 keV > E >
Thermal group denotes sum of

thermal group E < 0.625 and

Epithermal groups 10 eV > E > 0.625 eV

10 eV

242.3 Neutons in U235
238.2 Neutrons in U238
228.1 Neutrons in Pu239
15.6 Neutrons in Pu240
6.2 Neutrons in Pu241
0.1 Neutrons in Pu242
0.6 Neutrons in Np
7.7 Neutrons in Sm
25.2 Neutrons in Xe
2.6 Neutrons in Rh
19.9 Neutrons in PFP
Total =786.5 Neutrons.

Table 3-1 - How Neutrons are

Born and Diein CANDU

neutrons only, but you haveto increase the likelihood d a @lli sion between an neutronand a
U?* nucleus, and you dothat by increasing the number of U%®° nuclei - hencefast readors use

highly enriched fuel.

Kineticswith No Delayed Neutrons

Consider now an infinite reador with no delayed neutrons (that is, al the neutrons produced by
fisson are born instantaneously or are ‘prompt’) . Define |, as the prompt neutron lifetime, which
isthe arerage time between the *birth’ of a prompt neutron andits ‘deah’ by absorption
somewhere in the reacor. With no délayed reutrons, | is equal to the average time between
successve generations of neutrons. So if N(t) isthe number of fisgons per unit volume & timet,
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the number in the next generationis Ny(t+ |)). But thisisthe definition o k., so

NG ()
YON()
but also since
dN (1)
N (t+1,) » Ny () +1, —
we have adifferential equation
dN, (t) k-1
dt » ¥| Nf(t)

with the solution

The “e-folding time” or period (the time taken to increase reador power by afador eor 2.72 is
therefore
l p

! ky -1
For alight-water reador, |, 10* seconds. Assume the reactor is supercritical by 1 part of k per
thousand - i.e., one milli -k or mk (much less than the worth of a single control rod in an LWR),
i.e., k. =1.001. Then T=0.1 seconds, which means the reactor increasesin power by €°in 1
second, or afactor of 22,000 timesitsinitial power. Thiswould make it very difficult to control,
to put it mildly. [Y ou may recall from Chapter 1 that for a nuclear bomb, |, 10 seconds.
Typically k~1.7 for asmall bomb. What is the period? A small nuclear bomb releases as much
energy inside a baseball-size sphere in 70 nano-seconds as a Pickering unit releases in about 15
hours - adifference of 12 orders of magnitude.]

Kineticswith Delayed Neutrons

Fortunately, not al neutrons are born at the instant of fission. About 99.4% are - or at least within
10" seconds of fission. Nuclear safety depends on the 0.6% of neutronswhich are delayed.
Thisis called the delayed neutron fraction . We shall seewhy. First, they arise from the -decgy
of certain fisson fragments’: emisson o an eledron can leal to a nucleus with excessneutrons,
which it sheds at the half-life of the unstable nucleus - which is cdl ed a delayed neutron

® Note the unfortunate use of the same symbal  for two concepts which are totally
different - the delayed neutron fradion, and the name for an eledron emitted in anuclea decy.

5
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preaursor. There ae alarge number of such preaursors, ead with its charaderistic half life. We
could, if we wished, track ead isotope separately; however it is conventional to groupthe
isotopes by half-life into six groups (for ease of cdculation). Each groupthen has an “average”
half-life for that group,and contributes a cetain fradion g; to the total delayed neutronfradion .
Half-lives range from tenths to tens of seconds. The fradions and the total delayed neutronyield
are particular to ead fissonable isotope: thus, for example, for fisdoning in U%®, the total
delayed reutron fradionis 0.0065 whereas for plutonium it is0.0021.A pure plutonium-fuelled
reador isthus more of a chall enge to control than ore fuelled with U%®, although recdl that as
the U%*° burns up, some U**®is converted to Pu?,

Table 3-2 shows atypicd set of delayed neutron fradions and decegy constants® for CANDU.
Note the first groupwith avery long lifetime; thisis unique to heavy-water readors andisdueto
phaoneutrons - neutrons produced by gammea-ray bombardment of heavy water.

Table 3-2 Delayed Neutron Fraction and Precur sor Decay Constantsfor CANDU

Group (sec?)
1 0.295525E-03 0.612382E-03
2 0.116650E-02 0.315532E-01
3 0.103604E-02 0.121850E+00
4 0.235673E-02 0.317638E+00
5 0.783992E-03 0.138922E+01
6 0.198545E-03 0.378577E+01

TOTAL 5.837332E-03

|p (sec) 0.00091806

Let ead delayed neutron groupi (we shall take 6 groups, asis conventional) have afradion g,
and amean lifetimel; (or t,,;), measured from the moment of fissonto the ‘deah’ of the delayed
neutron’. The total delayed neutron fradionis, obviously,

6
b=ab
i=1

¢ SeeAppendix A for abrief discusson d radioadive decay

1
INotethat A = — - SeeAppendix A
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andthe mean life of all fisson reutrons, prompt and dcelayed, is the weighted average of ead
comporent, namely

6
o}
| =(1- b)l,+a bl,
i=1
Theterm |, is approximately the same @ the mean life of the preaursors of thei™ group (sincethe
timeto producethe delayed neutrons by decay of the preaursors is much longer than the time the
neutrons exist).

As an exercise, you could show that the period d areador with delayed neutronsis at least an
order of magnitude larger than ore which isasaumed to have no delayed neutrons, which makes
conventional control possble.

We can nav generali ze the neutron dff erential equation presented ealier, by making two
corredions: only the fradion (1-4) of al neutronsis prompt; and we have an additional source of
neutrons from the decay of the delayed neutron preaursors, including phaoneutrons. Hence, the
rate of production d neutronsis the rate of production d prompt neutrons minus the rate of
absorption, dusthe net rate of production d delayed neutrons, or

dN (1) Kk (1- b)-1 3

dt = «! | ) Nf(t)+alici
p i=1

The secondterm gives the neutrons added by the decgy of eat delayed neutron preaursor: i.e., C,
isthe mncentration o theith groupand 4, is the decay constant of the ith group.

We can now write the same equation for each group: the net rate of production of delayed
neutron precursors from group i isthe rate of formation of the precursor minus the rate of decay,
or

dC.  kybBN,(t
i _ ¥ f()_liCi
dt |

p
At this point we have seven simultaneous first-order differential equations. They are easy to

solve with computers.

We can define the reactivity for an infinite reactor as

ky -1
r=—
Ky
Note that near criticality, p k.- 1,1.e, the excessreadivity. Recdl that
N, (t+ Ip)
ON()
7
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i.e., theratio of the number of neutrons from generation to generation. Hence

Ny (t+1,) = Ny (1)
N, (t+1)

p =

Youcan think o p asthe fractiond increase(or deaease) in the number of neutrons from
generationto generation.

Youwill hea thisterm used dften, asp is ameasure of how close the reacor isto being criticd.
If p <0, thereador is subcriticd; if p = 0, thereacor isexadly criticd; if p > 0, thereador is
supercriticd.

Readivity is clealy adimensionlessquantity, bu to give it meaning, it isexpressed in unts of:

1. k, or more commonly milli -k: thusif k.- 1=0.001,p is~ 1 mk.; or

2. f, or “total delayed neutron fradion”. When p = 5, thereador is sid to have areadivity
of “one-ddllar” or “one ”. Sincein namal operation d areador, readivities are usually
quite small, p isaso measured in unts of 0.015, or “cents’; or

3. percent Ak, i.e., Ak / k x 100%.

Thus 2% Ak isabou 20 mk or (for CANDU readors) 3.5 or 3.5% o 350cents. Note that the
relationship between mk and ddl ars depends on the reacor type.

When we talk of readivity of adevice we use the term “worth” meaning the net readivity
difference due to the device, asin “the readivity worth of a @ntrol rodis 1 mk”. This means that
if the control rod goes from fully inserted to fully withdrawn, the change in readivity of the
reacor is+1mk.

To pu thisin perspedive, the normal operating control range of a CANDU is abou £7.5mk.
The maximum worth of asingle ntrol rodis abou 2 mk. The readivity worth of the shutoff
rodsin total is-70mk. The readivity added by alarge lossof cooant acadent over aperiod o
two seandsis abou +8 mk. Adding one new fuel bunde increases readivity by abou a mk®.

°These numbers are highly spedfic to the reacor type. Small reacors typicdly have
higher devicereadivity worths sncethereisless paceto fit rodsinto. For the McMaster
Nuclea Reador (MNR), the regulating rod is worth 4to 6 mk, the 5 shutoff rods are worth a
total of 90 mk or so, and a new fuel asssmbly isworth abou 25mk. In the Maple family of
readors, a @ntrol/shutoff rod can be worth upto 50mk. In the Advanced CANDU Reacor
(ACR), thevoid readivity is dightly negative (afew mk.).

8
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The kinetics equation therefore bemmes:

dN, (t) k. (r - b) 6
dt - | Nf(t)+zlici

We can simplify the kinetics equations abowve by asauming one delayed groupwith average
fradion f and average decay constant /. Then the equations are:

dN((t) k. (r - b)
T | N,(t)+/C

p

and

dC ko bN(t)
dt |

p

-1C

Look at thefirst equation. If p < f, thefirst term on the left hand side is negative and reador is
maintained criticd on delayed neutrons; i.e., theincrease in powver is mostly governed by the
production rate AC of delayed neutrons, with atime @nstant of the order of tenths of seandsto
sends. If p = g, thereador is maintained criticd on pompt neutrons alone andis sid to be
prompt critical; the production rate of prompt neutrons is exadly equal to the production rate of
delayed reutrons. If p > g, the first term on the right hand side is paositive and daminates the
seaond,if Iis snall; the reador is superprompt critica, and we ae bad to the cae we started
out with in the dsence of delayed neutrons.

The averaging of delayed neutrons with lifetimes varying by four orders of magnitude does not
unfortunately give very acarate numerica answers. Don't design areador based onasingle
delayed group.

Most readors have avail able more readivity than £ in their control systems, or generated by
acddents. The defence ajainst large insertions of paositive readivity isone or bath of the

following:

. ensure the insertion rate of positive readivity islimited, so that shutdown systems have a
chanceto ad before short periods are readied

. ensure that there ae fast inherent negative feedbadk medanisms which compensate the

inserted readivity

For aCANDU reador, | isabou 0.001secnds, so thereisin fad not arapid changein period
asthe reador goes above prompt criticdity. A large lossof-codant acadent, as noted, adds
abou 8 mk. of readivity in thefirst two seconds. The aditionrateis $ow enough (limited by
the speed at which codant can physicaly escgpe from the fuel channels) that shutdown systems
can ad within the first sesaondand stop the power rise before it does any serious damage. Even if

9
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the readivity does go dlightly above prompt criticd, this conclusion still holds.

For aLight-Water Reador (LWR), ead control rod has amuch higher worth than ina CANDU
(severa ddllars). They are within the amolant presaure boundry (as oppased to being within the
low pressure moderator asin CANDU) and can therefore, in an acadent such as fail ure of the rod
houwsing, be geded under coodlant presaure very rapidly, rendering the reacor prompt criticd. The
prompt neutron lifetime is more than an order of magnitude small er, so that no shutdown system
can befast enough to cach the acedent. Fortunately the use of enriched fuel gives a negative fuel
temperature feedback - i.e., as the fuel heds up, the resonance dsorption d neutronsin U%*
increases (due to the Dopper effed) and there is an dff setting negative readivity which ads fast
enough to stop the power increase - or at least stabili ze it at areasonable level. In CANDU, the
fuel temperature feedbadk coefficient is closeto zero and days littl e role in safety.

The ACR fall s between these caes: the void readivity is negative but relatively small, and the
fuel temperature feedbad is li kewise negative but smaller than in aLWR. Is the small magnitude
a safety benefit or a disadvantage?

Note that the fuel temperature feadbad coefficient «; is defined as the readivity change per
change in average fuel temperature:

_1Ir
o

and can be expressed in terms of mk/( C etc. Similar coefficients can be defined for readivity
effeds due to moderator temperature, coolant temperature, etc. As noted, o; islarge and regative
for Light Water Readors, small and regative for ACR, and rea zero for CANDU.

ay

Figure 3-2 shows reador period versus inserted readivity for various prompt neutron lifetimes.
Note that aslong as the readivity is below prompt criticd, the period isinsensitive to prompt
neutron lifetime. For LWRS, the period is highly sensitive to readivity oncethe readivity
inserted is above prompt criticd; it ismuch less ® for CANDU because of the longer prompt
neutron lifetime.

10
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Figure3-2  Relationship between Reador Period and Inserted Readivity for Various
Neutron Lifetimes

Figure 3-3 shows the same phenomenonin adifferent way - it shows the dfed of prompt neutron
lifetime onreacdor periodin atransient. Two step insertions of readivity are modell ed at time zero:

1 mk. and 6mk. Thereis no shutdown. For ead ore, the prompt neutron lifetimeis st at 0.0009
seands(typicd of CANDU) and 0.0000%emnds (still somewhat larger than LWRS). Notethat for

aslong asp « f3, the prompt neutronlifetime hasllittl e éfed; but it dominates the behaviour above
prompt criticdity. The examples do not include negative fuel temperature feedbad, so the LWR

behaviour isartificial: astrong negativefuel temperature feedbadk would stabili ze the transient and
isinfad required for LWRSs.

11
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Effect of I*on Step Reactivity Increase
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Figure 3-3 - Effect of Prompt Neutron Lifetime for a Step Reactivity Transient

Criticality Accidents and Power Excursions

The earliest accidents in nuclear reactors were criticality accidents. Thisisin retrospect not too
surprising because most early reactors were research reactors, small enough that if the reactor
was shutdown, the decay heat could be removed by the water and structures surrounding the core
for long periods. Loss of heat sink was not amajor issue. Thus the main safety concern was

12

CHAPTER 3 - Case Studieswpd Rev. 7
January 21, 2006 (11:12AM) vgs



avoiding unwanted criti cdity, and shutting down quickly if it occurred. A contributing fador was
the large worth of some of the readivity control devices: because the readors were small, there
was not alot of spacefor control rods, so that they tended to have high worth.

Finally a number of acadents have taken placewhen the reador was suppased to be shut down.
Aninitially subcriticd reador isnot as sfe a it sounds. The power isfairly constant, and
propartional to the number of source neutrons divided by the asolute value of the (negative)
readivity - seeAppendix B. However it isnot under adive “control”. Detedors are insensitive
andindications that the reacor might be nea-criticd are not very obvious. In some caesthe
reason for the shutdown is to domaintenance on the control and/or shutdown system so that they
are not avail able. So the safety depends on ensuring an adequate shutdown margin (negative
readivity) viaprocedura means - i.e. inserting a number of absorber rods, or removing fuel, or
adding aliquid absorber to the moderator or coolant, or removing the neutron reflecor’
surroundng the @re, and depends on maintaining this margin. Thisis the reason for the
Guaranteed Shutdown State in CANDUS - to have alarge enough negative margin that the
reador isresistant to operator mistakes. It is aso good padice, as we shall seefrom the cae
studies, to have asafety system always poised during shutdown.

Y ou may want to think abou whether it is safer to dorefuelli ng of areador whileit is criticd or
shutdown.

We shall take two examples, SL-1 and NRX.
SL-1°

The SL-1 (Stationary Low Power Reador No. 1) was a natural-redrculation presaurized bdli ng-
water military reacor with athermal power of 3 MW. It was located at the Atomic Energy
Commisgon National Reador Testing Stationin Idaho Fall s, Idaho. Figure 3-4 shows a autaway
of thereador ves=l. At the time of the acedent, onJanuary 3 1961 there were 40 fuel
asemblies and 5control rodsin the cre.

Threeoperators were engaged in reassembling one of the mntrol rod dive medanisms whil e the
reador was $ut down. Part of the assembly processrequired raising the shaft of therodalimited
amourt, by hand. This was dore; the rod was re-clamped; and the only remaining task was
unclamp and to lower the rod. For some unknown reason, the rod was insteal raised rapidly
making the reador super-prompt critica. The presaure vessel jumped up nne fed, with the dain

" Many reacdors have arefledor which refleds neutrons badk into the cre - i.e. increases
the value of bath Py and P .. In CANDUSs it consists of the outer region d the heavy-water
moderator; in MAPLE, it is a separate heavy-water jadket surroundng the core. InLWRsitisa
region d the molant outside the re.
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readion keing compensated (probably) initially by the negative feedbadk dueto heaup o the
fuel and moderator, and by the melting and vaporization d the fuel itself.

Two operators were standing onthe lid at the moment of the acedent. One was thrown to ore
side asthe vessel rose. The other wasimpaled onan shield pug g eded from the top d the
reacor, and was caried upto theroof of the read¢or room where he remained suspended. The
third man was kill ed by radiation and flying debris.

Table 3-2 from Ref. 3 givesa dirondogy of the events.

14
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FIG, 3-22 SL~1 reactor installation, vertical section, Numbers indicate principal parts, as follows: 1 =
laminated top shield; 2 - concrete shield; 3 - dry shield mixture; 4 - instrument well; 5 - control rod;
6 - core structure; 7 - gravel; 8- dry shield mixture; 9 - thermal shield; 10 ~ pressure vessel (4,5 ft
outer diam,); 11 - insulation; 12 - air space; 13 - support cylinder; 14 - lead thermal shield and cooling
coils; 1S - feedwater spray ring; 16 - separator return line; 17 - purification purge line; 18 - feedwater
inlet; 19 - boron spray ring; 20 - steam line; 21 - control roddrive motor; 22 - control rod drive; 23 = Boral
shield,

Figure 3-4 - SL1 Cutaway
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Table3-2

Chronology of SL-1 Acddent

Time Event

-500msec Central control rod withdrawal starts

-120msec Reactor goes critical with rod at 16.7 in. (40.6 cm).
Central rod at 20in. (50.8cm), period = 3.9+0.5msec (2.4+ 0.39%
Ak

0 Peak of power burst. (1.9 + 0.4) x*]aW.
Portion d plates reat vaporization temperature, 2060C (3740F);
5% of centre 16 elements

~2 msec Prompt nuclea energy release ends; total nuclea energy of
excursion = (133t10) MW-sec[+(24 +10) MW-secin metal-water
readion|
20% of plate aeadestroyed; centre 16 elements 50% melted; central
shroudand control blade geded from core.
Water column above core accéerated by average presaure (500 =i
or 35atm) to velocity 160ft/sec (49 m/seq).

34 msec Water dams against lid of vessl.. Maximum presauure 10,000 si
(~700am).
Head shielding gjeded. Plugs gjeded with velocity of 85 ft/sec (26
m/seg or less Vess rises, sheaing conreding pipes. Guide tubes
coll apse. Nozzles and vessl expand.

160msec First plug hits celli ng.

Two-thirds of water expelled. 5-10% fisson products expell ed.

Vesgs hits celing. Total kinetic energy invaved ~1% of total
energy released.

Insulation ripped from vess.

2000- 4000msec

Vessl comesto rest in suppat cylinder.

16

CHAPTER 3 - Case Studieswpd Rev.7

January 21, 2006(11:12AM) vgs



The phil osophy of readivity design is vitaly important. The fuel in SL-1 had baon strips
attached to the fuel; these were suppcsed to burn ug? with the fuel to allow the re readivity to
stay within the control range of the control rods. They had burned upfaster than planned, andin
addition peces of boron hed fallen off the fuel during operation. The net result was that the wre
becane more readive, such that it could be made aitica with four rods fully in the core and the
central one partially withdrawn. The aiticdity position d the central rod at the time of the
acddent was 16.7inches withdrawn; the extra 4 inches that the rod was withdrawn abowve this
value added more than four times f, giving aperiod d 4 msec Clealy oncethe transient had
started, no orator adion and noshutdown system could stopit in time.

There were many lesons leaned from SL-1, bu here we summarize the major ones concerning
readivity control:

. It shoud beimposgblefor areador to be made aiticd by withdrawing the single most
effediverod. Conversely it shoud always be possble to shut down areador with the
single most effedive rod stuck in its outermost pasition. This 0 cdled “singlerod rule”
has been foll owed ever sincein safe reac¢or design.

. It shoud na be posshbleto quickly withdraw a high-worth rod. It is gill unknovn why
the operator withdrew the rod. Speaulations abound lased onsecond-hand information -
was he pulling on astuck rodto freeit? Was it amurder-suicide? Was he “goosed” by
one of the other operators who was known to be aprankster? In any case the lesonis that
if areacor requires high-worth rods, there must be mechanicd means to prevent their
rapid withdrawal.

. In areador where large anourts of readivity can be alded in short times, there must be
inherent fast negative readivity feadbad via eg., fuel temperature, such that the transient
is dopped short of reador damage. This lessonwas later applied in commercial Light
Water Readors.

NRX®’

NRX was Canada sfirst large reseach reador, bult in 1947with athermal power of 30MW.
The moderator was heavy water, contained in a ¢/lindricd caandria. Codlant was once-through,
li ght-water, taken from, and returning to, the Ottawa River. Passng through the cdandriawere
vertica tubes open to the dr at top and bdtom". Each fuel rod, made from metalli ¢ uranium
sheahed in aluminium, had its own coadling jadket (Figure 3-5); ead rod, with its codling jadet,

9Jargonfor: being transmuted by neutron absorption to an isotope which (in thiscase) is
lessabsorptive of neutrons

"This describes the reador at the time of the acedent; the design o both the fuel and the
fuel channels were changed later on.
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was located in ore of the vertica tubes (Figure 3-6). A stream of air passed between the fuel rod
and the cdandriatube. Twelve boron shutoff rods passed through 12 d these tubes. Startup was
by removing half of these rods, wheredter the reacor was controlled by varying moderator level.

The shutoff rods could be raised by compressed air and were then held up ly an eledromagnet.
They could be driven badk in using high presaure ar, athough they would fall more slowly under
gravity if released.

The 12 rods were divided into
6 groups, or banks, of rods,
ranging from 4 to 1rods per
bank. Normally a “safeguard
bank” was held in reserve: that MNER SHEATN
is, bank 1 containing 4 rods (ALUMINUM) oy =
was thefirst to be removed —_
. : URANIUM
during a startup, and was
designed to overcome ay _
readivity added if the reador %0 __/ ' =
shoud go inadvertently _—— _ - -
criticad onremoval of any of - / -
the remaining banks of rods.
Removal of the safeguard
bank was prohibited by limit
switches on ead rod urless
al other rods were down;

COOLING WATER ANNULUS

OUTER SHEATH
(ALUMINUM)

"CALANDRIA TUSE
(ALUMINUM)

-

however the switches had

been giving troude and hed

been dsabled. } t§ . -
Toensurefast start_up dtera Fig. 1—Cross section of rod structure and calandria
shutdown (and avoid xenon tube. :

poison ou), it was posshbleto
drive up the first four rods, :
worth 30mk., in afew Figure 3-5 NRX Fud CrossSedion

se@ndk.

There were four pushbutons onthe ntrol panel. Pushbuton 4charged air to the heads of the
shutoff rods; release of this air drove the rods down. Pushbuton 3temporarily increased the
current in the dedromagnet and ensured that the rods were properly seaed. Pushbuton 1raised
the safeguard bank, and Pushbuton 2raised the remaining banks in automatic sequence The
normal operationwasto pressPushbuton 3along with 4, 1,and 2.1f 3 was nat pressed with 4,
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air might leg from the head
system; if 3 was nat pressed
with 1and 2,the shutoff rods
might not

be drawn fully home and the
safety circuits would prevent
startup from proceealing.

The void readivity was
paositive and large - that is,
removal of all the light water
coolant would result in an
increase in readivity of 25
mk.

At the time of the accdent,
the readivity of certain fuel
rods was being measured at
low power. The cding to ,
these rods was reduced and -
onewas being coded orly by

air.

The following sequenceof  Figure 3-6 NRX - Elevation
eventsistaken from the
presentation by Cross:

“The acedent occurred duing a start-up procedure. Just as thefirst group d shut-off rods was
abou to be removed, an operator in the basement of the building (who had nahing to dowith the
start-up) mistakenly turned some ar-valves which caused several shut-off rodsto rise. Thiswas
immediately shown by the indicator lightsin the @ntrol room. The reac¢or supervisor phored the
operator to stop and went down to the basement himself to make sure that the valves were
properly reset. When this was dore the rods shoud have gone down into the reador. In fad, they
went down only part way, bu far enough that the lights in the control room indicaed that they
weredown.”

Thisfailureto reinsert is not explained in any of the pulished reports. Crosscontinues:
“The supervisor in the basement phored the control room andtold his asgstant to presstwo

numbered butons. He gave the wrong number for one of the buttons and when it was pressed,
instead of resetting the ar presaure & was intended, it raised four more shut-off rods. If the first
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group d shut-off rods had been down, astheir lights indicated they were, raising four rodswas a
reasonable thing to do, so the mistake was not reagnized.”

Spedficaly, the supervisor asked the asgstant to pressbuttons 4 and 1.This chargesthe ar to
the heads and raises the safeguard bank. He had meant to say 4 and 3,which chargesthe ar to
the heads and seds the rods. However sincebutton 3was not pressed, the ar to the heads
brought up by button 4leged away; and the safeguard bank (which appeaed to have been up
alrealy) was raised. The supervisor redized his mistake but the asgstant in the cntrol room had
to leave the phore to use both hands, to push the two butons.

From Cross

“It was oonapparent from instrumentsin the cntrol room that the reador was abowve aiticd
and the power level wasrising. Thiswas urprising but nat alarming sincethe reador could
easily beturned off by droppng the shut-off rods just raised. But when, after 20 seands, the
button was pressed to dothis, only one of the 4 rods adually went down. The power level
continued to climb and, after some discussonin the cntrol room, it was dedded to dump the
moderator' into a storage tank. Within lessthan 30seconds the power-level metres were badck on
scde and the power dropped rapidly to zero.”

The removal of the safeguard bank made the reacor supercriticd by about 6 mk, and started a
power rise upto abou 100 RV. The lone shutoff rod started to fall i n at this point, bu the power
kept rising to abou 17MW. Boili ng then occurred in some of the temporarily cooled rods,

expelli ng the light water and increasing the readivity by another 2.5 mk. Power continued to rise
to 6090 MW, when it was gopped by dumping the moderator.

The power surge melted a number of fuel rods, and fail ed a number of cdandriatubes.
Eventually in amajor operation the reador cdandria was removed and buied; the buil ding was
deoontaminated; and the reador was replaced.

The major lesoon leaned was the importance of the safeguard bank. Theredter, before areador
ismade aiticd, the safeguard bank was removed and pased, so that if anything went wrong, it
could be quickly reinserted. In CANDU, bah shutdown systems 1 and 2are poised before the
reador is alowed to go criticd using the wntrol devices.

A seandlesson leaned was to make the shutoff rods much simpler. Indeed, after NRX,
designers mistrusted shutoff rods as a safety shutdown mecdanism; hence NPD and Douglas
Point used moderator dump as their emergency shutdown system, and had nosafety rods.

'In the spirit of just-post-war seaegy, the moderator was caled “the polymer” to disguise
its nature; hencethe ay, “Dump the polymer!”.
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Pickering had afew safety rods which acted in conjunction with the moderator dump; and it was
only by the time of Bruce A that shutoff rods had been restored as a primary shutdown
mechanism. They were of course very different from NRX: they consisted of arod on a cable,
which was wound round a pulley and held in place by an electromagnetic clutch. On a shutdown
signal, current to the clutch was cut off, and a spring assisted the rod to drop by gravity. It was,
and is, asimplereliable design with large clearances.

A third lesson was to separate the control and shutdown systems, with the latter being used only
for shutdown and removed from the reactor when it was critical.

L ossof Coolant
T™I

The Three Mile Island reactor was a conventional Pressurized Water Reactor; aflow-sheet is
shown in Figure 3-7°. The reactor coreisinside alarge pressure vessel; unlike CANDUs and
BWRs, the

coolant does not -~
operate in boiling

and is kept

subcooled by a
pressurizer RELIEF
connected to the mﬁﬁﬁ '

pressure vessal. A fcc
pressure re“ef STORAGE TANK
valve provides } >, GENERATOR
conventional - TURBINE
overpressure
relief from the
pressurizer. ./ 6 e .

ECC

THREE MILE ISLAND REACTOR
SIMPLIFIED FLOW DIAGRAM

PRESSURIZER
DRAIN TANK

REACTOR

On March 28, \
1979, a : pUMP
maintenance error

resulted in aloss | ]
of feedwater to e — | | U

the steam e s L
generators when TANK

the reactor was at

power. Because  Figure3-7  Three Milelsland Schematic
there was no heat
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sink for the primary coodlant, the codant presaure began to rise and the presaurizer relief valve
opened to limit the presaure, asit was suppcsed to dg and the reador tripped (shut down
automaticdly). Asthe presare fell, the energency core maling system adivated to make up for
lost water, again as designed; and the presaurizer relief valve shoud have re-closed, but did nd.
The net result was a small and continuing lossof codant through the open valve.

Such a sequenceis uncommon bu not very rare, and fail ed-open relief valves, while not treaed
casualy, have occurred several times on CANDU plants. What converted this operating transient
into apartial core melt was that the operators did na redize the valve had stuck open, partly
because the valve indicaor in the cntrol room was derived from the valve ac¢uating signal, na
the valve stem pasition; and partly because the presaurizer level was rising due to the lossof
coolant from the top. The operators had been trained when operating a “solid” system (no

baili ng) to use presaurizer level as ameasure of the inventory in the drcuit, so they made the
erroneous conclusion that there was too much water in the system. If you add too much water to a
subcooled system, the presaure can rise very fast indeed when the steam spacein the presaurizer
isfilled up,andthey were trying to avoid this. Their adions over the next several hous were
complex and confused, clealy indicating that they did na understand what was happening, bu
the net result was that the cntinual 1ossof inventory uncovered the wre, lealing to a partia core
melt, hydrogen production from oxidation d the fuel sheahs at very high temperatures, a
hydrogen bun inside containment, and a partial melt-through of the presaure vessl, which
however remained intad. Finally the fail ed valve was recognized and then isolated by closing a
blocking valve, the main punps were turned bad onto re-presaurize the system and high-
presaure makeup water was added to refill it .

The containment did itsjob bu small amourts of nolde gases and iodine were released through a
leskage recvery system (which could na beisolated becaise that would also stop grimary pump
sed codling). It isin fad a aedit to the mntainment design concept that a partial core melt gave
rise to such small releases. It is even more of a aedit to water chemistry: fisson products such as
iodine and caesium combine when released from overheaed fuel, to form caesium iodide (an
agosol). However when Csl meds water, it disociates:

Csl M - Cs™+1~
andistheredter very difficult to remove (compare this to trying to remove dlorine dter
dissolving table salt - NaCl - in water). TMI taught that in terms of pubdic safety - “wetter is
better”.

The lifetime hedth eff eds on the surroundng popuation were predicted to be 0.7 fatal cancers
total, and 0.7 nofatal cancers'® (thisis a prediction, na a measurement, and used the linea
dose-effed model we discussed in Chapter 1. More people were predicted to de from the aal
burned to replacethe dedricity lost when TMI was shut down.
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The sequence of events has been coherently analyzed by G.L. Brooks and E. Siddall** , from
which we extrad the foll owing:

THREE MILE ISLAND ACCIDENT SEQUENCE

Logic # Event

PHASE A - INITIATING SEQUENCE
(A Mishap Within the Normal Range of Viable Operation)
(First Minute)

START 1 Wrong detail ed design of padlisher resin transfer system leading to resin
blockage in transfer line.

AND 2 Wrong adion by operators in conreding serviceinstrumentation air
system to higher presaure water system in trying to clea resin blockage.

RESULT 3 Water in air system caused sudden lossof normal feedwater supply.
Turbine tripped. Pil ot operated relief valve (PORV) opened corredly.

AND 4 PORYV stuck in open pasition

PHASE B - SEQUENCE LEADING INTO MAIN ACCIDENT
(A Very Important Safety Related Event)
(First 50 Mins. After Start)

AND 5 PORYV paositionlightsin control room worked from signal and nd from
valve plug.
AND 6 Previous occasionwhen 4 had occurred at this same unit (TMI 2)

(athough for different reasons) had na come to these operators’ attention

AND 7 Operatorsforgot or did na know about 5 and fail ed to reaognize
significance of sustained high PORV discharge temperature

RESULT 8 The operators did na redi ze that the PORV was guck open.

AND 9 Design enginee's and regul atory agency were excessvely concerned abou
avoiding solid (i.e. al li quid) system operation.
AND 10  Operating manuals placed undie emphasis on avoiding solid system
arising from 9.
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Logic
RESULT

AND

AND

AND

RESULT

AND

#
11

Event

The operators concentrated onestabli shing a vapou spacein the
presaurizer by cutting badk emergency injedion and maximizing letdown
flow despite the fad that the primary coolant was baili ng away.

PHASE C - THE MAIN ACCIDENT

(Failure to Takethe Last Clear Chanceto Avoid the Acadent)

12

13

14

15

(From 50Mins. To 2Hours after Start)

The operating manuals and the operators’ training did na ded with the
case of alossof codant acadent resulting from asmall le& at thetop d
the presaurizer, which is what this was. The operators had noguidance or
instructions for this contingency.

During aperiod d more than an hour, 2 senior operators, 2 control room
operators and the Superintendent of Technicd Suppat all failed to
recognize from basic principles that the primary coolant was baili ng away,
despite dea instrument indications of high primary coolant temperature,
low primary codlant presaure, low primary pump flow, high primary pump
vibration, and readivity disturbances.

There had been afail ure to communicae to the operators or to incorporate
in Operating manuals or training the lesons of at least two previous events
(Beznau and Davis-Bess) which had given warning of many of the
problems here encourtered.

Two hous after the start, much of the primary coolant had badled away and
serious fuel damage started. Despite partial recovery by the operators and
other management and enginee's who arrived later, the damage cntinued
and adequate cadling was not permanently restored urtil nealy 16 hous
after the start.

PHASE D - LATER STAGES

(A Warning Event for the Future) (during 15Hours after Start)

16

Primary coodlant liquid and vapour, hydrogen and fisson product gas and
vapour escgped through the open PORV to the reador codant (RC) drain
tank and then into the containment buil ding.
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Logic # Event

AND 17  Containment system was wrongly designed for small le&ksin primary
system. Operators could na isolate (i.e. close off) the containment buil ding
withou lossof primary codant pump sed codling becaise of the
inflexible design of the isolation system. Automatic isolation was even less
helpful andwasin fad overridden by the operators.

AND 18 Gasesand vapou were pumped from the RC drain tank into the waste gas
header which had leaks and presaure relief devices - so that gases and
vapour escaped to the @amosphere.

RESULT 19 Much o thenobe gasfisson groducts and asmall amount of radioadive
iodine escgped to the amosphere and caused limited radiation exposure of
the pulic. Much o the radioadive iodine was trapped in water in the
auxili ary buil ding and the containment buil ding. Hydrogen, formed from
overheded fuel sheahsin contad with stean, burned in the reacor
buil ding.

Youwill notetheincredulous tone @ove that the operators could na seewhat was happening. It
iseasy to blame operators after an acadent. However analyses of red acadents usualy shows a
complex interplay between design deficiencies, “safety culture” (seeChapter 9) and operator
errors. One caana fully blame an operator if heis misled by the design.

The TMI acddent severely chall enged the goproacdh to nuclea safety inthe U.S., andto alesser
extent in ather courtries using similar regulatory philosophies. Some of the lesoons leaned are
obvious, andrelate to design of valve pasitionindicators. A lot of eff ort went afterwards into
provision d aidsto the operators, so they can understand the state of the plant. One could argue
that they aready had thisinformation had they chosen to credit it. However onceone forms a
hypothesis, it is extremely difficult to dslodge it - and the operators were convinced that they had
arisk of overfilli ng (which they had been trained to avoid), na alossof codant. Therole of the
main coolant pumps was drongly debated afterwards: as long as they were kept running, the fuel
was cooled even though the inventory was deaeasing; and as onas they were turned dff, the
core level coll apsed and fuel overheding began. Despite this, the final dedsionwas nat to keegp
them running in future.

The main wegnesswas (much later) conceded to be the prescriptive gproacd to reador safety.
In the U.S. regulatory approadh, the definition d design basis acddents was quiterigid, and there
was littl e incentive to look beyondthe “official” list. Most of the safety analysis eff ort and
reseach money had been spent onthe large Lossof Codant, sinceit was believed that thiswould
be worse than ather lossof codant acadents. An unterminated small | ossof coolant was not felt
to be asimportant, so there was littl e training for it and littl e safety analysis. The formation o
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hydrogen and its combustion in containment was nat anticipated, becaise regulatory
requirements dated that the fuel sheah temperaturein al design basis acadents had to beless
than 120 C, which preduded much hydrogen generation. Unfortunately the physics of the TMI
acddent chaose not to obey the regulatory requirements.

The other major changesin dredion accurring after TMI were amuch increased emphasis on
severe acedent phenomenalogy, prediction, mitigation and management; and more use of PSA to
enable designer and awvner to look “outside” the design basis acadent box.

Power Runaway
Chernobyl

Our final exampleisthe well-known acadent at the Chernobyl Nuclea Power Station onApril
26, 1986.

On that day, the unit 4 reador suffered a severe acedent. The wre and much of the building were
destroyed; all of the nole gases and severa per cent of other fisson products were released to
the environment. (Note that thisis gill much lessthan the ‘ caastrophic’ acadents postulated in
the ealy days of nuclea power design, which typicdly assumed half the total fisson product
inventory becane arborne - these were suppased to be worst case scenarios).

Thereador design andthe acecdent sequencehave been studied extensively sincethen. The acedent
evolutioniscomplex andthelessonsleaned aremany. Inthischapter we cantouch oy onthe most
obvious aspeds.

Figure 3-8 shows a autaway of the reador core, and Figure 3-9 shows a plant schematic.
Acddent Sequence

In the processof performing a safety-related test just prior to a scheduled shutdown, a sequence
of events occurred which took the reador outside the permissble operating range, and at the
same time led to the ineff edivenessof emergency shutdown. The combination d operating
conditions, control rod configuration, apparent’ operator violations of procedures, and the in-
herent core charaderistics, led to alarge readivity transient and rapid power rise.

IThe official Soviet brief laid heary blame onthe operators for nat foll owing procedures -
some of them were dead and could na defend themselves, and some surviving operators were
gaoled afterward. Other experts have daimed that the entire safety culture of reador operationin
the USSR encouraged such violations.
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Spedficdly the test was to show » —
that after amain pump trip, the
small amourts of steam generated
from the low residual reador
power could provide enough
eledricity viathe turbine-
generators to extend the rundowvn UNIS o the acidentoccured)
time of the main codant pumps, ~ Fewe? oot fourreactorunie

Thusthete_st wasdore & Iow_ S s i :
power andinvolved a pump trip. Removable concrete segments of reactor bullding floor ;"’j‘“"’ /i::ﬂg
The pump trip at these cndtions e

7]

caused apower rise dueto baling = ;/,’ o

in the fuel channels and the i ?/
positive void coefficient, .k T v
exacebated by the firing of the ; %
shutdown system (with the reador : %\ -
flux shape being highly unusual, ) moderator blooks

the shutdown system worked in
reverse and increased the power).
We shall cover the reasons why
later on.

/{\ Lower shield

The fuel energy readed a I IESI BRI dsEL b

mechanica breskuplevel, causing Figure3-8  Chernobyl Core Cutaway

rapid fuel fragmentation in the

battom portion d the core: thisresulted in an overpresaure in the aadling circuit. Presaure tube
falluresled to presarization d the core vessl and loading of the 1,000tonre reinforced-
concrete top shield slab, expelling it from the reacor vault. Burning fragments were geded from
the oore, starting 30firesin the surroundng area

Immediate Effeds of Power Runaway

The mre expanded into the surroundng spacein the reacor vault (i.e., there was destruction o
the radia reflecor and the water shield), and dspersal of the fuel and the graphite moderator
resulted in the are becoming subcriticd. The severing of reador inlet pipes and ottlet pipes and
the destruction d the upper portion d the reador building led to air accessto the core. The
graphite began to burn locdly.
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Radioactive Releases

Turbine Generator

Steam separator

Fragmented fuel and fuel agosols
were expelled in the explosion, and
gases and agosols were taken high
(0.81 km) into the amosphere by
the thermal plume from the hot
core. This continued for several
days as the graphite burned and the
fuel oxidized, with the rate of
release falli ng as the fuel cooled.

Pressure tube

Control rod

Cooling system

Collector

Water from the
emergency
cooling system

To stop the release the Russans . _
-J - h
dropped about 5,000tonres of Figure 3-9 - Chernolyl Schematic

material, including boron carbide (to ensure shutdown), ddomite (to produce cabon doxideto
try to smother the fire), lead (to absorb hed and provide shielding), and sand and clay (to crede a
filter bed). Thisled to arisein fuel temperature & the convedive aading was cut off. The wre
readed a hat, oxidizing condtion (peging on May 4), and fisson poduct release rates
increased again.

Deaerator

At this dage nitrogen was fed to the battom of the reador cavity, cutting off the ingressof
oxygen and extinguishing the graphite fire. The fuel temperatures dropped, with a correspondng
sharp reductionin releases. The mrewasnow in a‘stable’ air convedive oling mode.

Total releases are estimated to be 100 of the nolde gases, 20-60% of the volatile fisson
products (Caesium and lodine), and approximately 3.5% of the long-lived fisson products as
shown in the table below*?,
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(modif. from De95)

Core inventory on 26 April 1986  Total release during the accident

Nuclide Half-life Activity (PBqg) Percent of inventory Activity (PBQ)

33Xe 5.3d 6 500 100 6500
1311 8.0d 3200 50 - 60 ~1760
134Cs 20y 180 20-40 ~54
137Cs  30.0y 280 20 - 40 ~85
132Te 78.0h 2700 25-60 ~1150
89Sr 52.0d 2300 4-6 ~115
90Sr 28.0y 200 4-6 ~10
140Ba 12.8d 4 800 4-6 ~240
95Zr 14h 5600 3.5 196
99Mo 67.0h 4 800 >3.5 >168
103Ru 39.6d 4 800 >3.5 >168
106Ru 10y 2100 >3.5 >73
141Ce 33.0d 5600 3.5 196
144Ce 285.0d 3300 3.5 ~116
239Np 24d 27 000 35 ~95
238Pu  86.0y 1 3.5 0.035
239Pu 244000y 0.85 3.5 0.03
240Pu 6580.0y 1.2 3.5 0.042
241Pu 132y 170 3.5 ~6
242Cm 163.0d 26 3.5 ~0.9
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Accident Recovery

Firefighting started immediately and external fires were brought under control in four hous.
Extensive deanupand decontamination kegan. A ‘sarcophegus’ (reador buria structure),

utili zing aforced-convedive ar-cooled system with open ventil ation and afiltration system, was
built aroundthe reacor and turbine hall. The sarcophagus surrounds the reacor and turbine of
unit 4.

Radiological Consequences
On-site staff. There were 2 immediate deahs as aresult of the acedent. Over the next few weeks
there were 29 (later 31) fataliti es from high radiation dases and bunsrecaved by station staff

trying to bring the acedent under control. The dose distribution for these people was as foll ows:

Dose (V) No. Patients No. Deaths

6-16 22 21
4-6 23 7
2-4 53 1

Offsite - effeds of the acddent on the surroundng popuiation. Emergency response measures
included: 1) distribution d iodinetabletsto the popuationaroundPripyat; 2) sheltering for residents
of Pripyat before evaauation; and 3 evaauation orcethe plume shifted towards Pripyat.

The olledive dose ommitment in the USSR was estimated at the time &s:

31x 10* Sv external (over 50 yeas), and
210x 10* Sv internal (over 70 yeas).

In bah cases the dose ammmitment is mostly from caesium. As of 2000,an excessof abou 1800
thyroid cancers appeas to have been olserved in neaby popuations; no excessof other cancers
such as leukaamia has been olserved. Most thyroid cancers are, fortunately, curable.
Design Aspects Relevant to the Accident
Thissedionidentifies aspeds of the Chernobyl unit 4 design and operationrelevant to the acedent.
General Design
Chernobyl unit 4 was of the RBMK (roughly trandlated as ‘large reador with tubes’) type, and
the most recent of the 1,000MW(e) series. It was agraphite-moderated, bali ng-li ght-water-

cooled, verticd presaure tube design, using enriched (2% U%% UO, fuel with on-power
refuelling. It utili zed adired cycle, to produce éedricity from twin turbines (seeFigure 3-9).
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The reactor coreis shown in Figure 3-8. One of the key reactor physics parametersin the
equilibrium fuel state is a positive void reactivity with a strong dependence on the operational
configuration of the reactor. The design basis called for a maximum void reactivity coefficient of
0.2 mk / % void, whereas at the accident conditions it was reported to be 0.3 mk / % void. (Note
that at their normal operating conditions, i.e., above 20% full power, the void coefficient is about
0.05 mk / % void.) The overall power coefficient (which includes both the positive void
coefficient and the negative effect of fuel temperature increase) is negative under normal high-
power conditions, but positive at low power (below ~20%), as was the case just before the
accident.

The moderator temperature coefficient is strongly positive for the irradiated core, but because of
the slow response characteristics of graphite, it did not play an important role in the accident.

The large core size is noteworthy, since it leads to the potential instability of power distribution,
and, in the extreme, to local criticality. In the RBMK reactor a spatial control system isrequired,
primarily for feedback-reactivity-induced spatial instabilities.

The graphite moderator heat capacity is very large, being at least 400 FPS (full power seconds)
above ambient at nominal conditions, as compared to that of fuel (11 FPS) and the primary
coolant (150 FPS). A distinguishing feature of the RBMK reactor design is the use of the primary
circuit asasink for the moderator heat (5.5% of fission energy). Considerable sophistication has
gone into the design of the contact conductance between the pressure tube and moderator, and the
conductivity of the moderator cover gas.

With respect to emergency shutdown, the most important features are a slow rate of negative
reactivity insertion and a dependence of that rate onthe control rod configuration.
Administrative controls were required to ensure at least 30 equivalent rods were in the core at al
times. This heavy reliance on administrative control was traced to early USSR experiencein
which operators were more reliable than automatic systems.

Thermalhydraulic Design

The RBMK thermalhydraulic design is based on a boiling water, direct-cycle heat transport
circuit (see Figure 3-9). Steam mass qualities range from 11 to 22% at nominal conditions.
Provision for individual channel flow adjustment is made and is performed manually afew times
between channel refuelling, in order to match flow to power.

There are two normally independent primary circuit loops, which can be interconnected to a
single turbine-generator at low power (as at the time of the accident). The primary circuit flow is
driven by three pumps per loop. The pumps have significant rotationa inertiathat permits a
transition to thermosyphoning on loss of power without fuel heat transfer concerns. Thereisa
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spare pump in eat loopthat can
be started upat power, bu becaise

thisleads to areduction o the net [ Tiaing.
positive suction hea, it isnot 1 M
normally used.

Alsepamor

The ondensate from theturbineis

returned to the steam separator, O O I shiiang ‘ O
and mixing occurs in the drum. T ,.,. ]

Changesin feedwater flow can

therefore have adired feedbad on
core inlet temperature (separated in
time only by atransport delay). =

ey

Containment Design s

The ontainment ‘locdi zation’ =
system at Chernobyl was arecent = ===
RBMK design (seeFigure 3-10). . . .

In this design the containment was Figure3-10 Chernohyl Containment /Confinement
divided into locd compartments with dstinct design presaures and relief / presaure-suppresson
to the water-fill ed * bublder pond in the bottom of the buil ding.

Thetop pation d thereador (risers, separators, steam lines, fuelling madine room) was not
within a presaure-retaining containment. For small pipe bre&sin thisgroup(e.g., ariser tube
rupture), it was believed that the large fuelli ng hall was adequate for the limited dscharge rates
and low expeded levels of radioadivity. Presaure relief for the graphite wre vessel was provided
by eight 30-cm. pipes conreded to the bubder pod. Relief cgpaaty was gated to be caable of
handling asingle dhannel rupture.

In the accdent, the steam explosion led to multi ple presaure tube fail ures, which caused a
presaurerise in the reacdor vault, well beyond design cgpadty. Thus, the containment locdi zation
system played nored role in acammodating the acedent. The basic structural integrity of the
lower ‘containment’ compartments was preserved. The upper portions of the buil ding were
designed for modest loadings and suffered dramaticdly from the thermal, and passbly chemicd,
explosions that occurred.

Variation d Void Reactivity with Reactor Operating Sate
At Chernobyl, if codant was lost (voids) from the presaure tubes, there was a pasiti ve readivity

additionlealing to arisein power. In fad, the plant was designed to cope adequately with this
effed at high power. It was nat designed to cope with the dfed at low power, becaise the size of
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the void readivity effed was drongly dependent on reador operating parameters. Because of the
unuwsual condtions of the reador just prior to the acedent (i.e., low reador power; only 6-8
control and shutdown rods equivaent in the cre, versus 30 required; high codant flow through
the oore), there was an abnamally high )
void reacivity hadup. \ %
B4

Simulations dore @ AECL and at the 800 %,
ﬁzo

U.S. Department of Energy suggest that B
positive reactivity was also added by
the shutdown system****, Normally, the E T
absorber rods are atadhed to graphite
displaces or foll owers, to increase their
reacivity worth. Asthey areinserted,
the asorber rods move into the high- ||
flux regionin the centre of the re,
which was previously occupied by the
graphite, so the ésorber rod

eff edivenessis enhanced (seeFigure 3- 2001 ~~—
11). If there were no graphite, the rod ok Hz0
would displacewater - also an absorber [ | , -
- s0 the dhangein readivity with e N T
insertionwould na be & gred. But in 0 1.0 2.0 3.0
the acddent, most of the absorbers were - Boron c_:::':::::" neutron flux

well removed from the core. The flux D = Graphite displacer

was pe&ked at the top and the bottom,
where most of the reador power was Figure 5 Axdal flux distribution preceding accident.

being generated. Thus, when insertion  Figure3-11  Readivity Effed of Control Rods

of the esorbersfirst started, the water

in the high-flux region at the bottom of the core was first displaced by the graphite follower,
leading to areadivity increase. Thus operating the plant in an abnarmal condtionresulted in an
unuwsually large haldup d void readivity, exacebated by a deficient shutdown system design,

which led to the large power excursion and the resultant core damage.
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The size of the system void readivity in the RBMK-1000reacor can be controlled to alarge
extent by operational constraints. The safety of the reador, therefore, is dependent onthe
operators adherenceto these anstraints. The system void readivity in thisreador can become
significantly higher under abnarmal operating condtions. Such condtionsinclude: a) reduction
in the number of in-core asorbers with concurrent increase in fuel burnup,which is plausible
during lossof refuelli ng cgpability; and b reductionin reac¢or power level withou a matched
deaease in codant flow rate.
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In particular, the RBMK-1000reacor is very sensitive to item b). In arder to maintain anea-
constant coolant void level in the reacor core, the flow is normall y reduced as the power is
reduced. However, a low powers (i.e., lessthan 20% full power), the flow canna be reduced to
match the power, and small changesin coolant condtions can have large dfeds on codant void.

Shutdown Systems and Reactor Control

The acedent was charaderized by a power excursion and an ineff edive shutdown; the former, as
noted above, may aso have been initiated or worsened by the shutdown system design.
Readivity protedion (shutdown) and control in the RBMK reador is complex and requires
manual involvement. The antrol function d the RBMK-1000reador is divided into:

1. bulk readivity control for power manoeuvring andfor maintaining criti cdity inthe presence
of perturbations caused by absorber rod movement or by feedbad readivity,

control of flux and pawver distributionin the radial plane to limit channel power,
emergency reduction d total reador power to safe power levels when necessary,
emergency reduction d locd reador power to safe power levels when necessary, and
emergency shutdown o thereador with theinsertion d al absorber rods at their maximum
Sped.

alswn

Demands onthe asorber rods are made acording to certain rules. The aitomatic control system
attempts to med these demands. If the operator finds that the auitomatic control system is
insufficient, he inserts or removes ‘ supdementary’ absorbers manually. The number of
suppdementary absorbers present at any time depends on a combination d fadors. Some of these
are: 1) the extent of power shaping required, 2) the neutron pason override cgability that was
required, and 3 the operating value of the mwadant void readivity.

As the demand onthe aitomatic control system increases, supdementary absorbers are drivenin
or out by the operator to ke the aitomaticdly controll ed absorbersin their range of travel.
However, 24 absorbers are normally kept outside of the wre to provide readivity depth on
reador shutdown.

Required absorber rod positions. A significant feaure of this mode of operationisthat the
maximum negative readivity rate atieved in an emergency shutdown depends on the number of
suppdementary absorbers present in the core, and in which locations they are inserted. For this
reason, the equivalent of at least 30 absorber rods are dways required to beinserted at least 1.2 m
into the cre and spreal reasonably uniformly over the reador diameter. This rule was violated
prior to the acedent.

A significant feaure of therod design, as discussed, is the ingressof water into the bottom of the
core that occurs when the dsorber and its graphite displace are pulled ou of the reador.
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Emergency shutdown. The emergency protection (shutdown) is designed for both bulk and
spatial power excursions. Protection is based on three types of signals:

1 lon chambers outside of the reflector are used for high flux and high rate trips. One
description states that rate is monitored only below 10% full power. Some degree of spatial
protection is afforded by tripping if setpoints are exceeded at 2 ion chambers on the same side of
the reactor. A total of 8ion chambersis used by the protection system.

2. Two fission chambers are located near each of the automatic spatia control rods. Both
chambers near one rod must exceed their setpoint to initiate protective action

3. One hundred and thirty radially distributed in-core flux detectors (using a silver emitter)
are compared to appropriate pre-calculated setpoints, and a partial forced power reduction is
initiated by the protection system if the setpoint is exceeded. This system is stated to be effective
only above 10% full power. The detectors have a slow response (25-second time constant), so
this system would be of no use during afast excursion in power.

In summary, the ion chambers give only poor spatial protection, but their response is prompt. The
fission chambers give better coverage, but there are only afew detectors to cover alarge core.
Fission chambers are usually also prompt in their response. The in-core detectors give very good
coverage, but have a slow response.

The emergency rods are complex devices which can be inserted at various rates, the fastest of
which is quite low (about 10 seconds). This speed limitation is due to the hydraulic drag as the
rods are driven or dropped into their water-filled guide tubes. Trips do not appear to be locked in;
when aflux reading is no longer high, rod insertion is interrupted. Rods do not appear to be
rigidly assigned to the control or protection systems; some appear to serve adual role.

Physics assessments at AECL show that the Chernobyl reactor is potentially subject to very local,
very large flux perturbations®. Less than 10% of the core can sustain criticality.

LesnsLearned

Whereas Three Mile Island led to awholesale re-examination of the approach toward severe
accidents, the West learned few new lessons from Chernobyl. Once the accident was understood,
aprocess which took over ayear, athorough check was made of Western designs to seeif there
was any similar way of disabling the shutdown systems. The answer was negative. In Russia, of
course, the effect was far-reaching. Shutdown systems on other RBMK s are reported to have
been made faster, and the total void holdup wasreducedto< 1 .
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Exercises

Exercise 1

Use Table 3-2 and Appendix A to:

a Calculate the mean life of ead delayed neutron group

b. Calculate the arerage decay constant of the delayed neutrons (i.e., reduceto ore group d
delayed neutrons)

C. Estimate the period d athermal (CANDU) reador with delayed neutrons. Youcan use an
equivalent “one-group’ average delayed neutron model if you wish. Y ou can expressthe
period as afunction d the readivity insertion, a work it out numericdly for afew typicd
values of readivity. It won't be very acarrate.

d. Estimate the period using the same model with no dlayed neutrons. Y ou can expressthe
period as afunction d the readivity insertion, a work it out numericdly for afew typicd
values of readivity.

e Asaime asudden negative readivity insertion: =-50mk. in aCANDU reador operating
at full power. Calculate the power rundovn assuming @) no delayed neutrons b) one
average group d delayed neutrons

Exercise 2

Analyzethefirein the Narora plant, attached separately, and indicate lesons leaned. Describe
how you cerived these lessons leaned. The “official” conclusions from the report have been
removed. Y our answer will be judged not onwhether it matches thase wnclusions but how you
reached it. Y ou might want to think of dividing your analysis into threetypes of causes of the
event:

. dired causes (immediate preaursors which caused the event)

. root causes (causes which if prevented would have prevented the event)
. contributing causes (causes which increased the likelihood d the event)
Exercise 3

A light-water reador has control rods worth 20mk ead. If oneis gjeded at zero paver, you
neeal to design the reacor so that fuel temperature feedbad quickly compensates the positive
reacivity, and stabili zes the power at alevel (say 130% of full power) which gives the shutdown
system time to shut down the reador. Indicate how you would cdculate the required value of the
fuel temperature feedbadk coefficient o, in mk/( C. Look uptypicd values of fuel thermal
parameters, or leare them as ymbasin your solution. Youwill need to figure out how to
cdculate the average fuel temperature - expressthe result symbadlicdly. A stealy-state solutionis
adequate - the solution shoud na take more than afew lines. [Hint: cdculate the stored energy
in the fuel].
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Exercise 4

Analyze the Point Lepreau spurious douse, attached, and indicae lessons leaned. Describe how
you cerived these lesons leaned. The “official” conclusions from the report have been removed.
Same caveds as Exercise 2.

Note: There ae six healers (large pipes with many spray nozzes) conneded to the dousing tank,
ead header having two valvesin series. To operate dousing, bah of these valves must be
opened. The valves have locd air tanks as a badkup to the instrument air supgy.

Exercise5

Analyze the McMaster Reador criticdity acadent, attached separately, and indicae lesons
leaned. Describe how you cerived these lessons leaned. Part of the report has been removed -
same careds as Exercise 2. In addition comment on the robustnessof the design and indicae if
design changes $1oud be mnsidered (and why).
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Point L epreau Generating Station

Event Report

I nadvertent Opening of Dousing

ER-34310-00.08.21
(PICA 00-1003)

Thisreport constitutes:
i) aDetalled Event Report (3)
This Detailed Event Report isbelievald to be omplete 2 Yes 2 No

If No, an additional Event Report will be issued as a revision to this report,
and will be identified using the same ER number.

ii) an Event Notification Report 2 (3)

iii) anInternal Event Report 2 (4)

PREPARED BY: XXX DATE: 00-10-04
Investigator/s

APPROVED BY: DATE:
Investigation Group Supervisor

ACCEPTED BY: DATE:

Station Manager*

TRACKED BY: XXX DATE: 00-10-04

*The Station Manager’s signature indicates his acceptance of the report, and acknowledges his
responsibility for implementation of proposed corrective actions.
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1.0 Date and Time of Event

Event Date The event occurred on 00-08-21 at 1440 h.
2.0 Conditions Prior to the Event
Details Prior to the event

« thereactor wasin the Guaranteed Shutdown State, and
« air hold testing was being performed on the Dousing System Reserve Air

Tanks.
3.0 Description of the Event
Summary On 00-08-21, the Dousing System Pneumatic Valves (PV) were being test

stroked, using the reserve air tanks, in support of the annual test of Loss of
Instrument Air to the Dousing PVs. While PV 11 was being tested and was
open, PV 12 was inadvertently selected Open resulting in a dousing release
from one header. Both PVswere immediately selected Closed and a cleanup
of the water was initiated. A number of workers were in the Reactor Building
at the time of the incident. No serious personnel injuries were experienced as
aresult of the partial dousing.

4.0 Investigation Findings
Findings Investigation into the incident revealed

+ 0on 00-08-21, test stroking of the dousing PVs was being performed using
Operating Manual Test (OMT) 63431.3, in support of reserve air tank
demand test which was being performed using OMT 63431.8. Thisisa
mandatory test scheduled every 52 weeks
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Findings - on the night shift preceding the incident, air hold testing was successfully

(cont'd) completed on three reserve air tanks and the six dousing PVs associated
with the airtanks. The remaining testing (three air tanks and six associated
dousing PVs) was turned over to day shift

- on 00-08-21, at the start of dayshift briefing, two Operators were assigned
to progress the remaining testing

- Operator #1 was assigned to the dousing tank platform in the Reactor
Building (R/B) to perform the air hold test on the reserve air tanks. He had
been assigned the task the previous day and had an opportunity to review
the test.

- Operator #2 was assigned to Secondary Control Room (SCR) duties, which
included the dousing PV stroke testing as well as other SCR functions. He
was assigned the SCR duties upon arrival the morning of the incident. This
was his first shift on duty after returning from 2 weeks of time off

- the SCA portion of the testing was intermittent and was performed as
required by the air hold test

- the testing also required intermittent support from Main Control Room
(MCR) personnel to confirm alarms and indications

- no formal pre-job briefing was conducted, however the 2 Operators were
instructed to review the testing information to ensure they understood their
individual roles before commencing

- the two Operators stated that although they had performed these tests
infrequently, they were familiar with the test procedures, the equipment,
and the consequences of inadvertently opening both valves in the same
header

- OMT 63431.3 "Manual Operation of the Dousing Valves from the SCR,"
requires that Operations staff establish communications between the MCR
and SCR. Operator #2 elected to use the desk phone in the SCR to establish
communications with the MCR.

- the telephone normally used for panel testing in the SCR was out of service
with a Work Order Report of Deficiency raised for repairs. Because the
cord on a desk phone was not long enough to reach the panel the Operator
was required to break communication with the MCR to perform the valve
stroke

- the device used to operate the PVs from the SCR is not a typical
handswitch, but is a Manual Operation Valve for the actuator air supply 3-
way valve

- the Manual Operation Valves are the same for 6 pneumatic dousing valves.
The Open/Closed position is not easily discernable by looking at the handle.
As well, the identification lamacoids are covered by the valve operator
when it is selected in the Open position
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Findings
(cont'd)

upon completion of air hold testing on 2 of the air tanks and stroking of the
4 associated dousing valves, the Operators took their dinner break

before leaving for his dinner break, Operator #2 was requested to perform a
test run on the temporary diesel air compressors, which were in place for the
Reactor Building Leak Rate Test

upon returning from his dinner break Operator #2 was asked to support the
Instrumentation and Control (I&C) Technicians in the installation of a
jumper for Shutdown System 2 (SDS 2) shutter withdrawal, which is
supported from the SCR

Operator #1 returned from dinner and contacted Operator #2 to resume
testing. Operator #2 instructed Operator #1 to commence testing, and to
contact him when he required the valves to be stroked

00-08-21 at 1400 h, Operator #1 completed the air hold test and contacted
Operator #2 to have the stroke test performed

Operator #2 informed him that he was in the MCR preparing for the SDS 2
shutter withdrawal and would contact Operator #1 when he had returned to
the SCR and was available to stroke the valves

00-08-21 at 1420 h, Operator #2 completed his preparations for the shutter
withdrawal and proceeded to the SCR to complete the dousing valve stroke
testing. He was expecting a page from the 1&C Technicians to assist in the
shutter withdrawal

00-08-21 at 1435 h, Operator #2 arrived in the SCR and communicated to
Operator #1, and the MCR, that he was going to commence valve stroking
the sequence of subsequent events was as follows:

% a 143727.012 h, Operator #2 selected PV 12 to Open from the SCR

% ater the valve was opened he returned to the phone and confirmed
with the MCR that the proper alarms and indications were received.
After receiving confirmation he terminated communication with the
MCR

% at 143812.018 h, Operator #2 selected PV 12 to Close from the SCR

% ater the valve was closed he returned to the phone and confirmed with
the MCR that the proper alarms and indications were received. After
receiving confirmation he terminated communication with the MCR

% at 143930.686 h, Operator #2 selected PV 11 to Open from the SCR

% ater the valve was opened he returned to the phone and confirmed
with the MCR that the proper alarms and indications were received.
After receiving confirmation he terminated communication with the
MCR

% ashewas completing his alarm confirmations with the MCR, Operator
#2 was distracted by atelephone page that he believed was from the
|& C Techniciansinquiring about support for the SDS 2 shutter
withdrawal
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Findings %» at 144012.390 h, Operator #2 inadvertently selected PV 12 to Open,
(cont'd) rather than the desired action of selecting PV 11 to Close. He
immediately realized the error and closed both PVs to isolate the header

- PV 12 was off of its open limit for 25 seconds. It was estimated that 55,000
litres of light water was released to the R/B

- Operator #2 did not follow the Stop-Think-Act-Review (STAR) philosophy
before he selecting PV12 to Open

- Following the incident an evacuation of the R/B was initiated. The
evacuation was hampered by the fact that the Equipment Airlock was out of
service. However, the Equipment Airlock was available to be recalled if
required in an emergency situation

- the new security access control tracking and mustering system was a
positive aid for Operations Personnel in quickly accounting for personnel in
the R/B

- the cleanup was progressed quickly with a large number of station staff
volunteering to assist in the cleanup, and

- a technical evaluation was performed on systems affected by the dousing
incident, which required inspection of critical equipment to confirm its
condition. This information will be documented in a separate technical
report.

...end of excerpt
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Appendix A - Decay of RadioNuclides
The basic law of radioadive deca is that the decgy rateis propationa to the anourt of

radioadive material remaining - aradioisotope decg/s at a catain percent per second of what is
left. Thusif N(t) isthe number of radioadive doms at timet, then

= -AN (t)
The propartionality constant  is cdled the decy constant, and the sign is negative since N(t)

deaeases with time.

Transpaosing and solving,

The half-life is defined as the time during which the number of radioadive gomsisreduced by
half, or

Solving the two equations abowve, we find

_In2
t1/2‘T

Ancther quantity of interest isthe meanlife, whichisjust the average:
[¢]

a (atomsdecaying between t and t + Dt)

all atoms

s

t

Mean life =
All atoms

Oras4t 0,
0
—_1 ~
tn = 7@ QAN
N (0)
the upper limit of integration keing 0 since d the 'end there ae no atoms left. But we know that

dN (t) = - AN (t)dt
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S0 that
t = Afte Mdt
|

Thisis lved by integration by parts® giving

Thusthe mean lifeisjust the inverse of the decay constant.

I‘Ivdu =uv —Iudv
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Appendix B - Subcritical Multiplication

The kinetics equations for a subcritica reador differ from those presented by the addition o a
neutron source ..

N _(p-B) (t)+4 AC, +>
f (! |

dt N i=1 .
and
dc, _ BN, (1) _AC
dt l,
When N(t) is constant and p<O0:
S
N, =
-p
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