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ELECTRICITY SUPPLY BOARD
Stephen Court
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oN/spry, WD "‘=PR £ 30th December 1980.
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The Secretary,
U.S. Nuclear Regulatory Commission,
WASHINGTON D.C. 20555.

e

Attention of: M.S. Medeircvs. JR.,
Office of Standards Development 2

iy d
Proposed Rulemaking on:

"CONSIDERATION OF DEGRADED OR MELTED CORES
IN SAFETY REGULATIOM®,

L e R, o TN

Dear Sir,

T T T T

My attention has just been drawn to the advance notice of
this proposed rulemaking, which appeared on page 65474 of
the Pederal Register of October 2 1980. o

I would like to submit the following general comments on
this topic.

(1) I feel that Safety Analysis Reports { Regulations should

not be restricted to the rather arbitrary "Design Basis
Accidents”, but should encompass the complete range of degraded~
core and core-melt scenarios.

(2) I feel that the off-site consequences of core-melt can Jd
be considerably mitigated by addicioﬁal design features (e.g. a-.
filtered venting, hydrogen combustion control, etc) which, for

the moft part, lend themselves to retro=fitting in present

reactor plants. 3
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(3) 1 feel that the probavility of core~melt in new reactors
can be drastically reduced by adopting the design philosophy
and features described in the enclosed pre-print.

(4) I feel that the probability of core-melt in existing

reactors can be significantly reduced by the fool-proof -
monitoring of reactor water~level, and the provision of

highly reliable, diverse, and redundant, reactor feed

(injection) systems. (Minimum redundancy of 4 X $0% or

3 X 100% for sensors, controls, pumps, pipework and electrical
supplies).
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I would lik2 to submit comments on each of the 18 particular
\tems which you have enumerated, but this will take a few days
and I note that the cofficial closing date for comments is

Jlst Dacember. I will therefore limit this letter to the above
general comments and enclose a pre-print of the paper "Towards

a More Forgiving Reactor®™ which I presented to the IAEA Reactor
Safety Symposium in Stockholm in October.

.y

Since presenting the paper I have been pleased to learn that
at least one Buropean manufacturer has been thinking along
similar lines. They feel that present~day reactors are far

too damanding and, while they may prove sufficiently safe in
advanced countries with btigh standards of education technical
expertise and organising ability, they are totally unsuited for
the less~developed and less~stable areas of the world. They
have therefore produced a new design which is remarkably similar
to that which I have suggested for a "forgiving” light water
reactor.

So Jar as new plant is concerned, the enclosed pre~print contains
mcst of the comments I would wish to mak» on the proposed “
rulemaking and describes the design goals which I feel to be
both desirable and feasible for all new reactor plants. oS
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Unfortunately, it gives little guidance on how to upgrade the
safety of existing reactor designs, so I will prepare answers
to your 18 point questionaire in the hope that, though received :

after the dead-line, it may still prove helpful at your rule- .
making activities. %
=
Yours sincerely, ;
1

Chtite, O Fondle i

Nuclear Safety Enginecr,
1 Project Department,
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INTERNATIONAL ATOMIC ENERGY AGENCY

J. INTERNATIONAL CONFERENCE ON CURRENT NUCLEAR -
POWER PLANT SAFETY ISSUES 3
i

Stockhoim, 2024 October 1980
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TOWARDS A MORE FORGIVING REACTOR 4
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lo the wvake of Threa Mile Island the development trend may lead towards

further enginesred-safecty-systems, accompanied by more complex and sophisciceied
informstion-processing and control technology, thus tending towards the
computer-controlled powsr staciom. An alternative approach is to go back

to basic reactor concepts, to maximise inherent safety features, and to

study the feasibility of modifying present designs so as to create simpler

and more "forgiving” reactors.

Assuming thar the concept of "buying time” is & veluable safety goal, the
paper iavestigaces the "forgivinguess” of presenc-day reactors.

A "forgiving” reactor (s one which has large time margine and can thus

tolerats operator negligence or auxiliary plant failures of moderate duration. .
By adding enough engineared safety features, the calculated risk of most /
reactors can be made squally low, inspite of having quite different inherent
charsctaristics. A "forgiving"' reactor, on the contrary, would maximise inhersat
safeer cha acteristics and depmnd heavily on passive systems.

Yor the »rpose of assessing the inbrrent response of diffarent reactors, it
{s asoumed theat ransients occur witiout "scram” (or operator iatervencionm).

-l

Residual Heat PPoduction [4 ons of the chief characteristics of nuclear
reactors and denies them the "valk-away" ¢ pacity of couventisual power t
stations.

An ideal resctor would be capable of handliong the dacay heat by passive msans
for an unlimited time, so that the reactor could be left permanently
unattended without fear of fuel damage or fission product relesse. The
combinacion of 0.3% power for passive cooling and 1000 full~-power—-seconds
for the inharent haat sink, is suggested as the basis of & possidble Residual
Heat Design Goal and the feasibilicy of this goal is tentatively explored.

HTGR cooling is examined and certain changes proposed where these would lead
to more passive methods of heat dissipation and greater inherent heat osink

capscity.

LWR cooling is discussed in a wide ranging perspective with a view to increasing
the passive haat dissipation. A large inhersnt water heat sink is proposed

and, to combat any loss of coolant, a method of blow-down + inherent refeed,

to be triggeved by a low vacer level signal.

Although the safety record of present-day reactors is excellent, the paper
concludes that they are rather finely tuned, that improvemencs are feasible,
and that the creacion of a truly "forgiving' reactor should be a stimulating
challenge for nuclear designers.

DIsCLADY

The long tarm design goals discussed im chis paper represant the personal
views of the author and are not related to any design vork im his organisacion.
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Unless stated otherwise io the text all quantities are expressed ia Primary
(i.e. con pre-fized) 5.I. Unics.

MATHEMATICAL NOTATION

3

= 0,008.

526 = 5 x 10° o 3 million; 5E=3 = 5 310




1. INTRODUCTION:

The accidents at Windecale, Brown's Ferry and Three Mile laland have beaen
characterised - not by the iastant disaster of popular mythology = but by
& 'ong drawn-out agony, with operators struggling by the hour to reassert
thair control over a damaged or down-graded reactov.

Rach of these sccidents has highlighted » unique feature of nuclear reactors,
rhe residual heat production, which endows the radicactive fission-products
vith a0 inherent mechanism for self-dispersion, and necessitates cont inuous
heat-removal from the shuctdown reactor. Should the heat-removal systems =
fail, then core-melt can occur At any time, even mouths after the resactor

hae been succesafully shuc-down.

8d s v

"

Three Mile Island has shown up obvious deficiencies in education, training,
regulation and organisation. It has also revealed some deficiencies of
reactor design, especially in the areas of control, instrumencacion and

aan-machine interfacing.

P ST

The resulting development trend may leal towards further engineered-safety~
systems, accompanied by more complex and sophisticated information~processing
and comtrol technology, thus tending towards the computer-contyolled power
scation.
1

An zlternative approach is to go back to basic reactor conceyts, to maximise
inherent safety features, and to study (he feasibility of modifying present
designs so as to create simpler and more "forgiving” reactors.

1.1 G&iuiﬁ. Time -
\ .

Given time, human beings are usually resourceful and imaginative in ‘

emargency situations and are often remarkably successful in solving problems,

improvising equipment, and generally preventing an impending Aisascer (e.g.

Windscale, Brown's Yerry, Apcllo 13 and = with certain reservations - Three

Mile Island). Without adequate time, human beings are generally useless in

an emergency.

The principle of "duying time” is cherefore an important safety concept for
reactor Operators.

A "forgiving" reactor is one which has large time margins prior to fuel or
plant damage, and can thus tolerate operator negligence or auxiliary plant
failures of m/arate duracion. This margin should be oot less than one shift~
length (8 hours) but should preferably exceed one day.

1.2 Reactor Design Philosophy

while present-day resctors are designed 'de jure' on a deterministic basis, they
are, 'de facto', designed om a probabilistic basis, since the worsc accident |
scenarios ave not catered for. By the use of diverse systems, redundancy, .
and physical seperation, it is hoped to reduce tha probability of these worst |
scenarios to an acceptably low level. .é\'

8y adding enough engineered safety features, the calculated risk of most
reactors can be made acceptably, and equally low, in spice of having quite
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differeny inherent characteristice. & "forgiving" reactor, on the contrary,
would maximise inhersnt safety characteristics and depend heavily on passive
systems.

The principal areas to be examined are:

(1) Iuhersnt Transient Behaviour, including responsa to Loss~of-Coolant
accidents (which are one of the chief safery issues for most power
reaccovrs) .

(2) Residusl Hezt Dissipation.

2.  INHERENT TRANSIENT BEHAVIOUR:

Normally resctors are protected agaiunst sericus transients by a highly
reliable protection system which enjures that che reactor is "scrammed"” in
cime to prevent any advarse consequencas. However, for the puroose of
4ssessiang the inherent response of different reactors, ve will assums that
transients occur vithour "scraw” (or operator interveantionm).

The inhereat core rasponse tc such traasients depends ou the specific power
par unit maes of fuel (and its closely associated moderator) and ou the
following reactivity feedback coefficients.

(1) Fuel Temperature Coefficient (oCF)

The increase in reso .unce capture of neurrons with U-238 cemperature,
known as the Doppler elfect, is indeed 2 dispensaticn of nacure. It
provides a fundamsucal negative feed-back between fuel temperature and
reactivity, and so leads to stable power reactors.

(2) Moderator Taumerature Coafficient («¥)

In heterogensous reactors, the moderator temperature may be less than
that of the fusl, or following the fusl temperature with a long :hermal
cime~lag. Variati- in woderator temperaturs cause changes ino the mean

velocity of ther rons and, while this doesn't alter the fission
rate for "1/V* . like U=235, it can have a ‘ignificant effect
for insotopes lik. . 9 which exhibit resonances iu the thermal energy

ragion. As a result, the moderator temperatura coefficient cun be either
positive or negative depending on irradiation history, isotopic
composition. and lactice consctants.

[f«'M is positive, but numerically less than« ¥, the overall temperature
coefficient (X e X¥ +a« M) will be negative and tha core can still
exhibit the cowplece stability required by an ideal "forgiving" reactor.
If£ oM is positive and sumerically greater than X P, che overall
tempearature coefficient will be positive and the reactor will exhibit
long~term ‘astability, neceseitating eitber operator intervention or
automated cottrol. (The negetive fuel coafficient will ensure short~
term stabilicy).

(3) Coolant Density Coefficient

Provided "hat the reactor is under-moderated, any decrease ia coolant
density (= increased voidage) will cause a reducrzion in reactivitv. ‘ince
loss~of-coolant is a vell~known accident scenario, a positive der. ity
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coefficient (= nsgative void coefficient) is a sine qua non for any
"forgiving" reactor. This requirement is generally met by all
comsaccial watar reactors (in the case of gas reactors the effect of
this coafficient is negligeable).

In cthe special case of & 2-phase coolant (s.z. BWR) the collapse of
coolant voids (due to & sudden precsur<« incresse) would tharefore
initiace a resct’ vity excursion.

2.1 Basic Transieac Responses

luring esch uncontrollnd trameient, the fuel temperazure will tend to rise
from its initial value (80) but, thanks to the Doppler effect, there will be -
4 negative reactivity feedback which will tend to stabilise the reactor.
Theoretically the temperature should reach some equilibrium value but, due %o
thermal inecrtia, the actual peak tempuracure ( @ max) is likely to overshoot
this value by a significant amount.

. A LA b B . i

If the actual peak tempur~ture (@ max) is less chan the critical temperature
(® cr) for fuel (or can) damage, then the inherent respemse to that particular
transient is benign and no damage will result from scram failurs.

For an ideal "forgiving" reactor, the temparature-rise-raci)

R = (Smax ~ 90)//8cr ~ 80) 1 for all transieats.

AR e ki ARt

Woile the potential imitiacing events and event-trees are numerous, the effects
ou the reactor core can be grouped into three basic categories:

(1) Reactivity excursions.
(2) Loes of cunlanc~flow.

(3) Loss of coolant.

. e L

2.1.1 Reactivity EBscursions 2

(1) Maximum ("5.ow") Reactivity Addition, e.g8. all coatrol rods and/or control
poisons fully withdrawn from the cold ccre sufficiently slowly for the
fuel temperature to rise in an equilibriwm samner, i.e. the reactor is

just cricical at all times.

-

(2) Max. Single Item ("Instmmtaneous”) Reactivity Addition, e.g. a siagle
coutrol eiemen: is sjected from the reactor core at full power, or, in the
case of BWR, a suddan void collapse.

(3) Max Reactivity Addition Rate e.g. control rods and/or control poisons
withdrawn, at maximum possible racte from the cold shutdown condition.
If chere is significacc overshoot and the final temperature is very much
greater than the equilibrium value calculated for item (1), it would
suggest that cthe withdrawal rate is too great.

2.1.2 Loss~of=Coolant-Flow

This cransient assumes that there is a total, instantaneous, loss >f coolaac
flow at full powar. The resultant fuel tempersture rise will depend on the
parameter (Po*l/Mc) where L = mean neutron lifatime and Mc « heat-capacity
par 9C of thact portion of the core which is closely coupled to the fuel.
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2.1.2 loss-of-Coclant

This tratsient assumes chat there is & total loss of coolant, at full power,
due to @ rapid depressurisation of the primary circuit. The tramsient
temperature rise ratio (R) can only apply to reactors which, like the
graphite reactors, have & permanent heat sink at close praximity to the fuel
and so may be able to withstand @ sudden loss of coolant without inevitable

RSP ==

fuel damage.
It obwiously cam have no meaning io the case of reactors, such as Lfil. whici
have practically no inherent heat sink other thao the coolant, so that fuel -

temperaturss would rise to self-destructive levels in small fracticns of an
hour. Such reactors must depend on engineared safety systems to prevent core
aelt.

2.2 Discussion

kbl o I\ g

Wwhile it is envisaged that large LWRs should be capable of riding out a list
of "ant{:ipated transients” without scram, (Ref. 1) it is oot clear that they 1
could be designed to ride out all the basic transiencs of the previocus section” 1
in a passive manner.

The "SECURE™ district heating reactor (Ref. 2) has an inherent shut=-down
system. A further clever festure ensures that boronated pool water is drawn
ioto the .ore whenever a power/flow mismatch leads to abunormally high core
outlet temperatures. Loss-of-coolant flow should be 0o problem, and loss~
of~coolant impossible.

Turning to the HTCR, the core heat-up scenario for a 500MW (th) Pebble Bed
Raactor (Raf. 3) features a total loss of all electric power without scram.
It may thersfors be possible to design certain types of HTGR to achieve R 1
for all the basic transients.

o e

3. RESIDUAL HEAT REMOVAL:

Residual Heat Productica is omne of the chief characterisitcs of nuclear
resctors and denies them the "volk-away” capacity of conventional power stations.

Pollowing shut-down, and in the absance of all cooling systems, the reactor
core must eventually melt but, with adequate time, theve is every hope that some
mesns of cooling could be improvised or, at the very least, an effective
evacustion programme could be implemented.

Decay power and ‘nergy are shown im Fig. 1 and it appears that over 6500

full-powe ~seconds (FP.s) of thermal energy must be removed from the fuel

vithin the first day of shutdown. A "forgiving” reactor must achisve this without
damagizg the fuel or plant, by enrirely passive means.

pig. 2 shows the four traditional bdarriers to fiseion product release an.
indicates the effect of an unrestricted core heat-up. This scenario will be
used %0 compare the inhersnt characteristizs >f resctors regarding residual

,_ heat removal. The later the fission products are released from the fual, and -
the later they are released tc the enviroument, the better. "".:}
; Pig. & shows the estimated time history of some published heat-up scenarios,
- and gives am overall picture of the "forgivenass-capacity” of thess reactors
$. = { regard ng residual heat removal.
- R
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An iceal reactor would be capable of haadling the decasy best by paseive
mesns for ao unlimited time, so that the reactor could be lcft parmanently
snattended without fear of fusl damege or fission product relasse.

Thermal convection and radiant heat transfer are passive maans of cooling,
and an inherant heat sink wsuld be essential for such an ideal reactor.

far every value of passive (ooling power which can be achieved, a correspounding -
value of inherent heat siok is required (Fig. 1). The comt inetion of 0.3 power :
for ‘assive cooling and 1000 YP.s for the inherent heat sink appear reasonable }
and will be used in this ~aper as a possible Residual Heat Design Goal. The 4
feasibility of this gos’ will be tentatively explored in the following sections. s

4.  LONTAINMENT COOLING:

{

29 equilibrium heat removal rate of 0.31 means chat approximately LOMW must "

be removed from che coutainment of & JOOOMW (th) reactor. The following i

mathods of passive cooling suggest themse.ves. i

o

]

4.1 Gravity-faed Water-Cooling 4

Y 1
3 This entails a lake or river at a higher level than the reactor and a '

. permanent water supply of approximately 50 kg/s to the containment
g B emergency heat exchanger(s). This water need not be westad, on leaving
the heat exchanger(s), and could be directed to a resarvoir for various
station requirements. A

]
:'4

4.2 Natural Couvection Water-Cooling

This entails & lake or nltimace heat sink, at & higher level than the
reactor, and adeq tely sized insulated piping between the contaimmeunt
emergancy heat exc.engers and the lake, so as to maintain sufficient natural
counvection for LOMW of decay powar.

4.3 Air Cooling of Contaizment Shell

In some ways this is the simplest and most fundivantal method of dissipating
the 10MW of decay heat.

Fig. J=a shows an unshielded steel container of fairly typical dimensions,
designed for an internal absolute pressure of 0.3MPa (75psia). Assuming
the containment filled with ssturated steam at this prassure, the steel
shall should reach a temperature of almost 150 C. Under these circumstances
radiation, aloune, should easily dissipate LIMW of heat.

Unfortunately, from the heat diswipatiom point of viaw, it is now the
sormal practice to surround a steel containmant with a massive concrete
shield building designed to protect the reactor fro- various exterual
affects such a8 gas-cloud explosions and csrtain types of air crash. So
far as heat dissipation is concerned, the reactor has thes been covered by
somathing eouivalent to a giant tea~cosy.

On the other hand it is only necessary to provide air ducts at top and
bottom of the shield Huilding to transform the interspace into a kind of
aatural draught chismey, as showm in Fig. 3~b.
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The capacity for heat dissipation by natural couvection depends on the

stael surface ares (8) the chimney height (Zc) and the chimney anonular

width (Yc). The heat dissipation is very sensitive to the relative height

ratio (2¢/Yc) and, for a given surface and chimney height, there {s an

optimm chimney width for which the heat dissipation (s maximum (See Pig. 3-d). ‘
4
!
1

1f the width is less thao the optimuas the outlet temperaturs approaches the
surface temperature (Ts) but the mess flow is reduced resulting in a smaller

power transfer,

1f the vidth is gieatar than the optimum, the outlet temperature and power

sre both reduced. Pig. 3~b is based on « fairly typical width of 2 metres, -
and indicates u power transfer of approximutely 4MW.

By means of light metal panels supported from the shield building, it should
be possible o form ca annular duct of optimum width around the steel
containment as indicated in Pig. J=¢. Under these circumstances the power
crahsfar should exceed 13MW, i.e. adequate to remove 0.J% of full reactor

povar. i
5. HTGR COOLING:

The ce mic fuel particles.are able to withstand very much highar temperatures
than metal clad fuel elements. Each fuel particle is surrounded by its own
mini- contaimment of pyrolitic gtnphiu and, according to Ref. 4, has to be
hest/d to temperatures of 2500°C for some time before releasing its fission
products.

1: additiom :hs graphite co & retains its structural shape at temperatures
exceeding 3500°C and so forms an inherent sink for residual heat absorptionm.

Pig., 4 shows the temperature and releaase~time history of two HIGR designs
during unrestricted core heat-up.

5.1 _Heat-Up Scenario (1)

This is the heat-up scenario for a JOOOMW(th) Prismatic~Fual HIGR as given in
Baf 5.

T

A maan core temperature of 1260°%¢ may be considared the upper limit ac which
forced circulation cculd be reatored without damaging tiv, st..m generators and
matallic parts of the primary circuit outside the core. This point of "no~
recturn” is reached within a few hours.

At apprusimetely the same time the mean gas temperature and pressure have risen
to cthe level at which the safecty valves open. It is assumed that, duc to a
high temperature, the valves stick open after a while and so depressurise

the reactor.

Having absor about 40U FP.s of decay energy, the central core temperature
reaches 2500°C in less tiun one day and begins to release fission products to
the primary coolant and hence, via the safety valve, to the contiinmenc. '
As large areas of the core heat up to 2500°C, fission products are continuously

g
~ 13
\

taleased over a period of days.

Provided the linar-conling system operactes correctly, it will be able to
dissipate the residual power and stabilise the heat-up accident, without
any damage to the PCRV concrete.
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In the abeence of PCRV liner cooling, the concrete temperatue rises and
spalling occurs. This relesses water and COj, both of which may react with
the vot graphite to form CO and Hy, which thuo collect in the concaimment.
Aftar some days, tha containment might be overpressurised by .oese gases, but
it is more likely to fail as a result of a rapid combustion (or detonatiom) of
the gases vhen thay reach flammeble concentracion.

5.2 Heat-Up Scanario (2)

The scenario for a 500MM(th) pebble-bed HTGR, described in Ref 3, differs

from the previous scenario in the fact that the maximum central core
temperature peaks at approximetaly 2100°C. so that the bulk of fissiom products
remain inside the fuel.

Hopefully thase characteristics can be extended to the case of a JOOOMW (th)
power station plant.

5.3 Poasible Methods of Ilmprovement

The following suggestions would tend to make the prismatic HIGR closer to the
ideal "forgiving" reactor, and are illustrated in FPig. 5 items 1 - 4.

5.3.1 Heat Sitk (Item 1)

According to Figs. 2 and 4, central core temperatures reach 2500°C at a time when

the energy absorbed by the core is oanly 450 FP.s.

Table [ shows chat the mean core heat capacity per 9C for this HIGR design is
very such smaller than it was in previous graphite reactors. Increasing this
heat capacity (i.e. reducing W/md graphite) would enable the core to absorb
1000 7P.s without releasin~ fission products.

5.3.2 Lioer Cooling (Item 2)

Present PCRV liner-cooling systems are designed to handle 0.3 =~ 0.6% of
full power and, so long as they are functiouning, there is no possibility of
concrete spalling during a core heat~up accident, and hence no danger of
ovarpressurisiag the containment.

Liner cooling depends on active systems with pumps maintaining outlet water
temperacures of approx. 40°C but, for a core heat-up accident, it would be
praferable to have an entirely passive cooling system. Concrate can withstand
several tundred °C, so it should de possibla, in emergency, to tolerate a
vater outlet tewperature c¢f 150°C and this should provide sufficient thermal
head to permit 0.3 power traasfer by natural circulation 2o the steel
containmenc. The steel is externally cooled by natural draught (5).

5.3.3 PCRV Liner Insulation (Item 3)

According to the analysis of Ref. 5, the metal cover plates holding the
mineral-wool insulation to the PCRV liner may be damaged during unrestricted
cure hest-up. Collapse of these cover plates would allow insulation to fall
off, and 30 expose the liner to the full radiant heat flux from the core.
While tocta) removal of the insulation would be beneficial, its partial
removal in one ares may lead to local overheating, coolant dry-out and
avertual collapse of the entire lLiner cooling system.

it byt dn mts-.mkd.i
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This msechanism for neutraliziag the benefits of liner cocling is due to the
discrets and discontinuous ne’ure of tha insulation. Insulation by means i
of refractory concrete would seem to avoid this potencial for sudden,
cacastrophic, local overheating of the PCRV liner cooling system.

5.3.4 Natural Convection (Item 4)

i i b b s

Due to the height difcersnc. becween reactor and steam generators, the
esrliest graphite gas~cooled reactors had excellent natural circulationm, but
this has been greatly diminished with the advent of prestressed concrece
reactor vessals.

L E

It would be most susirable to have at least 5% natural circulation at normal

38 operating pressu i, 30 that resicual heat could be r-aoved by the steam

generators io the normal way without any need for operating gas circulators
At shutdown. "

¥ If che reactor is depivssurised by a facter of 10 the heat removal capacity
by natuial convection would still be 0.5% and (provided the core heat sink
vas L0000 FP.s) capabla of stabilizing aav unrestricted heat up accident.
potential depressurisation ratio should not be 80 great as %o reduce the

o

The

convective cooling capability below 0.3X.
5.3.5 Steam Genarators
While thare are obvious advantages with once~through steam gemerators, there
is a lot to be said in favour of the larger time constants and simpler feed

." control-requirements of the drum type genarators.

F It is alsc desirable that all sections of the heat transfer tubes are

p designed to withstand the normal core outlet gas temperatures ‘or a reasonable
length of timm.
5.3.6 Containment Overpressurisation

Since coutaimment failure is due to the products of concrete disintegrationm,
it might be possible to construct the PCRV from a diffarent type of coucrete
vith lower water costent and oo limestone.

The combustion (or detomstion) of Hy and CO is the most likely route to
contaioment failure, and could be eliminated by inerting the contzinment

atmosphere.
6. LWR COOLIIC_:_

There is little heat~siak capacity in present-day light-water power reactors
and lictle possibility of passive heat removal from the primary circuit.

Fig. 4 = (3) shows the effects of unresctricted core heat-up of a PWR, baseu
on the values in Table II. Tha safety valve having lifted, the core would
uncover and fuel heat-up commence at t = LSE3 (¥ 4h). As the fuel heatr-up,
the cladding reacts with steam, releasing gaseous and volacile fission
products which are shown pessing to the contaimment viia the safety/relief
valve. Core uncovery and fuel melt-down should be complete by t = 2083
(*34h) and & further period of an hour, or so, i# required to boil-off

the lower plenum water and melt through the pressura vessal.
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Steam, hydrogen and coz are given off as the basemet is attacked, and these
may orerpressurise the“containment either directly, or as & result of rapid
combustion (or detomation). According to WASH 1400 cthis might occur at a
tise ranging from 0.5 - 1 day, but sccooding to Ref. 6 it shouldn’'t occur
for 2§ days, (Contaiament breach 3 and 3a).

A fresh look at the inhereat features of cthe LWR would be required if there
is to be any hope of reslizing the residual~heat design goal of section 3;
i.e. equilibrium passive heat removal rate = 0.3% full power and inhereut
reactor heat siok capacity = 1000 full-power-seconds.

P e e -

i

The diagrams, Fig. 5 illustrate an evolution of ideas concerning residual
heat removal from the cores of light water reactors, <

6.1 Simple Pool Reactor

Fig. 5-a shows a simple typa of reactor vhere the core is immersed in a
large containment vessel of water. On shutdown, the core ia cooled by
natural couvection currents.

LB 3 n»w&‘

Io the absence-of adequate external cooling, the water temperature and
associated vapour pressure will contioue to rise until the safety/relief
valve lifts.

S s

As more heat is generated steam will escape through the safety/relief valve
and the water level will decrease in the reactor vessel until eventually it
begins to uncover the core. Frrther evaporaction will prugressively uncover
the fuel, which will then depend on steam cooling. Steam cooling causes
steam superheating which, as everyone now knows, is a clear sign that the
cors has been uncovered. Steam cooling may sowetimes be adequate to preve
fuel melt but, in the case of Three Mile Island, it could not prevent clad
temparatures rising, hydrogen generation, clad destruction and massire fission
proauct relsase to the primary circuit.

The energy absorption up to boiling point is:
E~Eo =» MC x (Tsat - To)

To meke good use of the water mass, the temp. difference (Tsat - To) should
bs as large as possible. Increasing Tsat means increasing the pressure
rating and cost of the vessel. Since primary circuit and pool form a single
entity, lowaring To means lowering the useful output temparature. The simple
pool system 11 therefore only suited to research reactors vhere low output
tamperatures ace acceptable.

6.2 _Thermm.ily-Sezregated Primary Circuit

The bmat siok capacity of & pool cype LWR can be grearly increased by employing
# thermally-segregated primary circuit as shown in Pig. 5-b. By pressurizing
the contaioment vessel with a cover gas, the pool temperatuzae (To) can be N
kept to a low value ( _ 35°C) vhile the primary core outlet temperature can
approach the containment design boiling point.

Io normal operatiom the cooclant in the primary circuit is thermally insulated
from the pool and preveated from mixing with the (ool wvater by 2 small
differential pressure. On shut-down the differencial pressure is eliminated
and the cold pool wacter enters the bottom of the reactor and flows upwards
through the core by natural convection.
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Such & system forms the basis of the "SECURE™ District Heating Reactor
described in another paper at this meeting. In this ASEA design, the pool
consists of highly boronated watar at approx. 15 C, whils che cors outlet
temperature is appros 120°C. So long as the primary circulating pump is
operating, & differential pressure maintaine physical segregation between the
primary coolant and the poul water. Oo pump trip, the boronated pool water
enters the core and sutomaticslly shuts down the resctor.

The implied heat sink capacity of this deeign exceeds the 1000 full-power

second criteria (see Fig. 4~(4) sand there doesn’'t seem to be any reason whry the
remaining 0.6MW of residual baat shouldu't be dissipated by a completely

passive countsioment cooling systam. ik

While the Thermal Segregution of the previous sec: .un nermits the pool to be
kept at a lower temperaturs tlan the coolant, the (ive outlet tamperature
sust be lower than the pool saturacion temperaturs. This is determined by
the safectv/realief valve setting which wust be less then the coutaioment veasel
design pressure.

P | ru*ﬁ

o
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A core outlet camperaturg of 120°C can bs sbtained with a cover gas pressure
of 0.7MPa but, while 120°C is adequere for a disrrict heating plant, it is
tuocoo low for electric power staticus vhich need temperatures of at least
300°C (prat = 8.6 MPa).

BB

With a primary prgseure of 8.6 MPa, thermal rating of 3000 MW, and pool
ctemparature of 35°C a volume of 2500m3 of water would be required to provide
a4 heat siok of 1000 full-power-seconds. This is more than 10 times tha volume
of the present primary circuits and demonstrates that such large volumes

of water cannot be maintained at primary circuit pressure.

It doesa’'t seem possible thereafore to extend the Thermelly-Segregated pool
design to large size nuclear power statioms.

R T S SR

6.3 Preusure-Se ated Pr Circuit

~

Fig. 5+c shows a high pressure reactor primsry circuit immersed in a large
velume of water at a coutainment pressures close to ambient. Assume that the
reactor is succesafully tripped, but all feedwater supplias are lost to both
primary circuit (make-up water) and secondary circuits (steam generator feeds),
leaving the reactor without any active residual heat removal system.

The primary pressure wuld rise until the safety/relief valves lifted. Steam
would then de discharged and the reactor water level would start to “all.
According to Fig. 4 it would only be a couple of hours until the top of the
core was uncovered and core damige vas lmminent. Surrounded by a massive
heat sink (but insulaced from it) tle fual would find itself in a dire but
paradoxical situation and could well parody the words of the Ancient Marinar:

"datar, water everywhare, but none the fuel felt
dater, vater everywhare, yet all the rods did melt”

In view of the problems to be overcome by well-designed active systems, it is
hardly surprisiag if the problem of refilling a pressurised (but partially

empty) reactor frow a low preassure pool, by totally passive means, is a B
daunting prospect. B

The first step must obviously be to Jepressurile tha reactor until it has
the same pressure s the conthinment atwephere. This can be achieved by
opening & set of depressurization valves (of a non-re-closing type) and

- 10 -
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allowing the reactor to blow-uff steam into the pool ustil ics pressure
equalizes that in the contaioment. At that stage pool water should flow

by gravity through the nou-return valves to the bottom of the core, refilling
the resctor, and establishing a nstural couvection path for residual heat
removal. Tha resctor would them form part of the water pool in a sauner
similar to that shown io FPigs. 5~a and 5-b.

Depressurization (or blow=off) has the inhecent disadvantage of daliberately
incressing the coolant loss, causing an immediate increase in the downward
vealocity of the water surface. /

Steam injecto d sees to have & definite role to play in passive cooling
systems (see R rod might well be used to overcome the inherent snags
of depressurizar ., as shown in Fig. 5-c. Instead of allowing the blow-off
stesm ‘rom the depressurization valve (DV) to be condensed directly in the
pool, the stesm would be fed to a series of injectors which would draw cold
water from the pesl and inject it into the bottom of the reactor. Since

the mase ratio of feed/steam should always exceed unity, the effuct of
opening the depressurization valves (DV) should be an immediate reduction

in water surface dowawsrd trend.

The nett effect of depressurization via steam~injectors is to utilize tie
thermal energy-of the remaining reactor coolant to rapidly refill the (still
partially pressurized) reactor from the cold low-pressure pocl.

When the pressure is sufficiently low, the nou-return valves open, &/ owing

a gravity feed to refill the reactor (if necessary) and establishing a nalural
convection pathway for continued core cooling. As the pool heats up, the
vapour pressure rises in the free space and steam condenseas on the steel
valls of che containment thus rejecting heat to the outside. By the time the
pool has absorbed 1000 FP.s of decay heat, steam coulensation on the
externally cooled containment shell should dissipute 0.3% of full power.

Thore would be maltiple depressurization valves, non~return valves and
injectors, providing redundance and system reliability. Opening of a
depressurization valve would be initiated by = lower wat r-level signal from a
sensor (or group of sansors) in the reactor vessel head (PWR), or below normal
water leval (BWR).

The experience at Three Mile Island has clearly shown that reactor water level
should be the key parameter to initiate all emergency feed (injection) systems.

Peactor pressure, and drywall pressure, are less fundamental sarameters and
though they can be useful as anticipatory signals, chey can ..o replace tae
key role of resctor water level.

To ensure tha passive nature of the system, each depressuriz m valve,
contrul signal and associated water level sensor(s) could fory an autonomous
self contained system, independent of cencral control systems (manual or
computerised) and external suppliss (electric power, compressed air etc.).

Deywell

7ig. 5~d shows & similar arrangement, but restricting the water to a
(cylindrical) tank, and leaving a drywell around the reactor.

In the event of a T™I type LOCA, caused by & leaking safecy or ralief vnlvc.'
the reactor would be depressurized and refilled to produce a natural comvection

path, without flooding the drywell.

-11 -
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Io the event of & leak or break in the drywall area, the reactor would be
dapressurized, refilled and a astural convection pathwey establisbhed as bafore.
However leskage would continue into the drywell until, evencually, the vater

level would equalize with that in the (cylindrical) tank as shown in Fig. 5S—e.

I.‘ -al v.'l'.

Pressurized ECCS injection would still be required iz the case of the largest
desigo-basis LOCA and the advautages of better injection poiscs, such the
lower plenum, (Fig. 7, featurs 3) are described in Ref. 9. y

e e

»

b g b

In the passive ECCS lnjection Systew described by Kleimola (Ref. 8 ) large
quantities of chilled water (approx. 10 core volumes) are forced into the .
reactor by steam injectors fed from the steam genarators (PWR), or from special

bot water tanks (BWR).

Fig. 7 indicates tha possible appearance of & PWR incorporating « passive

heat sink of 1000 PP.s (1) with steel containment extermally air-cooled by

paturel draught (5). Other features shown are: Depressurization-vaive plus

steam injector (2); Lower-plenum inmjection points (3); and Heat Transfer {
by steam condensation to steel shell (4); The same featurss can be applied in

the case of a ZWR which, being designed for boiling, is a simpler syscem

so far as LOCAS are councerned. &

One of the lessons of ™I is the fact that PWRs must be designed in such a
manner that, having lost the effect ¢’ the pressuriser heaters for any reason,
and reactor pressurs having therefore .coppe! to the saturation value, they
can still safely dissipata their residual hea. is a boiling mode. (it is
assumed that PWR pressuriser heaters are irreversibly swicched-off, once the
water level has dropped below its operating range).

. o-i

7. CONCLUSIONS:

Given time, human beings can cope with many types of emergencies 3o that an
increase in failure-delay-timus is an importanc safety goal.

Present-day resctor designs have been examined and, though their overall
safecy record is excellimt, it appears that, in some respects, they are
rather finely-tuned and not quite as "forgiving" as one would wish. e.3.
on shutdown, they mus. depend on sngineered residual heat removal

systems for extremaly long periods of tims wiile, in certain accidents
scenarios, the point-of-no-return for irreversible plant or fuel

damage is reached ‘g a matter of hours <~ in some cases less than an hour,

1f this sizuazion wvas due to some inherent law of Nature, it would

have to be accepted in order to enjoy the banefits of FPission Power;

but since this is not the case, improvements may well be feasible, and the
creation of a truly "forgiving” reactor should be a stimulaiing challenge for
ouclear designers.

- 12 -
b
)
{
B RGeS £ el gt TR T T ———gy v~ =
- o s
Riig ® e et cad Ty
o e —oa—— &
. 2
"X Rl
" -
Wt -

Mo e A . R S SR

o,
N W



1. NUREG - 0460 - Vol. 1 and 2.
Loy Y Anticipated Transient Without Scram for Light Water 3
kK 4 ¢ Reactors - Scaff Raport 1
-

oS Tl R April 1978.

2. Nilssoun L.;
Designing for Inherent Safety-Application to the SECURE
Nuclear District Heating Plant
These Proceedings, paper IAEA-CN=-19/75

R AT\ 3. K. Petarsen et al., N
' The Pission Product Retantion of Pebble-Bed Reacters in Ultimate Accidents,
" » ENS/ANS Topical Meeting on Nuclear Power Reactor Safety,

3. 2y Brussels, October 1978. Proc. p779.

gt R, ¥ Failure Mechanisms and Fission Product Release in HTGR Puel under
e Conditions of Unrestricted Core Heat-up Events,

ENS/ANS Topical Meeting ou Nuclear Power Reactor Safaty,
Brussels, October 19/8. PFroc. plis.

3
s “re 4. W. Schenk, A. Naoumidis, '
:

5. General Atomi: Compaoy,
HTGR Accident .aitiatiom and Progression Analysis,
Stacus Reaport; Phase 1l Risk Assessment,
GA~A 15000, April 1978.

6. Rasmussen N,
Reactor Safety Study,
USNRC WASH~-1400 (1975).

{
4 7, Hassmano K. et al,
Computer Codes Developed in FRG to analyse
fypothetical Meltdown Accidents
ENS/ANS Topical Meeting on Nuclear Power Reactor Safety
i Brussals, October 1978, Proc. p227.
, 8. Kleimolas ¥.W. et al,
The Passive Contaioment System,
Trans. ANS 24 p157.

S 9. 0'Parrelly C.,
] Tougher Containment Design Goals,
#d ENS/ANS Topical Me-ting om Nuclear Power Reactor Safety,
i Brussels, October 1978, Proc. pll98.
i ABBREVIATIONS
o OV Depressurisation valve
2 BV Relief valve .
SIS e L o 5¢ Steam genaracor
e Sy WP S5V Safety valve
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Prandtl number

e d
"
'

e 1

A Cross sect on of chimnay 4

e J/eg®c  Specific b at 1

ce - skin frict on coefficiert %

E J Energy !

to J laitial en ¢gy of pool

1 v Mean neutron lLifetime

M kg Mass

Me 3% Heat capacity per °C

P - Thermal power

Po w Full (rated) power of reactor }
]
J

P Ps Preassure
Pe Pa Containmeut pressure
? Pa Primary circuit praseure >
q' W/a2 Heat transfer rate per unit ares
R - Temperature-rise-ratio (See 2.1) =
e - Reynold's number
S =2 Surface area of containment il
$2 = 2% w2 Total heat transfer surface of chimney
st - Stanton aumber
A t 3 Time from reactor shutdown
' T ‘c Temparature
To % Ilnitial temperature of pool
T “w Inlet temperature
7 b Outlet temperature
™1 %% Liner ~oolant inlet temperature
™ " Liner coolant outlat temperature
Ty e Mean reactor coolant temparature
Ts e Surface temperature of contaimmnt
Tsac % Saturation temperature
W » Width between containment and shield tuilding
Ye Y Width of chimmey
e o Height of chimney
L) oc Fuel temperature
8o ‘c Initial fuel temperature
P :c Maximus fue' cemperature
fcr c Critical t¢ perature for fuel dasage
P kg/mld Densir>

Table I ~ Graphite Mass & Heat Capacity (fuu-povor-mond/OC)

Pacamater | Symbol | MAGNOX AGR HTGR
| BRADWELL | WYLFA | HUNT, -8 | FULTON

Power (th) | Po 1531, E6 0875, 16 2S00, B6 3000, ES6

Cote | = 1 1 0.3286
| Me/Pn | e

Reflector r B l L | 0.59E6
Mc/Po | 1 . 0.2%

lroux M T B Y 3.788! 1.0 E¢ 0.9126
WA EMc/Po | 5.36 2,96 1.8 0,34
|2ffective *| Mc/Po | 0,33

=1800kg/m3 Cwl300J/%g C(2700) * Deduced from heat-up graphs

Table II Energy Requirements for LWR Boil-off & Heat-up
Energy in full-power-seconds Symbol | PWR SECURE

) [ (3.5 aml(.20m |
To Doyl off secondacy | £ | 100 -
TO raise temp to SV set polat ‘ L 5] 15 | L6lé
To boil-off water above core ‘ Bq 50 ‘ 1440
| To hoil-off water in cote etc | EBq 1| S50 _ L 1460 _ |
Tot. Enecrgy uncil ~FP.sec | B1+E3 | 113 |L$16 |
SV _lifts ~time (8) | 1 8. skl 2. 488!
Tot. Enecgy until ~iéP.sec | El+E2+E3 | 168 16156 }
|top of fuel is Jry -time(s) L 452y | 2.4E8 |
| Tot. Enecgy until ~FP.sec cE | 215 7536 |
| fuel is totally dry-time(s) i 2.0 B4 3,584 |
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BIOGRAPHICAL

NOTE.
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The author, who is a member of the Buropean Community Reactor
Safety Working Group 1, has been involved with Nuclear Power
since the construction of the early British Magmox reactors.
For many years however, he has specialized in monitoring
nuclear safety problems for an electricity ~capany which hasn't
yet committed itself to any one design.

to review the reactor safety scene
comments, c¢riticisms and suggestions
reflect the questioning view-point of potential first-time
purchasers, considering the nuclear-power option in the after~
math of Three Mile Island.

The author is thus able
with detachment, and his
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