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My attention has just been drawn to the advance notice of, ; i

,,-i, ; Q. /.rlj this proposed rulemaking, which appeared on page 65474 of
g,.t|.{. Ej the Federal Register of October 21980. f ;,
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, gg] I would like to submit the following general comments on ]

- 12M,g;;# this topic.
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i g.f;p.gAWW core and core-melt scenarios. .
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N:$ S (3) I feel that the probability of core-melt in new reactors |,

YD can be drastically reduced by adopting the design philosophy I,

bN . and features described in the enclosed pre-print. I
,

k
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(4) I feel that the probability of core-melt in existin's ')-[y(k
1 1.m' -

reactors can be significantly reduced by the fool-proof .a
.

~ M. , .;. j sonitoring of reactor water-level, and the provision of 2,
*'D, dN [ highly reliable, diverse, and redundant, reactor feed |% .+. 9 1JW ^ y (injection) systems. (Minimum redundancy of 4 X 50% or jg+

EB8 9 3 x 100% for sensors, controls, pumps, pipework and electrical 'l
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j[ and I note that the official closing date for comments is 'j
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to that which I have suggested for a " forgiving" light waterN
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.'b In the wake of 'Three Mile Island the development tread any lead towards

,

' %. Y further engineered-safety-systems, accompanied by more comples and sophisticeted

. "91@$$].i
inforancion processing and control technology, thus tending towards the4 .

.3Q comester-controlled power station. An alternative approach is to go back *

M Yh. ( to basic reactor concepts, to anzinise inherent safety features, and to

,

.'-Mck p study the feasibility of sodifying present designs so as to create simpler
0 % ,, .

and more " forgiving" reactors.1

w. |. .p'8[' (.l Asetening that the concept of " buying time'* is a valuable safety goal,* the i i

WW ; paper investigates the "forgivingness".of present-day reactors. f
s .WLM -

'b . g A " forgiving" reactor is'one which has large time mergine and can thus -''
-

> c AUh".n colorata operator negligence or auxiliary plant failures of anderate duration.'

'W,y Sy adding enough engineered safety features, the cateulated risk of most
'

s.n v reactors can be made equally low, inspite of having quite different inherent'

, .gM[ 'charscteristics. A " forgiving" reactor, on the contrary, wuld -4= Iso inherent..fc,

{Q " ' ' y sefwT chacacteristics and depend heavily on passive systems. j
~.- Jn n

@;'.,&p.@ For the prpose of assessing the inhnent response of different reactors, it '9' c
is assuand that *ransients occur without " scram" (or operator intervention). 1

%.* Wa%q..%ghD . I Residual Beat Pfoductick La one of the chief characteristics of nuclear 'h
S. . +j hr. reactors and denies them the " walk-sway" upacity of conventional power 1.

. % ;.s j .]-stations. ;

gg ,,
'

MW-N. y An ideal reactor would be capable'of handling the decay heat by passive means
QN for an unlimited cias, so that the reactor could be lef t permanently |

gr4 @.M
W unattended without fear of fuel damage or fission product release. The ;

combination of 0.3Z power for passive cooling and 1000 full-power-seconds 1
, .%j for the inherent beat sink, is suggested as the basis of a possible Residual ;

.

21 9 Beat Desissi Goal and the' feasibility of this goal is tentatively explored.
..i' 7dN@%

*
*

fi. Mg TRICE cooling is asesined and certain changes proposed where these would lead *

g h / h *fgg| co more passive anthode of heat dissipation and greater inherent heat sink .'

4Mgg; capacity. !4

f%Qs&iQ LWs cooling La discussed in a vide ranging perspective with a view to increasing, gpy%g. fg the passive heat dissipation. A large inherent water heat sink is proposed-

J and, to comber any loss of coolant, a method of blow-down + inherent refeed,ff . gngM to be triggered by a low water level signal.' w "' 3CW
3.G.y

-Q Q (% @M
I ;i.% iWi; Although the safety record of present-day reactors is excellent, the paper
ac* concludes that they are rather- finely tuned, that improvements are feasible,
J and that the creation of a truly " forgiving" reactor should be a stimulating

% .4
~.,l'% challenge for nuclear designers.
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1. INT 3000CTIost..
.*
,,

.g .j
*%" '

M- A The accidents at Windacale, Brown's yerry and Three Mile Island have been .
4

c4. s characterised - not by the fastant disaster of po plar mythology - but by* ;

.j' - a tons dreem-out agony, vich operators struggling by the hour to reassert
'

4

1

J their control over a damaged or down graded reactor.
s, 7 {4 .. .

*,.

' 73fL -

gach of these accidents has highlighted a unique feature of nuclear reactors.
the residual heat production, which endown the radioactive fission-producta |i? -

h with an inherent mechani== for self-dispersion, and necessitates continuous |
yw

@D i ' heat-removal frcus the shutdoes reactor. Should the heat-removal systems a

- fail, then core-esit can occur at any time, even months af ter the reactor 7
h]':M has been succesafully shut-down. .jC%

.
-

' E)tfh ,, *.h
. > .

Three Mile Island has shown up obvious deficiencies in education, training, '}
regulation and organisation. It has also revealed some deficiencies of 4R q-; ' -]

-

reactor design .especially in the areas of control.. instr u entation and 't
C W. <

man-==cH am interfacing. jc
1%# ,

. .t }A a.f The resulting development trund any leM towards further engineered-safety- f I

Q, Na systems, accompanied by more comples and sophisticated infomation-processing N )M .)s and control technology, thus tending tonards the computer-controlled power
~ mJ. @ ' ;

|f .Q,:, 4 m eion. a> g..m
-

An alternativ<a approach is to go back to hesic reactor concepts, to anzinise
':; 9

7'# $
-$[ P inherent safety features, and to study the feasibility of modifying present

q; gym)1. designa so as to create simpler and more " forgiving" reactors. f%
rc Ct ; N

W E[ W & ;Q 1.1 Calnins Tina , 3y ]%-f ty

+
4

<

" W i" Civen time. heen beinse are usually resourceful and imaginative in 4
,-

.M- amargency situations and are often remarkably successful in solving problems. , ;

improvising equipment, and generally preventing an Impending disaster (e.g. , J.

.w .y Windscale, Brown's yerry, Apollo 13 and - with certain reservations - Three
' j'cf.Q ' ,

,

< Q, s. .G;p Mile Island). Without adequate time, human beings are generally useless in
g}

m {p.%h*w
an amargen:y.

|
;wt

y ,',. Q , p The principle of " buying tima" is therefore an important safety concept for
9.g g J reactor operators.

nun W: ...~p.M.M A " forgiving" reactor is one which has large time margins prior to fuel ori.W :. 5
: $1.WQQ1 plant damage, and can thus tolerate operator negligence or auxiliary plant,

H f ailures of mV4 rate duration. This margin should be not less than one shift-

i %(?[[
et ;

1ength (a bours) but should preferably exceed one day.7, ' f

1.2 Rosetor Desian philosophy
,.Cy..M:&L
87 While present-day reactors are designed 'de jure' on a deterministic basis, they~'

.

Z,ff $ are. 'de f acto', designed on a probabilistic basis, since the worst accident g.

[;'N .[ fir scenarios are not catered for. By the use of diverse systems, redundancy, s.

f and physical seperation, it is hoped to reduce the probability of these worst ..; {
~ "QS

,

g 1scenarios to en acceptably low level. .M'"f; ,
i :/ %.. I

|' .v.sa t

W '" h By adding enough engineered safety features, the cateulated risk of most .

7 . g@ Y%% reactors can be made acceptably, and equally low, in spite of having quite
..

MA hW
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-Y different inherent characteristics. A " forgiving" reactor, on the contrary, I*

M |
1 would =awinise inherent safety characteristics and depend heavily on passive ./;M a .

"f' 5 systems.. i.,

c'y '

The principal areas to be ====fand ares 'y,
.<

%u".'':

.

..

6x .(1) Inherent Transient Behaviour, including response to Loss-of-coolant - 1
,

76 I ~

t

. '
M accidents (which are one of the chief safety issues for most power .,

*1 reactoes). h7
[4..,, .g

.

*(2) Besidual. Seat Dissipation. nl
.

m
&g.:.y . ,

'

_y
1 4g

g ,m; 2. IMHERENT TRANSIENT BEHAVIOURt
+. . n . 1 "s

.[h h '[$p
.

Normally reactors are protected against sericus transients by a highly 'f
' .dM3

## * reliable protection systeen which ensures that the reaccot is " scrammed" in s

time to prevent any adverse consequences. However, for the purpose of''

,;. ? e . assessing the inherent response of different reactors, we will assume that
"Y" ~

| qj transients occur withour "scrau" (or operator intervention), )
4[~ Mi7 The inherent core response tc such traasients depends on the specific power |

.N' .M.q%,g
,

d; per unit mass of fuel (and its closely associated moderator) and on the o
..o .a following reactivity feedback coefficients. yCO WL ;%.~ > w. yggr ? ,

Wgyp,'3M (1) Fuel Temperature Coefficient (aCF)
i

. _
<

J

d.;[.~. . r:., .y]j
'

.

.

.

The increase in react.unce capture of neutrona with U-238 temperature, i |
7 ,

known as the Doppler effect, is indeed a dispensatien of nature. It j
'

. . g ,;,yr. provides a fundamental negative feed-back between fuel teoperature and
, 1

'

E dy(Sijj reactivity, and so leads to stable power reactors. j ;g

.i e w. 3 y
@Atm.,(#n}[. - (2) Moderator Tesoerature coeffleient (d M) OY

'y.,.

..b.it-
3L , .;r.cfy '; In heterogeneous reactors, the moderator temperature may be less than .gk that of the fuel, or following the fuel temperature with a long thermal f

.@Q-@.7 Q cime-las. Variath in moderator temperature cause changes in the meau '

.E'5h4..Q.g velocity of ther .rons and, while this doesn't alter the fission
*

W J .R i; rate for "1/v" x like U-235, it can have a rignificant ef fect
.Q'Ag for isotopes lik . ,9 which exhibit resonances in the thermal energy*,

. Ng.4g region. As a result, the moderator temperature coefficient can be either I
-

~

positive or negative depending on irradiation history, isotopic |.#.

:
. @ composition. and lattice constants.

' '" .tr . M.!
*

-

, f.: ;:MM If*'M is positive, but numerically less thana(F, the overall temperature
, % y p.M N coefficient (oc =ory +d M) will be negative and the core can still

MM M.C$
exhibit the cowplete stability required by an ideal " forgiving" reactor.y

Of' If et M is positive and muserically greater than KF, the overall
A,.j3$f%ea temperature coefficient will be positive and the reactor will exhibiti

*7 3 c*gM -et/g long-term !sstability, necessitating eitbar operator intervention or.

.W 3 automated cottrol. (The negative fuel coefficient will ensure short-

^TM. MJ term stability). $

' @h$ff.W& it W.i* :%.

M T.. h.
r%yh>y . %o. A .M

(3) Coolane Density Coefficient .? io
,9:i,.. ; - n

,

.W
.,.h,Y.f 9N<d

~

Provided that the reactor is under-moderated, any decrease in coolant A.

density (= increased voidage) will cause a reduction in reactivity. fince
h loss-of-coolant is a well-known accident scenario, a positive dere icy. L P N:: , f D9%e' Mr#Ny
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.1 { {coefficient (= negative void coefficient) is a sine qua non for any
.j (.h

,

" forgiving" reactor. This requirement is generally met by all '[%'M
e

Q- ? w V cc,amarcial ustar reactors (in the case of gas reactors the effect of
.*

71rAky&j
- '

*

this coefficient is negligeable). M

J[M$dtgN In the special case of a 2-phase coolant (e.g. BWR) the collapse of
?b

.

ePTg%-L
.*'.y, v

i coolant voids (due to a sudden pressurs increase) would therefore
Y initiate a reset.'sity excursion.N.e W,. ~. . ,, ' (y .

*
.,s

N
T 4 2.1 Basic Transiet Responses 7;

. b 4
j, .y .ne During each uncontrolled transient, the fuel temperature vill tend to rise ,

4 . from its initial value (Go)- but, thanks to the Doppler effect, there vill be - . * |

' '.' %p( ..$y4 2-?. ":
a negative reactivity feedback which will tend to stabilise the reactor. "f

]* Theoretically the temperature should reach some equilibrium value but, due to ?

-F.1.d,hf.Id thermal inertia, the actual peak temperature ( 0 max) La likely to overshoot . j' I

[. this value by a significant amount. |

y

@y' k * %tfJ If the actual peak temperature (9 man) is less than the critical temperature
/J * (9 cr) for fuel (or can) damage, then the inherent response to that particular 4*,

b. . transient is benign and no damage vill result from scram failure...
- .c

..:y

h *e# f%yr;s kMy For an ideal " forgiving" reactor, the temperature-rise-racia b
C.'N$.h, iyybpk

5j ~

.!
j R. = (emas - Go)/ Mer - Go) 1 for all transients. '' g
C%~ 'NC'8?.'j Wnila the potential initiating events and event-trees are numerous, the effects i

t

le ' gM on the reactor core can be grouped into three basic categoriast 3
, n. p . m W-. . , ,

.,.w, s.

. .s .mo (1) Reactivity excursions ).,@, 7, ,
'M- -v (2) 1.oss of c W ant-flow. }> i.,c. ,

N MM... (3) Loss of coolant.
#

]
'

j ;T.h.Th'

. . x m, n CM 2.1.1 Reactivity Escursiona - 4
(s y. g y ,; -

y . . .ev. 3:., c.m 4
.s..

u

. ,7*%~dv3QM (1) Maximum ("L ow") Reactivity Addition, e.g. all control rods and/or control
J a,.gJ.S.*G/J poisons fully withdrawn from the cold ccre sufficiently slowly for the.. & ?.'jD fuel temperature to rise in an equilibri.us unner, i.e. the reactor is.

iH.N.qdM just critical at all times.

. P' A=q&,9 }
g

'y (2) Mas. Single Item ("Instataneous") Reactivity Addition, e.g. a single i

' ,%Q y.
- z e r.Q ~ ;

'

control element is ejected from the reactor core at full power, or, in the l
16. '-r 7 case of BWR, a suddsn void collapse. l

2.~. .

,

[/ %q[Q g.$
- 7E N (3) Max Raactivity Addition Rate e.g. control rods and/or control poisons
d . 4. y% ",*6 withdrawn, at aarhmt= possible rate from the cold shutdown condition.

If there is significant. overshoot and the final temperature is very much

ykh,4;f A.tk*fa% grear.er than the equilibrium value calculated for item (1), it would
*j suggest that the withdrawal rata is too great.dWW e

%
f, ~$./h.qdy} 2.1.2 Lose-of-Coolant-Flow |% . c.,y

;5f . Wry y& $f<*f',\ ye.f. A % #
.

4f i'
! E'

|

~ 5 ;9.g 7N This transient assumes that there is a total, instantaneous, lose of coola.n
;

19- *

pihgp flow at full power. The resultant fuel temperature rise will depend on the
S ;. ' g-G,$qf- parameter (Po*1/Mc) vbero 1 = mean neutron lifetime and Mc = beat-capacity

cis,( g h per 'C of that portion of the core which is closely coupled to the fuel.
r4 (v&. pyW
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+ . r-n .

M d6f 2.1.3 Loes-of-coolant ;
*

f, y.> e,

. , , ,

.-- 17 .Q
o 7|.hgfj

e-
' p ,

'; 4 g This trer.sient assumes that there is a total loss of coolant, at full poser,
.jf-g due to a rapid depressurisation of the primary circuit. The transient .l*

t a perature rise ratio (R) can only apply to reactors dich, like the M,

g g.p@f graphite reactors, have a per==nmat heat sink at close proximity to the fuel - ,
.g i

.,.g,..g g and so any be able to withstand a sudden loss of coolant without inevitable ";
s%.

.

/+ fual dassge.'. aQ.gc.w
It obviously can have no ananing in the case of reactors, auch as L$E, d ich

*

W@%@'
7 |

:g have practically no inherent heat sink other than the coolant, so that fuel jf.,

y
h7 temperatures would rise to self-destructive levels in small fractions of an 4

. stg.-,wg '
hour. Such reactors must depend on engineered safety systmas to prevent core 4

; malt. ' f,yy..v n .

an;

31jpM& 22 *c=-t- j
. 1.:6

-

While it is envisaged that large .Was should be capable of riding out a list. . , s. m .,-

Q.E.%p.y., p'"
, of "anchipated transients" vichout scres, (Raf.1) it is not clear that they ;1

,

55 t
y,

,1 77'.3.r,h:.gl
- could be designed to ride out all the basic transients of the previous sections

-
- g@, in a passive meaner. 1

. -. jM, . ;-wg The "SECUtg* district hasting reactor (Esf. 2) has an inherent shut-down 'i 1

.,

Q 2W-

AN Q system. A further elever feature ensures that boronated pool water is drawn
'

u-

g.N into the acre vbenever a power / flow mismatch leads to abnormally high core j ,
''

.. UW- outlet temperatures. loss-of-coolant flow should be no problem, and lose- -

l

, 0,.d[ of-coolant impossible, .J |s ,

4. s . .- , *y ,

. 9B Turning to the ETCR, the core haat-up scenario for a $00MW (th) Febble Bed -

?f M Reactor (Raf. 3) features a total loss of all electric power virhout seras.

.. ; g'O.6- f It asy therefore be possible to design certain types of HIGR to achieve 1 1 )
for all the basic transients.m( acs

s

, y w .r 'A

%', .p ~ p,
I

e

3. RESIDCAL HEAT RLNOVAI.: J' . .

;* M'h Residual Baat Producties is one of the chief characterisites of nuclear
*MM reactors and denies them the "valk-avey" capacity of conventional power stations.

s m32%p.,,
-

Following shut-down, and in the absence of all cooling systems, the reactor
gg@@fiq1v:] core est eventually salt but, with adequate time, there is every hope that some

A
g

means of cooling could be improvised or, at the very least, an effective.

, W@[v.s
.? ^:w '

.

evacuation prograsma could be implemenced.
p

.

. .hib' Decay power and tuergy are shown in Fig.1 and it appears that over 600
1 full powe -seconde (FF.s) of thermal energy must be removed from the fuel
Q ..M.%7;+$*h, within the first day of shutdown. A " forgiving" reactor m at achiave this without

|~n,2%a.MQ
dsangics the fuel or plant, by entirely passive =====.'"t

,
y.4

,did $p,kN, MM. M/M Fig. 2 shows the four traditional barners to fission product release an.f

h indicates the effect of an unrestricted cere heat up. This scenario will be p

' NI[ghiMN.Q;i,f used to compare the inherent characteristics of reactors regarding residualThe later the fission products are released fram the fuel, and .7.jheat removal.m.

. '.7 < ,p.:sW the later they are released to the environment, the better. Q"

...,x b,, a
.,#- s

i Ef 965j _ Fig. 4 shove the estimated time history of soma published heat-up scenarios,
' rf.! 9.WJ . , and gives an overall pictura of the "forgivenus-capacity" of these reactors.

%. 3Ee , regard!.sg residual heat removal.9
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.. ,M # An ideal reactor would be capable of handling the decay heat by passive
" ~";bM o, means for an unlimited time, so that the reactor could be Ir.ft permanantly

h unattended without fear of fuel damage or fission product release.

[ M2Q.~ , .w. .
. "

Y6%i Thermal convection and radiant heat transfer are passive means of cooling, *;
4[g.Cgh"31 and an inherent heat sink s mid be essential for such an ideal reactor.
. - -

For every value of passive t ooling power which can be achieved, a corresp~uHne
, ", .A W.D value of inherent heat sink is required (Fig.1). De contination of 0.3% power

.-

7t

1)'
U.f for passive cooling and 10rJ yF.s for the inherent heat sink appear reasonable

mM . and will be used in this Saper as a possible gesidual Beat Design Goal. De )~'
a.jfh - feasibility of this son'. will be tentatively explored in the following sections. ;r

AhI$:& 4

..f 4. t,0NTAINMENT COOf.INC:

I3..ZlQ.K An equilibriina heat removal rate of 0.3% means that approximately 1M saast i

WG be removed from the containment of a 3000NW (th) reactor. The following 1 i

U ;;3${P methods of passive cooling suggest themsetves. } |

41. .. .a l

- jgfjWw.
n

. 1

4P#.v4
4 |#v ,. 4.1 Craviev-faed Water-cooling~

}
'

ww .* A a

b .kh nis entails a lake or riv'er at a higher level than the reactor and a .j
7+ 9 permanent veter supply of approximately 50 kg/s to the containmaat

/.. D,,,W".*1' emergency heat exchanger (s). nis water need not be wasted, on leaving
,-y
k

.'*S Mhd the heat eschenger(s), and could be directed to a reservoir for various !
.e

*A station requirements. d,
+
~.m...

.

~. ;
9 i .,. .

Natural Convection Water-Coolina '4. g : a'.M(. 4.2

)}
:

, . .1

. f.@ This entails a laka or ultimate heat sink, at a higher level than the
.x MM reactor, and adeq 'tely sized insulated piping between the containment

,

y $.A DN. emergency beac esciengers and the lake, so as to maintain sufficient natural

3 convection for 10NW of decay power.

. m. s.1 @:u .;.:,.. 9+

[g 4.3 Air Coolina of containment shell

' 7 ; .. . / q: .%)q In some ways this is the simplest and most funday. ental method of dissipating
,,t~-

%y.m the 1 M of decay heat.
,~Qj@M ;:' y f.5 Fig. 3-a shove an unshisided steel container of fairly typical dimensions,2
& M.j designed for an internal absolute pressure of 0.5MPa (75 psia). Assuning

chio pressure, the steel, .weQi-j the containment filled with saturated stems ac*C. Under these circumstancesshall should reach a temperature of almost 150wgA W M,e m radiation, alone, should easily dissipate 13NW of heat.TM3 2.M &' gh4 Unfortunately, fran the heat dissipation point of view, it is now the
..MQuN normal practice to surround a steel containment with a massive concrete

Wye]M% shield building designed to protect the reactor fre various external 'f.

MMW w effects such as gae-cloud explosions and certain types of air crash. So p.i
'
i

djN, far as heat dissipation is concerned, the reactor has then been covered by ,. 4 , }''

' ', f?r;-W- Mt'.. -
|

mM
- 'Lsomething eenivalent to a giant tea-cosy.

~, * . .-
f.

. on the other hand it is only necessary to provide air ducts at top andg.?'3 <J?q.y@
e

'. ' ' o . W bottom of the shield hilding to transform the interspace into a kind ofs

. Ta'.O. .QM
natural draught ch6ey, as shown in Fig. 3-b.i,
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% M9 N) The capacity for beat dissipation by natural convection depends on the I
WTN. g steel surface area ($) the chimney height (Ze) and the chimney annular t.

' 'P AA width (Tc). The heat dissipation is very sensitive to the relative height j
ratio (Ze/Yc) and, for a given surface and chimney height. there is an 1;' V 6 A CU(: .

.IM optimuss chf =ney width for which the beat dissipation is ==wh= (See Fig. 3-dh
1

. p.%
' \ . Tap.ifM 3 If the width is less than the optimme the outlet temperature approaches the ]e

surface temperature (Ts) but the mass flow is reduced resulting in a smaller
. ..+3ff

m
,y.

3 iQ g power transfer. J
<,)*'q.) .*

,

.$ If the width is gssater than the optimes, the outlet temperature and power 1,
91%.7?q. y' are both reduced. Fig. 3-h is based on a fairly typical width of 2 metres. -./

q -?.*,w@p|(,id.a and indicates a power transfer of approximately 4W. 1,
. .s. c

,*f% ky'd By means of light metal panels supported from the shield building, it should i
.

' h
7O be possible to form a.1 annular duct o.E optimism width around the steel j

.

m. QNf3 containment as indicated in Fig. 3-c. Under these. circumstances the power ;.

s dg m trdisfer should escoed 13W, i.e. adequate to remove 0.3% of full reactor w
u. '

$2hh j
*

s|

b r.4She b 5. nta cootINGt 1

a$;Q np ,pi

[ ",hg}r4h The ceumic fu'el partickes.areL able to withstand-very mich higher temperatures i

~

,

,
' N;.* h L.7f than metal clad fuel elements. F.ach fuel particia is surrounded by its own

II ^ sini*coarmin==nt of pyrolitic 5'*'hi"* *nd, according to asf. 4, has to b. e
'V: hastad to temperatures of 2500 C for some time before releasing its fission t'

products. .j* ' * "

.2 | |.-

- J. In sddition the graphite co a retains its structural shape at temperatures
g exceeding 3500*C and so fatas an inherent sink for residual heat absorption. f.
7. y *

- .;,

,

'h Fig. 4 shove the temperature and release-time history of two EGR designa.

vg during unrestricted core heat up. g

.]s N".i;n .

Heat-Up scenario (1) !
- }-y'. 'M.m.w

5.1.

<

m
-

,

t

*f;A4 This is the best-up scenario for a 300GW(th) Prismatic-Fuel EGR as given in
,>Q' pet 5. ! '

|9M & j
.

-_|gp A mean core emept.rature of 1260*C may be considered the upper limit at which:,

j forced circulation er.41d he restored without damaging th. scan generators andy.; m. y.

C' ' .;W metallic parts of the primary circuit outside the core. This point of "no-
n ... #.4 return" is reached wfthin a few hours.
~. ~

~ h.h At appro.simetely the same time the mean gas temperature and pressure have risen
'

Cudy to the level at which the safety valves open. . It. is assumed that, duc to a
._ yn high temperature. the valves stick open af ter a whila and so depressurisey

; b;y the reactor..

.a.T K'

.b. ;% ,'$ k Eaving absorp about 40L. yP.s of decay energy, the central core temperatureJ
WF reaches 2500 C in less thm one day and begins to. release fission products to.

7 '

' Nr[-P N %^ the primary coolant and hence, via the opeg safety. valve, to the contt, lament. (
'MQd% As large areas of the core heat up to 2500 C, fission products are continuously,i

h released over a period of days. qj,

'W 4..; W.L. .Q< t
'

. " . *..e~ 6w47 Provided the liner-cooling system operates correctly, it will be able to *
'

#7 dissipate the residual power and stabilise the heat-up accident, without
. . U ' ' ,. any damage to the PCIV concrete. '

y
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+ @ vrya= Q. *

Q D. .y -!

g' ~,nM n
7.fCig#"p:.7 $ In the abeence of PCR7 liner cooling, the concrete temperatue rises andg* spalling occurs. This releases vetor and CO e both of which may react with*

24 N.| q .).y. the not graphite to form CO and 5 , which then collect in the contalamsut.2 i
,

s ?MpN < ,p.= Atter some days, the containment might be overpressurised by casse gases, but I*M ,

ed Lt is more likely to fail as a result of a rapid combustion (or detonation) of I
*

< . .

* Sh,.k7 the gases when they reach flassabia concentration. j

. Wgw.JC e 5.1 Heat-Up Scenario (2)
.

4

N -

.ps

SMN The scenario for a 500MW(th) pebble-bed HTCR, described in Raf 3, differs 3MCd$ from the previous scenario in the fact that the maximum central core 7

.MoA 9: temperature peaks at approximately 2100 C so that the bulk of fission products -;0
3 i

' ;$M remain inside the fuel. 3 '
'

' S;W 7. T Q* 'a*
A Bopefully these characteristica can be extended to the case of a 3000MW (th)
a

. ,

4 y power station plant.
|}k

i

. :- d~ < i,2w

1 5.3 Possible Methods of Improvement

4. v.s .v-t % /g]
.['NMIM1 The following suggestions would tend to make et.e prismatic ECR closer to the 2

.

- 'J % G 5 ideal " forgiving" reactor, and are illustrated in Fig. 6 items 1 - 4. 2

Wh[!hfkN ked%.gpg 5.3.1 Hear Si h (Item 1) ;

y,W' .?i.%.2 .y.

%|.y -;p According to Fiss. 2 and 4, central core temperatures reach 2500cc at a time when
.

g,. g the energy absorbed by the core la only 450 FP.s. -*
wo

, ~ 5.M Table I shows that the mean core heat capacity par oc for this ECR design i.s

g S ?y very auch smaller than it was in previous graphite reactors. Increasing this. . .

heat capacity (i.e. reducing W/m3 graphite) would enable the core to absorb
pg 1000 TF.s without releasing fission producr% d

* .: .. g-

3.Q y 5.3.2 Liner Cooling (Item 2) fa n. ;.mA
'Mg,

hgg Present PCRV liner-cooling systems are designed to handle 0.3 - 0.6% of
;.g g..p q full power and, so long as they are functioning, there is no possibility of

.C{[fr wt concrete spelling during a core beat-up accident, and hence no danger of
jd,3 overpressurising the containment.

MWELQ
% g['. Q*!J t)'

4 Liner cooling depends on active systems with pumps maintaining outlet water
.A

.

preferable to have an entirely passive cooling systen. Concrete can withstand
temperatures of approx. 40*C but, for a core heat-up accident, it would be

J.; - sW { several tuandred 'C, so it should be possible, in emergency, to tolerate a
d h_. water outlet tauparature cf 150 C and this should provide sufficient thermal

%y U.h i
8

i

p head to pernic 0.3% power transfer by natural circulation to the steel
p f- C.d containment. The steel is externally cooled by naturs1 draught (5).

MU.M;pk0
:m.t.c

5.3.3 PCRV Liner Insulation (Item 3). ws %
N *$ h| p. |h,f 2 E According to the analysis of Ref. 5, the metal cover places holding the 1 l

"

J.C"!.g s g;M ;>5E*y mineral-wool insulation to the PCIV liner may be damaged during unrestricted 'I |

*: % j core heat-up. Collapse of these cover plates would allow insulation to fall **
*

. MF$d r off, and so expose the liner to the full radiant heat flux from the core.
~

* @ p| G ide!?e '

While total removal of the insulation would be beneficial, its partial

y yh.y.]
,

removal in one area may lead to local overheating, coolant dry-out and
evacual collapse of the entire liner cooling system.'
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4 1
' 'iM WE This mechanism for neutralising the benefits of liner cooling is due to the i 1

W, IcdQM
'

discrete and discontinuous neuare of the insulation. Insulation by means '' 1

M+M of refractory concrete would seem to avoid this potential for sudden, a
.

''df catastrophic, local overheating of the PCRV liner cooling system. ;}
v V.Nh: .a% ~1

MA G 5.3.4 Natural Convection (Itses 4) 1
"'

a,~ U[ k.' NY,N
I

.

. ,_.

gh , .h Due to the height dif3erenew between reactor and steam generators, the .j l
,

''W/.O4.gg earliest graphite gas-cooled reactors had ascellent natural circulation, but : l

'QMWd this has been greatly diminished with the advent of prostressed concrete
".4 . $9;r reactor vessels.

,
,

.x.: ; ~ u. s

k .(b.,{{ Q operating pressura, so that resigual heat could be resoved by the steam
It would be most easirable to have at least $1 natural circulation at normal

| f.f, *

.--;gg.E generators in the normal way without any need for operating gas circulators ;
' 3 t%,gb"nf at shutdown. * .-

Tri ';.

e mn g.,
"d' ge? big If the reactor is depuesurised by a facto.c of 10 the heat removal capacity

.

', q tg~ n,'7 by natuial conrection would still be 0.5% and (provided the core heat sink
m. < ; W W was 1000 FP.s) capable of stabilising any unrestricted heat up accident. The-W potential depressurisation ratio should not be so great as to reduce the7

'2 d convective cooling capability below 0.3%.,

~ .,

5.3.5 Steam Generators' . %g
%

i N,f; While there are obvious advantages with once-through steam generators, there
'j4 g is a lot to be said in favour of the larger cima constants and simpler feed

" Q;gy 9y
control-requirements of the drian type generators.

< ..

;M It is also desirable that all sections of the heat transfer tubes are,Qt%g
' ~ ,. yW .j designed to withstand the normal core outlet gas temperatures for a reasonable4

length of time.

v@m-.

. ;J&< ' 5.3.6 Containment overpressurisation
h'n!GW,

- n a
9*7 NC~d Since containment failure is due to the products of concrete disintegration,

O.NO '. it might be possible to construct the PCRV from a different type of concrete
'

,. v;fp a with lower veter ca tent and no limestone.
ts

j' 4+, The combustion (or detonation) of H2 and C0 is the most likely route to
gj containment failure, and could be eliminated by inerting the containment.

*

+ , ,, gp atmosphere.
.p we. . ..

7 ah ~. ',y b ') 6. LWR C00Ulsca

* .L DFrQ..2
qt ' q. , There is little heat-sink capacity in present-day light water power reactors

:3 W .: Q; . e . .1*, and little poseihility of passive heat removal from the primary circuit. 4, .,;, w .

H+ M'N ? k %(eh Fig. 4 - (3) shows the effects of unrestricted core heat-up of a PWR, baseu A . .. ,

Ja k .
. f ., ,e

4/Og?W on the values in Table II. Tha safety valve having lifted, the core would * I

'- _ , @g. ff,J
uncover and fuel heat-up casamence at t = 15E3 (* 4h). As the fuel heatr-up, I

"r

;; the cladding reacts with steam, releasing gaseous and volatile fission |

'"i. C products which are shown passing to the containment vis the safety / relief '

}p4 volve. Core uncovery and fuel melt-down should be complete by t = 20E3
. Wp (*3ih) and a further period of an hour, or so, is required to boil-off

4 g| 7gs ... the lower plenum water and melt through the pressure vessel.
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s@ ; Steam, hydrogen and C0g ara gives off as the basen,t is attacked, and these ' 'i*M. 94,g ,3 may overpressurise the containment either directly, or se a result of rapid
4

' i3p,/.%.7*
combustion (or datocation). According to 1&5H 1400 this might occur at a f-kW time ranging from 0.3 - I day, but according to gaf. 6 it shouldn't occur.

m .$. de, for 21 days, (Containment breat.h 3 and 3a). ',-

. A;f Q 'yf
M h .e A fresh look, at the inherent features of the Lim, would be required if there .

C'M M @eM. is to be any hope of realising the residual-heat design goal of section 33 7
'P9.s '' i.e. equilibrium passive heat removal rata = 0.3% full power and inh tent "|~

9
f7 ~

reactor heat sink capacity = 1000 full-power-seconds. _] .

%? 1
N'/MM ; The diagrams, Fig. 5 illustrate an evolution of ideas concerning residual _M..~

i7 Y .ew
heat removal from the cores of light water reactors. 4

'

e :pw..
-'|1.].|g* &* e ' .

.M-

J r &- b. ~Q
-- 6.1 Simple pool Reactor 4

4Aph.% n .3
~~"; AQs,@4$5 Fig. $-e shove a simple typ.a of reactor where the core is immersed in a

4

..

jeg/g/qg$ large containment vessel of water. On shutdown, the core is cooled by .g
.W ,.; qq natural convection currents. y

- W .r N@ g|f. M :
% 4

N9 In the absence-of adequate external cooling, the unter temperature and .j, Qg NM associated vapour pressure vill continue to rise until the safety / relief ' ;'

' ME?p valve lifts.
W f 0.4 ?j*

.

geh As more heat is generated staaer will escape through the safety / relief valve !
Sg and the water level vill decrease in the reactor vessel until eventually it

i

3.' begins to uncover the core. Ferther evaporation will progressively uncover ;

@Q/-
'. the fuel, which will then depend on steam cooling. Steam cooling causes '

steam superbasting which, as everyone now knows, is a clear sign that the )' (* AQ.uq4 core has been uncovered.. Steam cooling may sometimes be adequate to preve '. .

,

V% fuel melt but, in the case of Three Mile Island, it could not prevent clad )QY %.e tsaperatures rising, hydrogen generation, clad destruction and massi*e fission'

| proouct release to the primary circuit.
.J. L

.

-.N ja, . . ..''

f The energy absorption up to boiling point is: '
,

<-ym,
*

F.7 E -go = MC z (Tsat - To)
. n.@ h &.:n'?!d1. *%

'.. j[- W M:W To make good use of the water mass, the temp. difference (Tsat - To) should
. Y9 be as large as possible. Increasing Tsat means increasing the pressure+

YN$g[f
rating and cost of the vessel. Since primary circuit and pool form a single

; TN; entity, lowering To means lowering the useful output temperature. The simple
*.p ~~ pool system u therefore only suited to research reactors where lov output

- 9 GQ+ tesiperatures ace acceptable,.. av

h 'g&$1.% 0
1-~

' $ @g;M
.

6.2 Thermally-setresated Primary circuit

'. 72 4 '.y*

%YM The beat sink capacity of a pool type LiR can be greatly increased by employing.

djf.d%hp' i't a thermally-segregated primary circuit as shown in Fig. 5-b. By pressurizing

i' .M, kept to a low value ( _ 35*C) while the primary core outlet temperature can p
the contain==pt vessel with a cover gas, the pool temperature (To) can be 6

' %d]g >[.-

-k:%'g approach the contain==nt design boiling point.4. . .

, .m%d?M s .,

f JU In normal operation the coolant in the primary circuit is thermally insulated '

' - ; % %+{Q from the pool and prevented from sizing with the pool water by a small
.hb ~;. differential pressure. On shut-down the differencial pressure is eliminated'

}.' .'fN.
and the cold pool water enters the bottom of the reactor and flows upwards'

h' through the core by natural convection.
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h wg**hff, ' n.Q-

r, .+ d av
I. b ' ~Such a system forme the basis of the "SsCURE" District Beacias geactor Ms,E [M

-

described in another paper at this meeting. In ghis AgEA design, the pool b' -

|- ,MN consistsofhighlyboronagedwateratapprox.35C,whilethecoreoutlet . d
" 'QN

,

7 toeparature is approm 120 C. So long as the primary circulating pump is j!

..ST ,. operating, a differential pressure asintains physical segregation between the i' '

~ O %" primary coolant and the pool water. On pusqr trip, the boronated pool vecer - ''

9
~j

,

l

| @%.b :) enters the core and automatically shuts down the reactor.
;

r v es
. .- . ,9.

* ' * 7' ne implied beat sink capacity of this design exceeds the 1000 full-power }.

/' second criteria (see Fig. 4-(4) and there doesn't seem to be any reason why the m

'n ,
r-mining 0.6ter of residual hnet .waa't be dissipated by a completely 4
peasive contain= ant cooling system.

.@.i&
~ ;b_- s

-

- Q ,g.y; ~~ f While the Thermal Stdregation of the previous sectha permits the pool to be ]
1 kept at a lower temperature ti.an the coolant, the a re outlet tamperature X

y .Or[#j. y^W aust be lower than the pool saturacion temperature. n is is determinad by j
i the safety /ralief valve setting which must be less than the cone =4===at vessel _ .

- - -Q. ?.gr. A
y L .,

4 J V' = 5 design pressure. .j..

e ;,,w -
'5M A core outlet temperaturg of 120*C can be abtained with a cover gas pressure ' ,.

. .Xg of 0.7MPs but, while 120 C is adequate for a district heeting plant, it is $

. d@Q
] far*C (psat - 8.6 NFa). j}too low for electric power staticas which need temperatures. of at least .

1w 300
' ''

@.,~.s.s With a primary pegseure of 3.6 MPs, thermal rating of 3000 loi, and pool 4
i$'

, '" .t,# camperature of 35 C a voltans of 2500m3 of water would be required to provide |
a beat sink of 1000 full-power-seconds. nis le more than 10 times the volume^ g~,*eg of the present primary circuits and demonstrates that such large volumes

,

*

w * .N
'q/ ,M .e )
> L.

d 7E. E of water cannot be maintained at primary circuit pressure.
3

.
-- .-.

. . " rfW It doesn't seen possible therefore to extend the normally-Segregated pool
~

.

j${h,% design to large size nuclear power stations.
~~. w re < . q-

/ 6.3 pret.sure-Segregated Primary Circuit .J~ t ?s <
z*M >O

, y,.:: . w. .:
I;Nh Fig. 5-c shove a high pressure reactor primary circuit immersed in a largeI l n'.J , 44M volumn of water at a containment pressure close to unblent. Assume that the-

vN V,;;.7 reactor is successfully tripped, but all feedwater supplies are lost to both i

1>*. f o @N
primary circuit (make-up water) and secondary circuits (steam generator feeds), i

^ M.'i leaving the reactor without any active residual beat removal system.4

U $' M M S d n e primary pressure would rise until the safety / relief valves lifted. Steam iO *~d g;g would then be discharged and the reactor water level would start to fall. )~ y,m;j
*T.W*// According to Fig. 4 it would only be a couple of hours until the top of the
JC"f core was uncovered and core damage was inminent. Surrounded by a massive
M.,.. heat sink (but insulated from it) the fuel would find itself in a dire but
f.F;F pcadoxical situation and could well parody the words of the Ancient Marinart

, e

<-J y *$ g. m$
~.n 4

&.;J ag jp "Watar, vetar everywhere, but none the fuel felt
,2 ,. , .., Ti N c Water, veter everywhere, yet all the rods did molt". -

+-

n e p%y In view of the problems to be overcome by well-designed active systems, it is .i
.c.

MM g |!

. b;.t C t{S.y ". bardly surprising if the problem of refilling a pressurised (but partially .h

J. 7 7 f., I empty) reactor from a low pressure pool, by totally passive means, is a J, .fj.

p q W,+q daunting prospect. ct
'

3 :R9 7

' ~ TC.g*|M n e first step must obviously be to Japressurize the reactor until it has

. . |,$g[MR 114 the same pressure as the contain==nt atmosphere. nis can be achieved by? -

opening a set of depressurization valves (of a non-re-closing type) and
* f &.Q.
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. 7|M allowing the reactor to blow-cff steam into the pool until its pressure
'

'-

ikTJM l equalizes that in the containaant. At that stage pool water should flow j.

NNh'pj by gravity through the non-return valves to the bottoer of the core, refilling |a-

]}
the reactor, and establishing a natural convection path for residual heat,

, G'A TM.: f. -4CS f renoval, ne reactor would then form part of the water pool in a manner

. . N. mN
similar to that shown in Figs. 5-a and 5-b..'

~

)2 - ;
,

, v.9
. O8 Depressurization (or blow off) has the inhecent disadvantage of deliberately '. i

m| Z[ increasing the coolant loss, causing an immediate increase in the downward -*

dsw velocity of the water surface.4 -C -j ]
* *~ y-

.s I

a.

_ j. - . , i Steam injecto- d seem to have a definite role to play in passive cooling ,g~

rW ,g y systems (see to rad might well be used to overcome the inherent snags :
" T'1g 3 .g of depressurizar. . ., as shown in Fig. 5-c. Instead of allowing the blow-off

Y % c(g%
,. .

steam from the depressurization valve (DV) to be condensed directly in the ;
i

n.Qf . dd pool, the steam would be fed to a series of injectors which would draw cold i- -

.. _-dg ' water from the pool and injee.c it into the bottom of the reactor. Since |

M g.Wq[$j
,

the maae ratio of feed / steam should always exceed unity, the effect of a.

' . 5%,g opening the depressurization valves (DV) should be an Maadiate re%ction i
t

'

s/ ;.w,4 w in water surface downward trend. ., '

:3 a.:.

c' .ith, d,,E
,

ne nett effect of depressurization via steam-injectors is to utilize the
thermal energy-of the remaining reactor coolant to rapidly refill the (still

' 3 g%p Ngg Q partially preesurized) reactor from the cold low pressure poc1. i
e%d

MPP When the pressure is sufficiently low, the non-return valves open, snowing '

f ,Lf. a gravity feed to refill the reactor (if necessary) and establishing a na: ural
'"| .F convection pathway for continued core cooling. As the pool beats up, the

.p'- vapour pressure rises in the free space and stama condenses on the steel,, _

, ' " - walls of the containment thus rejecting heat to the outside. .B7 the time the
,

4g pool has absorbed 1000 FP.s of decay hast, steam cot.Jensation on tha
asternally cooled containment shell should dissipate 0.3% of full power. l

_ 9 4 ,A

2'' ,G. There would be multiple depressurization valves, non-return valves and l
1DM injectors, provis'ing red -imare and system reliability. Opening of a

'
d. -M depressurization valve would be initiated by s. Iower vour-Isvel signal from a )*

'
. .., / 3 sensor (or group of sensors) in the reactor vessel head (PWR), or below normal

'

@r water level (BWR).
. ; q :m ~ . -

|

|
' ' '.YN ne experience at nroe Mile Island has clearly shown that reactor water level

'

-3QW should be the key parameter to initiate all emergency feed (injection) systems..

3-
* "7W F.aaetor pressure, and drywell pressure, are less fundamental parameters and,*

though they can be useful as anticipatory signals, they can un replace cae )"P '"

D ~| key role of reactor water level. i

.7.. ,r.-
~,

, f,.k yo ensure tb4 passive nature of the system, each depressuris W 'on valve,
gy %y control signal and associated water level sensor (s) could fom an autonomous

. .. -j,f;, self contained system, independent of central control systems (manual or.

.W f, computerised) and azternal supplies (electric power, compressed air etc.).O *

*y,.x, w. ..g
4 #: ..My Drywell ',

'
'

|

D M,9 Fig. 5-d shows a similar arrangement, but restricting the unter to a Ac{.
~4O Wi.C i.

?
[ ' ', ;

. f ' *r : b'WM (cylindrical) tank, and leaving a drywell around the reactor.
-

. * . n. . ' %
.'.- ' .

a
- _s,. 4 In the event of a TNI type 1,0CA, caused by a leaking safety or relief valve, ,.

':- - |b the reactor would be depressurized and refilled to produce a natural convection'

D', f. - path, without flooding the drywell.
J :A>,

. + #m. .,. %e- .,
y

t -e. 2p p.4GM
.

- 11 -

.A.

. ' '%. y'
' N 9-W"W-"N4/i ...,g-.,7,7-. -- . ,,,---gg,n , ,, , . , ., ,.,,

V^'
~

25. .
~ |y ? sj

_ .s. . . ~ , .
**W

,

_. .. ~ , . , .a,' . .~|. * > ?. *F. . . .s . ..
N. ' h.g .

- % e.g. *. r ;** .n *1
's i Os. . ,, Q ~* Q ;*g M ,;Q - L ''. .g 4 +

:

o -#%*n. er*WR*
.% - ''

..

Q ..Q}* '

N W :k % . f 4.934 & w .s y Q g & y p+"9frf."g SR%
~

..

*M - 4 'h, _ . ,
* _q'

s - - WA.s;*4. ,k1
. , .. . ,

L . s
' *- , *

. - , , . . . . ..,.,.m., g,
. _,.

_ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ - - _ _ . _ . . - _ - - _ , . -.



_

}|r7T** . .
, ~[ -g.Q Q. yt, '.-n u- y '- .. .,

4 r

.;, '
u# . . . ..- w4, u.ss a ,., . e 7, , . , . ,

-

2

--N, . .aL; M. 3
_ _ _

$t ' y ' ) , -
,q%' q

. - - . .
.. ,

~ .

i, b y -
. - ,.

9, g g : r .- . . a ; Q < r. .
t

-'. l
|' . ' ' 'f

. ~t9 .u ... .; x. : ;
.W...~wgc_

m.
-

y w ,

..e.

' '

~

\
''

[' Sk '
- - .

'' P-
,

.- m4 N .,
- " - - ce-

%a*v. n .a.

.e * .y
' ' a

h ow
_

- ' u&.:. m . m..- - MM. n.. %.-j
'V. *. Q

*

. 4:. *st *% t
" **

% .'Y, \
~

.
1Ty.

-
''

~ % %5% .

In the event of a leak or break in the drywell area, the reactor would be 'l

-

. % MMw!'*

"Q7"*d depressurised, refilled and a natural convection pathway established sa before. %.

9;tN.M.7 However leakage would continue into the drywell until, eventually, the water
_I I

,

.2+.~T.s
level would equalise with that in the (cylindrical) tank as shown in Fig. 5-e.

~ - R. . . ,
j ,

1..

MW Pressurised gCCS injection would still be required in the case of the largest 1

.; )d'!J design-basis 14CA and the advantages of better injection points, such as tha .. A'

Mgf]h:.g , lower planus, (713 7. feature 3) are described in Raf. 9. ]>,
*

..g w
.

In the passive gCCS Injection Systeis described by sleimora (Ref. 8 ) large -7

' %5.t . . . % quantities of chilled water (approz. 10 core volumes) are forced into the -1
$.T. 6 reactor by steam injectors fed from the steam generators (PVs), or from special y

|;. ~.g.g{%,."j7 hot water tanks (BWR). J |
'

-. 4 v 3
, T M. . , . .N Fig. 7 indicates the possible appearance of a PWR incorporating a passive '3 )

hj heat sink of 1000 FP.s (1) with steel containment externally air-cooled by j ;

.) @ M . M
-

natur61 draught (5). Other features shown are: Depressurization-valve plus ca

M:m3G Jg2 steam injector (2); Lower plenum injection points (3); and Heat Transfer
f(%j6d.y.y by steen condensation to steel shall (4); The same features can be applied in

'l.M. Wh the case of a ER which, being designed for boiling, is a simpler systemJ 4* y
% so far as 14CAS are concerned. $

i." c'4
UM;*3 EM5h One of the lessons of TMI is the fact that PWRa aust be designed in such a j !

+t.., manner that, having lost the effect c# the pressuriser heaters for any reason, ;
a

. ..

$7* and reactor pressure having therefore hoppe t to the saturation value, they .

% ;-| een still safety dissipata chair residual haae in a boiling mode. (it is a
" % .a assumed that PVE pressuriser heaters are irreversibly swicebed-off, once the '

)
' 1, @g water level has dropped below its operating range).

..3
::y. .py .cw

1~

' j@ 7. cowCICSION$ r
*.+

_ - {? ,. j%.W;, Civen time, h==a beings can cope with many types of emergencies so that an
-p$F increase in failure-delay-timas is an important safety goal.t<- ,

a , .> . . . .s s.g.

.
%" d M}pf?[ ? >J. Present-day reactor designs have been av = had and, though their overall

y safety record is excellent, it appears that, in some respects, they are
. .piQ rather finely-tuned and not quite as " forgiving" as one would wish. e.g.

f ff- on shutdown, they muss depend on engineered residual heat removalN f
*Mp systems for extremely long periods of tira while, in certain accidents

.nn scenarios, the point--of-no-recurn for irreversible plant or fuel l

in some cases less than an hour.I damage is reached in a mattar of hours -

y. ..,

r "2 r if this situation was due to some inherent law of Nature, it would- n

O fd|'.
*

have to be accepted in order to enjoy the bansfits of Pission Power;
. .s ,- <

but since this is not the case, improvements may well be feasible, and the

f '7 4 creation of a truly " forgiving" reactor should be a stimulating challenge for/
pf- - nuclear designers.
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e c J/a4 C Specific h at ..8
!

;.f.Skin frict on coefficier.tCfI
-

I : n. ~* d <
E J Energy i.

,

Eo J Initial en 'tsy of pool d.df ,7 A* '
,

Wq. 1 s Mean neutroa lifetime;

4, :,i' Y M Mass 7
""QM/h' .5 kg*C Heat capacity per 'C .

'

Mc J/
.d

.

' Fy.yP'(?h P u Thermal power
.; - Po W Full (rated) power of reactor -j. #rNT p y> Frandt1 number ~j

% .NM
e.. Pr -

p Pa Pressure YRM
Pa Conr=In==ut press.are D$0-Q AN i p" *

'" Ff / 9g p Po Primary circuit pressure 3
f NM .d . T P W/m2 Heat transfer rate per unit ares Vg

Temperatute-rise-ratio (See 2.1) 7
Ikg,i[Mb g

M ,. 1 -

Reynold's number> te *-
'

1 jdj 52 5 a2 surface area of containment
MMW-an;' $2 = 2*S m2 Total heat transfer surface of chimney .;
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Stanton number J
4

~% M;ff* St
. Q***P.M .W. CM
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l D t s Time from reactor shutdown .
*

' f' m..e[,Q h g
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T 'C Temperature !

m .e To C Initial temperature of pool *w.

$p: m.ei y Mm ,
o

T1 C Inlet temperature .j
3v 72 *C Outlet temperature ',

; q . F* J3 y?1 TL1 'C
-

Liner coolant intee temperature'
,.

G[" Mjf;g! TL1 [C
Liner coolant outlet temperature j

, p.g.y ; Tp C Mean reactor coolant temperature r

"y D.' ( 1 Ts 'C Surface temperature of containrw.ut
'

' #a# Tast 'C Saturation temperature
df - W m Width between containment and shield buildir.g .I ,

,
Ye a Width of chimney

;., - ~. Ze e Height of chimney .

. J._ 7 9 OC Fuel temperature +

,'" 5 eo C Initial fuel temperaturr.8
.

. ,- T # sax 'C Maxiassa fuel temperature .

V -.- ; ece *C Critieml te.prature for fuel daasge

,2.:.);}. .kj. p kg/m3 Densirf -

i' H'd.YW'.'. Table I - Graphite Mase & Heat Capacity (full-power.second/'C)
$ g:: ?f,yg ;

:: *) :' 1 p.j '
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's. n.G ? . : -S BRADWELL WYLFA lHUNT. -9 F7LTON

b.MQ(a!8-h Power (th) Po 531. E6 1871. f;6 '1500. E6 3000. E6
* Core M 0.32E6

. . q'f + q. , t';o s .9 P' . Mc/Pn 0,19

[N$l Reflector M 0.59E6
Og n Mc/Po 0.3$

' O."MT Total EM 1.9 3.7 E6 1.0 E6 0.91E6
* N. s -W z Mc/po $.36 2.96 1.13 0.54
h.DM4 Effective * Me/Po 0.33

. =1800kg/m3 C=1300J/kc[C(97001 * Deduced from heat-up graphs j
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an
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i . MaM[ 7_'- too of fuel is dry -time (s) 1.45E4 2.4Eg

N Tot. Energy until -rP.sec ,r8 215 7D6
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f The author, who is a member of the European Community Reactor k
*4,. ".Jb p.4,1. y Safety working Group 1, has been involved with Nuclear Power4

' !i* : ' since the construction of the early British Magnox reactors. 3
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t% W nuclear safety problems for an electricity ecapany which hasn't- '
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'*jy The author is thus able to review the reactor safety scene7 .

.jj with detachment,and his comments, criticisms and suggestions
. reflect the questioning view-point of potential first-time
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math of Three Mile Island. 4
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