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ABSTRACT ,|

''Na -

>u ,_ {7 , ' , -Core melt accidents in nuclear power plants are analysed s

to occur with an extremely low probability. In spite of bearGrges "hgg, .

this fact the public interest concentrates on the radio- di Sander Prasamt lessed 5he
active material which may be released during these highly 13tamm Gemenser 4 twanes sese sw,

improbable hypothetical events. Therefore, the objective 4 0madw Camient remp 7 8sents wes Pg
of t he R.D-work sponsored by the Federal Ministry of

| (Pmusuw 4 knew BW basem
Research and Technology focus on the development of the
analytical basis for r adioact1 Ve source term predictions. |

.,__m_ . _ _ _ __m_.,_

It is the purpose of this paper - on the basis of 1300 MWe | Fig.1: 86Mder BuildN4 SiMdkWU type PWR's - to summarize and to compare the results
of current analyses performed tn the Federal Republic
of Germany. .

ACCIDENT SEQUENCES
INTRODUCTION

With a view of the considerations to be made lib tn1
The investigations into core meltdowns conducted for more paper,it is appropriate to present first a revie-

.' I t -
' t'

t o e, ten years in the Federal Republic of Germany (FRG) currently down sequence. In general, two cases can be dist a rs .i *

been concent rated on the source term for risk dominant typical exsmples: the low pressure and the high ;e< 'n,t > e

ident sequences. To determine the radioactive fission product which with respect to the radioactive source terr in e tc1i

e auses to the environment, thermohydraulics and thermodynamics to te the enveloping bounds for all other melt-a o s,

needed as well as comprehensive computations to evaluate the
osol and iodine fractions and their physical and chemicalo

eavior. Additionally, single problems - such as the pressure Low Pressure Path
"i beyond that the steel shell fails durirg:pressur123-

| After a large leak as initiating event 1h13i..n as well as the flow pathes of the gases w'ithin the reactor . .: 3-

tutiding before and after containment failure - influence the i ceeds at low pressure in the primary system. Frtr- ' 2r

r+ wults and therefore have to be identified. Recent analyses this category, the sequence will be describe 1 ro i-

gerformed currently demonstrate that the consequences of double-ended break of the hot main cool. int 1. r e i

relt downs had been cgnse,rably overestimated in previous failure of the low pressure emergency core c' lie if

rasic studies such as the German Risk Study / 1 /. The above the operation changes from the feed to the surg e. 1

t .e t emen t is based not the least on tne particular features mode. As a consequence of t his hypothesis the eva, r w,

t the containment and the entire building with respect to the reactor pressure vessel flooded up to the F.si-

'h- retention of radioactivity. A typical German containment line level starts 20 minutes after blow-down. au
shown in Fig. 1. the water level af ter 0.6 h has dropped down tu ?-- , a .-

of the core followed by failure of the core sus p t .s e
after another 1.2 h.

-- Q
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The interaction of core melt with the foundation concrete
*.

starts immediately after failure of the reactor pressure vessel g,,,,,g , , g,,g,
about 1.9 h after blow-down. Evaporation of the sump-water

*tuum e=d. * e3 astarts after about eight hours, immediately after the concrete fshielding in the reactor cavity is penetrated which, initially, ;
g,,,,,,gg,,,,,,

-beeps the sump separate from the melt. The long-term build-up m ,1 ce wn.n ,,a t.3 se
of pressure in the containment is determined by the evaporation "'****"3" 'A S'of the sump-water. With the containment isolated - which Iexhibits only the design leakage of 0.25 Vo1%/d - this gives L ,we pywe=,n a se
rise to a pressure build-up in the long run.

fj$[["]q"8 "I'"' #*
y, 3,

High Pressure Path Mi=te.
p. .

reo,s e c.1 mu,4 s sa sContrary to the low pressure path, this sequence is
crwracterized by events taking place at high pressure in the he rg-ow. e uAs* WP

trimary system. If, after an emergency power case additionally
the whole set of redundant Diesel generators fails, no wwwig 40,.ame e ene et.s im,ta wan esha

ciectricity supply is available, In that case, the decay heat
anttially' removed from the core to the steam generators1

which, on the secondary side, evaporate their water inventory tape t: watts y al ma nmens
until after about 1.5 h all steam generators are getting dry. ' '

'lhas results in a pressure and temperature rise in the primary
c a reuit onto the set point of the pressurizer pressure relief
v.1ves.

THERH0 DYNAMICS IN THE CONTAINMENT
Closing and opening cycles of the pressure relier valves AND IN ADJACENT VOLUMES

repeated until the dropping water level has rendered bareare

parts of the core in the reactor pressure vessel. The core is The calculations have been performed with the compute,
s ort ner heated and later there will be indications of melting. code WAVCC / 2 / which has been developed in order to trvttIt the reactor pressure vessel fails due to contact of molten the thermodynamics and the distribution of gases and a t t;e r
material with the RPV, substantial energy and mass transport constituents within a subdivided building. Based upon t v.c

4 .
t skes place from the primary system into the containment. features illustrated in Fig. 2, an equation system co nsint
Depressurization upon failure of the reactor pressure vessel of separate mass- and energy-balances for the state or t**

followed by flooding of the molten material and of the still atmosphere and sump of each zone is set-up. Furtheron,is

unmolten core parts slumped on the concrete foundation through additional balances for the mass of each component muat *,

accusulator water. Depending on whether the liquid and solid solved to determine the actual gas distribution. All pos it:
core parts are coolable or not coolable in water, the water thermodynamic states of the atmospheric steam are coen ; .l y
ev.aporates at a slightly faster or slower rate. For both, the covered by the same equation-system. Since the conditaanw
1 a and the high pressure cases Table 1 comp. ares the most side different zores are strongly dependent from each of he
important results of the sequence analyses. The lowest three all the zone-specific equations have to be combined t< t.r.
lines contain important information which is needed to value a coupled non-linear differential equation system,.

fission product release rates presented in the followingtre

:.mtions. Fig. 3 illustrates the overall reactor building as we, .

the flow paths which have to be considered in core melt .i'
In conformity with the results reported in the German Risk tions of release category 6 sequences (containment intact - -

St u f y on Nuclear Power Plants it can be assumed that in much in the first couple of days until overpressurization of t n.
than 90 % of all conceivable cases the containment is tight steel shell). Fission products approaching the annulusmo r,- 'c on

at t he onset of an accident. (except for the design leakage to released to the environment through the air extraction
t.. censidered) and that 1( remains tight until overpressure system via the stack - or - at slight overpressure conj 1-
failure. Therefore, the calculations presented in the paper tions - via leakages through penetrations in the outermoat
con (entrate on this scenario. concrete structure. After containment failure the pressure

in the annulus increases beyond the 0.1 bar limit- Then, a
large leak with an area of 12 m* which has been identarie.1 '

be the weakest point fails resulting in a pressure equaltsat n
between the annulus and the auxiliary building. During thta
blow-dowre procedure the pressure in the auxiliary buildtry*

.

increases up to the 0.05 bar level initiating failure or a
connection to the environment and to the turbine hall.

-.
.__

,
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From that point.on. containment atmosphere enters the era ; -

L f ment through several connections. The time dependent 1 :. .
rates via the different flow paths has been calculated

(__) ''",* --
a r.

z.= a le= s have been used as the basis for aerosol and todane c .s i c a l - i n3
c _ _ _ _ _ _ _ _ ,aa=h*

_
,""*"' ,,,, | The containment failure mode, in particular.the e rsg g*

_"I section, influences the flow rate out of the conta anzent, gg,,-
l_ __. _. rests i g>

3 wars--- 1 adjacent areas and therefore determines the released r 4.:n6
3 - - - - ' active source term. As a matter of fact, experts in th- F'

I|g 9 *3 agree today that failure of the undisturbed steel shell '

', '!
' 5 's German 1300 MWe Standard PWR will occur at about 14 t. o 38

I [- 3 # 's that in the realistic case at a lower pressure level 1. af: .) if
*

i'-{- -- <
before failure are expected. Therefore, investigati +a

i
i i i *

jff $j 'U
-

<*-~4 [h__ __ _. _- _ .
l ta= *8 == p- -- - load carrying capability were performed at different )---

e .

$ !'
of the containment.the goal being to quantify the ty6-

) f failure for a steadily rising internal pressure and t s e rn i ,_ ,
----J1 -* _ - - the associated cross sections of the openings.

At a pressure of 11 bar and a temperature of 17. isf* expansions of as much as approx. 40 cm and vertical tc.

rg. 2; eds.1DeterCasees " m M M displacements at the equator of about 30 cm occur an t ro .
e *

disturbed shell zone. Deformations of this size are >t t it-
ed by the surrounding structure; even before attaint a t-

loading condition indicated before, substantial constra;<
deformations take place at the disturbed 50ints and b.
leakages develop. The results show that failure or tr+ '

shell must be expected to occur first at the matert.st I
which is bolted to the steel shell of the reactor cont a * r
For verification a cheap experiment will be performed 4

| results of which could be transferred directly to reet
j ! tions without requiring to develop and run an empens t se

computer program.,
,

. i

s** According to the present state of knowledge a tram *

| | . e an*' .. limited size is expected. The leak size ranges t-etween w> <

(h
.}_

'8 84#1

I
'

$ l' and a value which is sufficiently high to prevent a furtre
continous pressure rise in the reactor containment. T h t .. e

J depends exclusively on thermodynamic parameters becao.e n.
|:0> I the energy and mass flows generated in the containment atc

# WW.af.a. s.vu9 time of overpressure failure must be removed through the !
IZ3* The leak is also strongly influenced by the layout of t h e-=C?:3 C

l***" s.nnn o auw9 containment. For containments of German standard PWB'.i a t'

lQCIO cross section is sufficient to prevent a further preswr. 2- * a se<: ]:ye,va-1 C
,

,w. w in the containment.,
,

i '

3,j On the basis of the energy and mass release into the
yng. 3: unm ar at RENs aggis containment and the two limit cases encountered for over-

pressure failure (20 cm8 leak and 300 cm8 leak) Fig. 4 show =
the pressure plot for the low (LPC) and the high pressure i -

(HPC). For the LPC a pressure increase up to the 9 b.er loai. .

limit of the steel shell must be expected after about rave
days only. Because of the fact the core material has tie r n
assumed to be coolable, a slightly shorter time interval of

.

4.3 days has been calculated for the HPC.
|
,

.

______ ___.
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Aeroso1s
. -

are v.it. t,. e am.: as, eter e.,,.t.e

n; 7 M&4 Data dertied from the SASCHA experiments / la tn. ..

* ' ' ' * b# ' * used in order to compute the release of aerosola ; is t 2. I e
.~* * the core and the primary circuit into the cont ,s t e m t . |

y, behavior of the aerosol system within the cont air.m. . t js
t n,. a.ie _ _

*AUA- ' '. I

/ Wa a.e m d the adjacent volumes have been analysed by the *8' * 8 8 *33

lary tem tme cs9 The code is based on physical aerosol processes su: .e2;
f

5"'*"* Tab. 2 which also includes the sensitivity of eacn ..

5. 1** g s" **f g = process on the basis of the conditions typical r~c r t a -
scenarios.

,

jA

[A _ aereest Nees lategretee at We8 5.sa t e.s ty,

aang, gas 41&ry tin 41 stag
, , .. , , , , , , .

="wa = m r, ,-i.i
_g,

Fw a: tarassaw msreds su stias catarr a unsers ave.u. , , , , , , , , , , , ,

nasapeNan fe te swur , |8""*W "r"a e

!' * ensemaan==. p , , , , , .

For the HPC the maximus pressure occuring during pressurization "* * "''*"''''"L***"""
or the primary circuit is well below the design pressure of
t t.c ccntainment. As already mentioned, the pressure can be autemsreu. , ,,,,,,,, ,,

leak whilst a leak cross section ofa #" ." " $'d '' "'""*P"*"*st.ibilized with a 20 celeads to complete depressurization. The pressure in the j,

3 n> ceaw.r.uius and the auxiliary building stays at the atmospheric
le w1. Only immediately af ter failure of the steel shell the fate r: esitivirr a sartma dama nsutis saossinpr easure within the annulus exceed tc the 0.1 bar level causing
ra s lure of the connection between annulus and auxiliary bu13 ding.
Tri t , fact has been predicted to occur for both the small and

i

i tia large leak size. For the high and the low pressure case Fig. 5 shows
' the instantaneous airborne particle mass in the cont aire' *

FISSION Pit 0 DUCT BEHAVIOR j

Until overpressurization of the steel shell only the
desien leakage from the containment into the annulus is j A

r 1crrective (about 7 m*th). In the low pressure case fission * te. v., sa1odine and particles are transported to the stack
p.essin3 the filter system via the annulus suction systea

' j e5'rears,
*

O ttout 600 a*/h). Because of the loss of power this system ,
4

d esn't operate in the high pressure sequence. For all cases 1 **fe s==e

t t .* filter itself has been assumed to be ineffective at the
' m

' I -

time of overpressurization failure. This is a very conservative
assumption because the situation within the annulus during and g
.ftsr this time period will probably only cause a degradation

the filter's behavi9r t.o retain iodine and aerosols.of j,

.

.-

,.

,

.'' I

. & d &vA
y' E 5 *

..

Ilg. $; a*W 4W54 se55 le M Mas

---- --

.
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Iodineshould be pointee out that, obviously. by far the highestItam unt of airborne particle mass are non-radioactive elements The iodine behavior within th1sotops. For the low pressure case (LPC) as a rerolt of the volumes has been calculated usi " ^
# '#3' '

m:tar.re aerosol source the airborne mass decreases by rore than The main features or the model 6 are summarize 1 in i g,

;

!Lve orders of magnitude within five days through aerosol-
failurepysical removal me::hanisms. At the time of containme:st

o nl y those substances can still be released at the muimum
wnich continue to be airborne. Starting with a less danse M" " "'# " M ******.Nerv5 = 9,,,,,,9

erosol atmosphere the removal in the high pressure re-quence
(HPC) is slower and in the long term period equals the situa-.s

tion in the LPC. At the time of overpressurization of the . c e ,w ,, ,.ontainment which is not shown in Fig. 5 even higher aerosol - .=,, .=r .s ow. . , , , , ,,,
ma. . .. ,.#

( ecentrations are calculated for the HPC. - Q.y wate. 1, i. cm ca ,,,, u
..m.,,,%,,,,,,, "' d

Fig. 6 shows the integral particle mass transported to w w .e . ,,,,,,,,,, ["y', ,, ;
- = 4g r c.

environment via all open Connections as calculated on the . , , , , , , , , , , , , , , _ ,the . , , , , , , ,t nis of the flow paths illustrated in Fig. 3.
-. , . .. ., .... . ,,,

- - wy , .-., n . -. . ,, . -.r.
*2.'....r.

.... _ .. _m. t w a se s ,.e

'- ^ ' ' ' * ' * -. * w eme w. ,ea .:. w w , .., , , , , ,
j. r

.a r v I=
<v '

' '}m, , y, , m ?

- ,, we, . . , , . . . = ie m . .. .m .. o . . . . ._,,, ,.O e as etne
- smary ' s..e= asolah8 *** e . m p.r s.p..T3 - : su tKns

le .a. .g.r.. .JSy.eu . G.m.W .4i := m e.s i,..

apu /p

*3 ..# c.. w c.r es Agl t.or e te
/ 3 5 . m e .' '** '2 *'*d*'*

/ / . ., .. m m . .., . m s ., . .,
hipsp r. see.

tuR.)
I ,

f fel. 3 pp.t. (.04 61. IfWWem 453sffTlM

..
i

4w
i

' These assumptions are based on the actual kno ledere i t.
this entremely complex science and represent t tle common l y

*, _ ' agreed opinion of experts in the FilG and abroad. Ne ver t hr i c .:. .go * _ d*_ 'i dgi important assumptions which usually include some conserv.st t amI"' ' *

need final experimental verification. The numbers which are
e m m as omieuses reported in this paper will change in the future anct there-

''t 8
fore should be taken as a preliminary orientation.

Analogous to Fig. 6 representing the aerosol release r4tes. .
Fig. 7 shows the total iodine releases to the environment f rCompared with the small leek cases the results indicate

4t.out a factor of 2 higher releases for the 00 cm8 leak. As a the low and the high pressure case (HPC). Because of the un-
y

e,,nsequence of the shorter time interva un g gr.11ure and of the higher amount of aerosol still a
stigntly larger mass will be released to the envir ment in failure modes on the iodine behavior is not presente*1. S t m l ! .-

tte HPC.*It also can be concluded that fai ure e t lters to the results of the NAUA calculations. larger lodine

pessimistically assumed is more sensitive nt e EPC. releases - at the end in the one/two orders of m.y;nitude rar.gr -
have been analysed for the HPC..;

.

- 1_9**
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This tendency demonstrating the importance of orgar.2c t-
*

,'"*'3 and I, has been identified for all scenarios., g ej
* 3 e S 6 89 i

f'

sy

CONCLUSION, , ,

.s< Finally, Table 4 summarizes the integral release or 1$7
and I 131 as the isotopes dominating the melt-down eanse e ces,pg,
I 131 determining the early fatalities, Cs 137 the late <. ers

j w' ' and the ground contamination. Although care should te teei as
,

_ w%c ;

% ,4 N a consequence of important assumptions which may chan te t r. ;e

I the future, it can be concluded that - compared with the ae.ults
j s'' Q% g,,, of tte German Risk Study - the consequences of core melt-1...r.s

will be much lower than previously estimated,a o.y

w* ;

2
'

q-4
i 3 * SW"- ) 4 5 e eoj (= tw . ,.i . usy ' * *

* En , , g,
* .

cases a w wrat em mse a w puestar Lee % Casere,. 7: 4 3 , g2- use 1 3. 3 35 e os s,g
- sase ! ?.e4 , y2

On the basis of the HPC the fraction of the different
,,, % c,,,
- **ss i 3. w3 g3

iodine species is given in Fig. 8. # ss ,,p3 8.5-***'2 5.e

1 .e - , . - . -

i, ,y same 2. m tem, , . ,

2 3 . , , ,
w3

e fels * CAE3Jde mg og g g M W'N hw M+ . , . .

Ev5 O W l'8"

M' se

"'f*'"" To confirm the expected tendency ongoing research wa,* . :n
[

j '* - specific aspects related to severe accidents has,to tic conq 1rt-
- ,4 - ed. In particular, this includes: sensitivity studies,

consequence analyses for other dominant sequences, improwrecutsl s' of fission products behavior and demonstration of aerosol i 1 et e-8y
" out (DEMONA-experiments). In additi6n, work is being perfor9 .13 w"- ,"

to clarify hydrogen distribution and explosion phenomena i

gg . well as the long term melt / concrete behavior (BET A-cu per tm. ot s ).
2 3 * 5 All the R & D work mentioned above has been initiated now", ye,j , , , , ,j 3 . 5 s

expected to be completed in the near term future.. .
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