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1. Introduction
.

When Westinghouse were commissioned to carry out a probabilistic study of

degraded core accidents for the Sisevell B reactor an important question was how

best to estimate the fission product rele ase fractions. Methods had been
.

developed for the Reactor Safety Study (RSS)[1] and these had subsequently been

used estensively in probabilistic risk analyses. However, in the int ervening

| years, questions have arisen concerning the adequacy of the RSS release frac-

tions. In the past few ' years, particularly, many authors have expressed the view,

that the RSS values are unduly conservative and that the release fractions

should be re-evaluated in order to demonstrate that lowe r, and perhaps much
,

lower values are justifiable. In particular, Levenson and Rahn[2] utilized

evidence from previous accidental releases of radioactive materials to claim

that ' natural processes' would serve to mitigate releases of activity to the

environme nt . This focussed the attention of the technical community on the need

! to develop a more comprehensive understanding of these ' natural processes', and
!

particularly of their effectiveness during a severe accident in a light water+

reac to r.

The approach adopted by the authors of the RSS was determined by the information

and time available to them. In its crudest form, this meant that where data or

i models were considered inadequate, an upper bound, or conservative approach was
I used. This is esemplified in their treatment of the primary circuiti calcula-
.f
{ tions of the core heat up rate following loss of core cooling clearly show that
J

J most of the volatile fission products would be released into the reactor
t *
; pressure vessel (RFV) and hence to the primary circuit before RPV f ailure. Even
.

) though the fission product transport pathway clearly led through the primary

circuit, it was judged that the conditions of flow, temperature and internal
,

structural arrangements were so comptes and the processes so imperfectly under-

stood that no reasonable calculations could be made. Consequently, application

that n,,o retention of fission products in theof the conservative approach meant o
,

t

|
1

| ,

I
i

~ . - - - - --- --*-
. ......n.n..n.. . - , - . .

%

_ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ . _ _ _



:'
b
e

i

.

primary circuit was claimed. When compounded with other conservatises, eg the

mount of core material which would melt, the time of RPV f ailure and even such

quantities as the time and mode of containment failure, this assumption has led

to the videly held belief that the amounts of materials and hence the consequen-
.

ces of such an accident have been over-estimated. To be fair, the authors of

the RSS recognised these issues and indeed presented a detailed discussion of,

for example, primary circuit retention, before concluding that they must dis-

regard it.
.

Three major reviews of fission product transport processes have been commis-

stoned in the past two years, NDR610(S)(3) 'PWR degraded core analysis' ( p a r-

ticularly chapters 2 and 7); NUREG 0772[4] ' Technical basis for ' estimating

fission product behaviour during LWR accidents' and NUS 3808[5] ' Source Terms:

an investigation of uncertainties, magnitudes and recommendations for research'.

In addition, many papers re fe rred to in thes e docusents address particular.
9

technical areas. The gene ral conc lusion , agreed by the authors of all of*

these documents, is that whils t there is a considerable weight of evidence to

give high confidence that the releases will be lower than suggested in the RSS,

the ' state of the art' was such that quantitative justification was still some

vsy off. There was however a consensus as to the requirements for future
t

research needed to provide the necessary data, and many countries, including the
:

! UR, are now actively engaging in this work.

1
In an area as complex and diverse as fission product transport in a light water

fully verified and accepted set of data may not becomereactor system, a

available for some time. The values obtained using RSS type methodology have'

been used as the baseline for evaluating the risk posed by the reactor from
~

severe accidents. However, as there is such a weight of evidence supporting a
i

change from the RSS values we have attempted, as an interim seasure, to provide-

! in this paper our current best judgement of the reductions which can be claimed
4

I using the information available to us. The values thus obt ained h ave been
.

.
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used in the calculations reported in NEP8 R137[6] to provid e an indica-

tion of the expected concomitant reductions in consequences.,

.

f We follow a procedure developed for the Zion and Indian Point Studies [7] for

* expressing uncertainties in the release fractions. This procedure is based on

,j the concept of applying a set of discrete factors to the initial release frac-

tions derived from the conservative methodology. The values derived in

WCAP9991[9] are referred to as the 'first estimates' and they are in the form

referred to as ' point values'. For a particular release category a set of'

' discrete factors are chosen, typically 1,1/2, 1/4, 1/10 and 1/20 of the
,

!
point values. (Note that in some rare instances a class having a multiplying*

~

factor greater than l' may be necessary if the specifics of the design of the
,

plant or accident sequence evolution indicate that the nearest RSS value could*

a

be optimistic). To each of these factors we assign a probability that this

release will be realized. A ' spectral distribution' of probabilities is thus

| generated, and we adopt the acaenclature ' spectral source term sethod' for this
.

approach. The release fractions so obtained are called the second estimates..

The principal issue addressed in this paper is the generation of the grounds

for choosing the appropriate probabilities.,

4

j In the previous applications of this methodology, probabilities were assigned

globally to the overall release fract ions and the choice relied heavily upon

3 expert judgemes.t[7] . Here we extend and develop the method so that considerably
!

'

more of the details of the acef tent sequence are. directly addressed when asses-

; sing the uncertainties. Furthermore, judgement is replaced wherever possible by
!

2 - calculations, albeit in some instances rather crude calculations. This finer

I detail is achieved in the first instance by considering the three principal.

phases or ' sites' which influence fission product migration. Thus, re tent ion

l !
|

'

t

!

| 2

i
,
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in the primary circuit, deposition within the containment due to natural pro-

cesses and engineered safeguards and any mitigation due to the influence of the

final leakage path to the environmen't are all treated separately.
6

It la clearly possible, in principle at least, to take the detailed investisa- '

tions to a very fine level. The estent to which this is justifiable depends
'

upon both the information and madelling capabilities available and the everall

level of uncertainty in the dole probabilistic risk assessment process. At

present, the level of detail described here is considered su f fic ient cemen-

surate with all the other uncertainties inherent in the assessment of accident .

sequence progression.

There are three basic sources of uncertainty which need to be addressed. The

methods described here pe rmit each of them to be allowed for in the overall

as se s sment . They are described below;

First the de rived release categories may contain contributions from diverse

sequences which reflect these phenomena to different extents, and we include

here uncertainties associated with the combination of the various sequences into

categories.

Second as we shall see later, the details of accident progression strongly

affect the release and transpcrt of fission products. Questions relating to

the core heat-up rate, thermal-hydraulic conditions, fraction of core involved,

occurrence of steam esplosions, and timing and mode of debris disportal follow-

ing RFY failure, all influence the fission product behaviour , and generate

uncertainties.

Third are what might be described as ' f und ament al issues'. The detailed
i

unders t anding of the physical and chemical processes (and, very lapo rt antly
.

their inter-relationship) has uncertainties connected with it. This is at a

level of both the mechanistic understanding and of the matheastical models
,

i &

! 1
i

|
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!
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for realising this understanding. An esemple of this is the nucleation proces-

see for the formation of aerosole. presently there are reasonably comprehenelve

! modele eeellable for aerosol behaviour, but this prejudges whether an aerosol

# could be formed in the first place. On the chemistry side, the cheele*1 form of |

9
iodine is important, since it is now thought that Cet forme a putticulate with

' quite different physical prope rtie s from the gaseous 12 species previou sly'

'
assumed.

This paper considere both the generic problems associated with defining release

* fractions for a tarde, dry-containment, modern pWIL of the sisevell type and the*

! specific application to this design. The results and discuselon concerning the
.

basic leeues can readily be utillaed for other reaeter systone of this type and
!

the results are deliberately presented in such a form as to make this as trans. |
i

parent as possible.

$ gecause the second estimate release fractions were required early in the course

j of this study in order to permit the consequence calculatione to be performed,
1
* ease of the detailed separate effects calculations reported here could not be

taken into account at that stage. This means that the distributions which can
i

be derived frem the calculatione reported below have detailed differences frae

those used in the consequence analysis and repeated in Appendia M of the CECg's '

' s t at eme nt o f e ase. Three specifie seaspies should be noted. piret, in eestion [
?

j 4 we consider the ef fect of taking into ateouet a realistic assesseent of the

Laternal surface area and evallable volume of the containment on the deposition '

.
1

1 .

of aerosels. For esses of delayed overpressur/ f ailure, where many hours are ,

i avellable for these processes to operate, these ef fects can be large, but the i

original results were in f act based on eeneiderations appropriate to prompt

tentainment f ailure. The test describes the situation applicable to the delayed'

failure but the final resulte quoted use only the more toneervative prompt
i
I fatture analysis. Second, during the tourse of thle study parallel ef forts were

! $

i,

L
,

i
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underway to reassess the frequentlas of the various accident sequences. Thie ;

t

messe that the final composition of the rolesse estegories was somewhat dif* I

f
j fo rent from that assumed at the stee this study began and used in the final
, i

values quoted here. Third, when the interfeeing systems LOCA wee first enely- i*
,

sed, the dominent contribution wee esseemed to arise from fattures in the

| valves separating the low pressure systeme and the cold lege of the primary

cirevit. However, the moet up-to-date emelye(s indleates that it le the hot les ,

!

connections which dominate. Thus, the snelysis, presented in section 3 is for
;

,

j the het les situation. Table 3.4 gives the results of this enelysis, uh!!st

table 4.1 sheve the resulte used in the consequence calculations. The dif*

forences are very emell, and the snelysie in section 3 containe all of the
,

argumente pertinent to either the hot or cold les situatione. p

f
the body of the paper is orgenteed in the following way. section 2 defines the i

,

i spectral source ters oathodology and, in particular discussee in detail how the p

I (
second setteste roleses fractione are derived from the inforsetton presented in +

'

the rest of the paper. In partievler, it discusses the oathenetteel methode |

'used to combine the dioerete probabilities in a conservative way.

gestion 3 eevers the generally important eree of primary circuit re te nt len, |
'

ii .

firstly by detailing the generet mechanisse by which flecton produsta in either (;
f

vapeur er partiste form een be depoelted and trapped within the sarcuit and
,

' eesondt'y by giving speelfie esemples. The first esseple le the "isaterf acing
:

I systeme LOCA" (the V sequente of the 333). Hereg we utillee seleulatione of the |
<

etrcuit senditione, temperatures, mees flow rates, ete to provide a detailed |

esaminetten of the primary circuit retention, in additten, the influence of the ;
'

reeldwel heet removal alreutte en fleelen product retention le esamined. Ao !

! with all of the esseples given in the paper we give the salestated probability !'

li
; distributione et seek stage of the tronoport pathway. Large break LOCA's, teoll [

L

break LOCA's and trenelent evente are libewise seeh treated in detail, la ell [i
|'

'

4 ;

f
'
__ .. . . _ _ . . 1

!
i

i
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of these camples we e phasise the additional information demanded fra the
e

plant engineers to satisfy the needs of a better estimate of fission product

re te nt ion. The most obvious example arises when studying the large bream LOCA.
,

A hot leg break leads to little calculated retention as the flow path from the'
,

core to the break is short. However, a cold leg break requires that the vola-
.

tile fiselon products pass through at least one steam generator before reaching'

' the breake The differences in primary circuit retention in the two cases are

large and it is necessary to obtain estimates of the relative frequency of hot

; to cold les breaks to properly assess the primary circuit retention. A sussary

table of distributions for these four dominant accident types is given which can

[ then be used appropriately in an overall estimate of the releases.
.

The nest stages in the release pathway are the containment building and the leak

j path, which may include the ausiliary building. (This is excepting the inter-

. facing LOCA V sequence which bypasses containment and only involves the
i
! ausiliary building). section 4 addresses containment and auxiliary building
'

fission product retentien and section $ considers retention in leakage paths.

Again, the general mechanises available for retention are esamined be fore

detailed esemples are given. The basic philosophy is the ease as that for the

primary circuit, but, of course, this part of the pathway wy treated in the

| 353. We are therefore conce rned with estimating the conservatises in the
i
~ original models used to calculate the ' point' estimates. In addition, the RSg

! ' point' values were calculated for only the early contalrunent f ailure modes

(escept for basemat settathrough). The Zion and Indian point PRA studies asi
t r

well se the specific gisevell a estrulatione indicate that there will be a delay
4

of many hours in eene cases before containment overpressure f ailure = thus even-

using enactly the ease techniques as the 353 would lead to reductions in the
,

' ' point values'. This complicates the interpretation of the ' bene f i,t ' of the
I

state-of-the-art methodology and we return to this point below.'

I

l 7

i

e

1 8
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In Section 6, the results obtained for the three stages of fission product

migration are brought together to provide the second estimate release fractions

for the sinewell B reactor.

Finally, Sec tion 7 includes a discussion and the conclusions of this study.

p

4

.

.

.
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3 2. Spectral Source Tem Methodoleev
i

! nis section defines in detail how the second estimate release fractions are*

{
- calculated in the rest of the paper. The distinction between point value and

spectral source terms is made, and the description of releases in tems of'

release categories and chemical classes [8] is reviewed. non the discretization'

of the' distributions and the way in which they are obtained are presented.. , .
4

I Finally the way in which these distributions are processed to make a final
I

j' result is defined and illustrated using a particular example.

!

:.1 point value and Soectral source Terms

) As defined in (8], the source term consists of two different sorts of inf orma-

f tion about the release the release fractions, the amounts of the various

6
' fission product species released, espressed as fractions of their core inven-

tories at the start of the accidents, and the release characteristics, consist-

ing of such information as the energy content, timing, duration and height of'

I

|
the release. In this work we are concerned with the release fractions only,

f In particular the term " spectral source ters" (a short form of " spectral repre-

sentation of source term release fractions") refers to a probability distribu-

tion over possible values of a release fraction.

I The first-estimate release fractions are calculated using the methodology of the
i

f
VASE-1400 study [1]. The application of these methods to the sizewell-B design

} and various improvements in them is der ribed in WCAP-9991(9]. The first-

- estimate release fraction 4 (1) is given by the formula
4 i

, , (C1) ... (2-1)- ,(1) .

.
.

Here e is the fraction of the core inventory of the species in question whien

is released from the core in the accident being considered , and t (l) is the
g

i
I first-estimate fraction of the amount of the species entering the containment

,

which is subsequently released to the environment. The core rolesse fractions,

9

~ - _ . .-. . .. .
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6, are those of WASH-1400, and the containment release frac t ions , 4 arec ,

calculated using the u)RRAL code, which uses first-order modelling to predict
t

rates of plate-out of vapour, deposition of particulate, and spray washout. For

some accident conditions the CORRAL results come directly from WASH-1400, while

for others new CORRAL runs were specially commissioned.

The first-estimate calculation makes no allowance for retention in the primary

circuit, in le ak paths from the containsent to the environment and, in cases
' where the release is to the auxiliary building instead of to the containment, in

the auxiliary building. The secont-e s tima te calculation att empts to take

account of retention in these sites, as well as to improve the modelling of

retention in the containment. But as well as attempting more detailed modelling

of fission product trans po rt , the second estimates differ from the first in

the way they are used to present the results. For each accident the first

estimate gives a single release fraction value for each species. This number is

called a point value. By contrast the second estimate replaces this number by a

probability distribution over a range of release fraction values, a so-called

spectral source tern. The use of the spectral methodology reflects the nature

of the derivation of second-estimate release fractions. They are not calculated

I by a self-consistent and validated modelling of all the processes believed to be

1 going on in the system. Rather they are based on expert judgement supplemented

by separate effects c alculat ions where possible. The spectral methodology

allows the esperts to empress a judgement on how uncertain their results are.
.

The argusents deployed in this paper for source $ers reductions are not intended*

as a substitute for the full modelling esercise. Instead they should be regar-
!

ded as part of the initial scoping calculations, used here to provide interim

estimates on likely conservatises in the first-estimate methodology, based on

a general understanding of the relevant physics and chemistry.

'
10
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,

2.2 metesse catenories and chemical Classee_.

.

For each of the many possible end conditions indicated by the gisevell a severe

accident event tree there will be a corresponding source term. To staplify the

problem of dealing with large numbers of source terne in consequence calcula.

tiene a deciolon was taken in WCAP-9991 to group those which are suf fielently
*

eleller into so-called release estenories. The set of release fractions
.

seeigned to each release category is thereaf ter regarded as being soneervatively

representative of amounts released in all the accidente belonging to the cate-

gory, in other words, the WCAF-9991 method of grouping evente at pinch pointe

was used to dieerettee further the wide spectrue of possible releases frcan the
,

many accident sequence s. This approach was also used in WA$bl400, but the'

discretisation for sleewell a to finer than that in WAshl400. Care is taken to

ensure that the release f r ac t ione se e igned to a particular release category'

constitute a reasonable upper bound to those for its constituent accident
,

sequences.

.

', Because the first estimates of the release fractions assume th at no flesien

products are retained in the primary circuit, it is possible to define the

categories on the basis of events in the containment. Thus the dif ferent

release categories contain accidente that include the ease bey in sentainment

events frces amongst the following
,

1. containment by-pase,
*

2. early overpressure f ailure of the cos'ainment
r

3. an es-vessel stema emplosion leading to en enhancement of fiselon
product release via osidation methantees.

4. containment isolation f ailure or esall containment by= pass.
.

S. late overpressure f ailure of the containment
!

6. vaporisation release
.

7. containment basseet f ailure
.

8. eentainment spray eyetee felture ,

*

9. sueseesful malatenenee of containment integrity and testation.

.

.

: 1|
f

., . . . . . . . _ . . . . .
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Primary-eircult-related events play little part in this classifloation because.

primary altcult retention is not sedelled in the first estieste calculations.

In all twelve release categories (Uti = 12) were defined, and are briefly
t

desettbed in Table 2.1.

of these twelve eategories, five, nosely Utt, 2, S. 6 and 12 were selected for

application of the spectral eeures term nothodology to the derivatten of
,

second= estimate release fractione. The ecleation was made en the grounde that

the ehd9en estegories severed oest of the seures term phenaiene of interest in a
'

study of this kind, and also that they were the eategories Ilhely to datinate
'

the rish,

Just as aseidente are grouped inte release eategories, se all the eheeleal

speeles whleh eeuld poselbly be released are grouped into eight sheeleal

elassee, asserding to the eheraeteristles of their release from the sete and
'

transport through the eyeten. The elasses are based en those of WAgital400, and

are listed in Table 2.3. For this study only two elassee are of interests

(norgente ledine-eentaining vapeurs (alsee 3) and alball est al compounde (elate.

4). These are usually referred to se "ledine vapeut" and "eaeolue particulate"
,

res pec t ivel y, following the prinalpal sentributore to the eleasee. Organie

ledine has been aseitted fata tensideration because its sent ribution to the

tonesquensee le small stepared with other iodine forse for the higher release

sateseries, even when the aseend setteste values for the other forme are esa-

played. The analyste for eseeium partirulate aloe applies to any particulate

seterial released predominately at the sett release phase (le when the sore le

still in the reaeter pressure veteel), but not to the mere refreetery eaterials

released mainly when the core debrie le en the fleer of the sentainment.'

Clearly the primary strevit redvattene are not applicaele to releases frtse the
e

eere material whleh secur in the sentainment itself.
' In this work the analyste le carried through for both ledine vapeur and easelue

partleulate, flowever the belance of eurtent evidence suggeste that meet of the

| ledine will be transported in the fate of easelve ledido. Therefore the final

! teaulle give spettral eeures terse for the casolue partleulate only, a elate
t

63'

:
. .
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,

|, assumed applicable to the transport of iodine, caesius and probably tellurius se,

i
well. The switch of attribution of iodine transport from vapour to particulate

i

f
also causes a change in the first-s et isat o release fractions se described in

l Section 6.!

|
2.3 Dierrete probability Distributione'

,

For each release category and for each chemical class of interest we start with.

a firs t*est ima t e release frac t ion, $ III. It is convenient to espress the

escond*estieste release fr ac t ione , 4(2), se ration in terms of the f actor (F)
.

by which the first eetteates are modified, neely
,

$(2) / $(1) ... (2*2)*

F =

Lapressing teoulte this way shove clearly how going beyond the WA$H-1400 method-
,

l

elegy changes the asounts released. Note that in thle work there are many

different fractione and fractions of fractions. Particular care is new.. in

keeping track of which is which. Aa espleined above the second estimate le not
' a single value of F but rather a probability distribution over the possible

values of F. To elsplify the manipulation of these distributions and to avoid

giving the results an aura of accuracy beyond their serit the continuous range
'

of values of F (e replaced by a discrete set of representative values F1, where
*

i

| 8 = 1 .... N. For the present study N to chosen to be 6. sad the values chosen
t

are ,

'
e

2, 1, 1/2, 1/4, 1/10, 1/20
* *

The spectral eeurre tore le then a dieetete probability distribution (DFD), a

set of ein numbers, F(F), such that'

6

I ... (2-330 3 F(Fg) a 1 and I, F(Fil *
,,

!=1

Because F is af ter all a sentinuous variable, F(Fg) is not the probability that

F le essetly Fg, but rather the probability that it 14ee in ecno (unspecified)
,

,
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F. If a point value release frac tion associated with theinterval around t

second estimates is required then the Dpo mean ,

6

E F(F() F( ... (2-4)F =

i=1

can be used.

2.4 Deposition states

As the fission product soves from the degraded core to the envirorument there are

distinct stages in its deposition. For release from the containment these are

primary circuit (F), containment building (C) and leak path (L). In UK1 the

release is to the aus11(ary building, so the stages are two: P and musillary

building (A). For the second estimate each stage of the transport process is

treated separately so that equation (2-1) is replaced by

$ ty(2) ,C( } +1I ) ... (2-5)$(2) =

I

escept for Ut1 where the form is

, ,p(2) ,(2) ... (2-6),(2) .

(llote that to deal with the refractory osides released at vaporisation phase

directly into the containment (2-5) should be used with the $,(2) f actor

removed). It is useful to define a second to first estimate ratio for each

st age . The two equatione above then became

... (2-7)Fr FC FLF =

(f8F UKI) *** (2*8)F = Fp FA,

because the first estimate has deposition in C only,(le $(,II = 1)IIete that
,

; r,,t., V,1),, - ( 2-"-

,

i
t

14'

- . .-



a

_ . _ _ _ _ . _ . . _ _ _ - - . . _. ._ __ _ .. _ _.._. -._.. . .._ _ _ . . . _ . _ _ _ .

!
*

.

4

Although equations like (2-5) and (2-6) involving products of fractions are*
.

strictly true for any sequential processes, the use of fractions,9 , rather than-

.

the masses of the materials is strictly appropriate only when the f rac tion

deposited is independent of the mass airborne. This is equivalent to th e

assumption that deposition is a first-order process, the rate of deposition of

mass being directly proportional to mass airborne. With aerosols, ag glome ra-e

tion, a second-order process, can affect the rate of deposition. If this

- is a significant effect then one must work with masses of substances airborne

and not just fractions of core inve nto ry. Of course the final resulta can be,

expressed as a fraction, but this is no longer their natural representation.

These caveats having been made, we continue to deal with the fractions in the
.

present work, as we are interested in deviations from first estimates, estimates

whose natural expression is in terus of fractions.

Expert judgement is applied to fission product transport and deposition to each

sequential stage separately, and separate DPDs are arrived at for each of the

fractions Fy, F , Fg, and, for UK1, F , based on the six representative values F[C A

defined above. These separate-stage DPDs are the interf ace between the expert*

judgement and the statistical methodology defined in subsection 2.6 below, a

! process which converts them into an overall DPD for F. They themselves are not
,

produced by some well-defined algoritius, but rather are a numerical expression

of the uncertainties discovered in the review of first-estimate conservatisms.

i llow these results are arrived at is desc ribed in Sections 3, 4 and 5.

i

2.5 Derivation of Separate-State DPDs.

The first-estimate methodology uses various simplifications. At this stage of

progress in modelling of fission product transport in PWR's going beyond these
:

simplifications f avolves uncertainties; the purpose of the spectral methodology
,

|
le to reflect these uncertainties and provide data upon which their importances

can be judged. The original choice of how to make the staplifications was

I
! 15
t
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int ended to be conservative, so most of the statistical weight f alls on the
i

values Fi ( 1. However the value Fi = 2 is allowed for to take account of cases

where more sophisticated modelling could predict a release fraction greater than

the first-estimate point value.

The unce rt aint ies which go to make up the s epa rate-s t age DFDs are of three

kinds:,

1. Uncertainties in description of categories in terms of sequences

.

2. Unce rt aint ie s in knowledge of physical conditions in a sequence

.

3. Uncertainties in modelling consequences of physical conditions

As explained in 2.2, dif ferent accident sequences are grouped together into the

sase release categories, and the different sequences will have different first-

estimate release fractions. Strictly speaking these differences are not
.

uncertainties; the fractional contributions of each sequence to a category are

known, and the release fractions could be added together weighted by these

fractions to produce a category mean. However it is convenient to treat

this question under the heading of uncertainties for the following reason. The
t

point value for the category is taken to be one of point values of the contri-

buting sequences. Allowances for the other sequences can be expressed by giving

weight to non-unit values of Ft in the second-estimate spectral source ters. On

top of this there will in general be differences between the sequences in the
i

way the uncertainties of the second and third kinds cause departures from the

respective point values. In this case second-estimate release fractions should

be divided by the category point value tc calculate F, not that of the sequence

under discussion.

Differences between first estimates for contributing sequences apply only to the

cont airme nt building; first-estimate release fractions are all unity for other

16
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* stages. In fact differences between the sequences are small in the contairusent,

and largest in the primary circuit. Cont ainment building uncertainties of the

second 'and third kinds are calculated without reference to sequence difference.

By contr ast the primary circuit modelling is carried out on a sequence-by-
,

sequence basis.

In the present work the seqt.ence results are not combined at the separate =*

stage DPD level. The categories UK5 and UK6 are split into subcategories

A and B corresponding to large and small break LOCAs respectively, each with a

different primary circuit DPD. An overall DPD is calculated for each subcate-
* *

go ry, and only then were the results for the different sequences combined.
' For the final categorisation used in the consequence calculations, the weighted

average of these subcategories v as used.
,

once the choice of sequence has been fised, or decided to be unimportant, there

are still uncertainties as to the physical and chemical conditions which then

obtain within the reactor system. For esmple, the mount of plate-out in the

primary circuit following a LOCA depende strongly on the position of the break

and on the subsequent flow pattern. Deposition in the containment depends on

the surface ares and free voltsee available. Uncertainties in these and similar

factors are allotted to the second kind. Finally even when these conditions are

well-defined there are still uncertainties in our basic knowledge of how to

model the physical and chemical phenomena.

The separate-stage DPDs are derived from considerations of these diverse uncer=

tainties. As espleined earlier the procedure for doing this is based on judge =

sent rather than on an algorithe. The uniform appearance of the DPDs conceals

i the f ac t that the sources and reliability of the input information vary con-

siderably from case to case. In the reduction to a uniform forest, a wella

defined algorithm is applied. This is the subject c'* the next subsection..

'
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2.6 g inina the Distributions.

The probability of getties a particular sequence of reductions. (F T ' I I' I8y C L

I taken to be the product of the separate probabilities:

C L F(Tp) P(F ) F(F ) ... (2-10)F (Fy, F e I ) *
C L

.

Fre-septing the detailed rationalisation in the rest of this paper i.e take for
,

essepte. the sees of particulate esterial in release category UK2. The
.

separate-stage distributtees are

2 1 1/2 1/4 1/10 1/20Fi *

F(Fy) 0 0.25 0 0.3 0.45 0

h F(F ) 0.1 0.4 0.4 0.1 0 0C

F( Fg,) 0 0.3 0.3 0.3 0.1 0 i

-
.

,

The ptobability of the eequence (Fy * 1/4, FC * 1/2, FL * 1/2) is then
'

!

F(1/4,1/2,1/2) * 0.0340.3 s 0.4 a 0.3=

,

Slowever it is not the sequase of reductions that are of interest, esty the
, ,

produets. So we se over ett sequences of fressions with the ease prodwet.

nis see be eepressed eyebelleetly using trenecker detta notettee (4 Ash * I Af j

A * 3. * 0 if A # B):
i

* 2 i P(Fp) P(F ) P(Fg,) ... (2-11)F(F) C
F ,F F W Ckp C g,

la our esemple the sequences of frastless with een-sere probability which lead

to F = 1/16 are (1,1/4,1/4) , (1/4,1, l'/4) , (1/4,1/2,1/2) and (1/4,1/4,
'

I

1). Therefore
'

0.0815F(1/16) = 0.0073 * 0.034 * 0.036 * 0.009 *
,

This gives us se everall DPD, but one defined for a freetten not sentelse 'a
,

,

the original set of sin. To redues the result to a DPD beoed en this cristaat,

:

. ,

a

t
,

'
i . ... . . . _, . . ,.

(
|
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!' estof Fg values we use e process salted eeneervative condensation. This eleply '

means that the probabilities of fractione not en the original list are added

into the probabt!! ties of the next largest fractions which are en the list. In

our easeple P(t/16) is added to p(1/10) and the result le the new p(1/10).
l Thus, the final resulte may be ceneiderable oversetiestee of the release using..

this eethod. The effects of eeneervative condensation en the lis2 distribution

are shown en Figure 2.1.

It le toportant to note that the use of the product rule in (210) requires an

assumption of statistical independence, namely that the retention espected in

the sentainment does not depend en retention in the primary sireu.t. and that

leak path retention does not depend on what has gone en in the other two

st age s . This will be true for depeettien sechantees which are first order in

the . sencontration, but not, for esemple, for aerosol agglome r at ion. Care

has to be taken in alalains release reduations when this independense seatasption

alght not be valid.
.

2.7 Caneludina pasarbe

in the present st ate of development of eeures tore technology the spettral

motheJo.cey ear appear to senfilet with the rat ionale of defining rolesse

estegories. The s pec t r al spread within a release estesery may everlap the

point values of one er eers adjetent eategories. Therefore it might be that in

principle the different release freettene in the distributione eheuld be

aselgaed to different rolesse lategories. Newever euch an appreath weeld be |,

dif ficult and eenfusing to apply in practies, anE thete are eeuntervalling argua
!

mente. The spectral methodelesy, se distinet f rise its speelfte appliestion

preeanted in the reeeinder of this wurt, la intended to be of sentinuing veility
i

for the leeg tere future, when 1,t le antielpeted that data will be evallable te

petelt a sete detailed breendown of roleses estegories. It to ales antleipated

that as the understanding of sourse ters phenomena improves, the distributione
l

19
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will tend to estrew. Im other werde. se uncertainties ese resolved,the spettral

*eurts terne will tend to revert to petet '819es. The eenflict between reg ..,

estegories and the 8pettral methodelesF will then became unimportant.

i

|

|

|

|

t

I
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. 3. priser, cirevit tetention
.

4 3.8 fgggral eschenisse
I

too first review the general eschenisme which een est to retain fleelen products
I

in the priatty circuit, and limitatione en these, before proceeding to discuss

their effectiveneen la individual assident sequences. Per velatile inorgenie

|
ledine teres (1,1, ul), the fellowing processes will be seneidered:-2

| e. Reestion with/plete-out en metal surfmes.

b. Roution with/plete-out en particulate, and depeettien.

e. Setution and partitlening late water,.

d. Reestion with other fleelen products and subsequent depositten.

.
Per fleelen products teileh are cleesed as pertleulate in teres of their eventual

.

roleses fore (including Col), possible totention eschenises ares =

s. Plate-out/ condensation en struttural surf aces utillet in the vapeur fore
prise to treneformatten to particulate.

,

'

b. Self aweleetion eerseet fermetten with subsequent depeettien en surf aces..

s. Plate-out en eerseet derived free structural / fuel esteriale, with sub-
eequent surfese depeeitlen.

d. Rotention en vet surf aces and water eerubbings

i A mere detailed seneiderellen of these presseees followe. The snelyste eheve
i th at uncertelattee in the speellte deteription of an seeldent, principelly in.

the thersel hydraulle behevleur, sentribute et leset se much to everall unser=

teinty se theee in the sedelling permetere for phyeleet processes, per this

reseen, a sonettivitt snelysis of the sedelling pateuetere has not been

attoepted, and the values eeneidered to be the best evellable have been

empleted, coseetrie perseetere such as surteee stees are taken free the

sleewell B teferense Deelen, pleelen product eere inveneerles relate to the end

of the third fuel eyelell0). Venetite inersente and seestue ledido forse of

iodine are severed for the sehe of esepletences.*

* Il
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3.1.1 Volatile Inorganic iodine

the thermodynasic analysis presented in NUREG-0772[4] shows that in a ste m-

iodine mixture at temperatures and pressures relevant to primary circuit (PC)
,

accident conditions, I2 will predominat e at temperatures below 600*C, but

atomic I will be dominant above 900*C. HI will be the dominant form at tem-

peratures below 1200*C, when excess hydrogen is present. All ,three forms

are highly reactive, and in processes where chemical reactivity is important,

existing analyses usually do not distinguish amongst them.

a. Reaction with/ plate-out on metal surfaces

It is well established that iodine is chemisorbed onto, and can react with,

steel surfaces. The compound FeI2 is st able below 500*C, although somewh at

volatile, and Nil 2 is also stable in this temperature range. The topic has

been reviewed in the context of gas reactor circuits by Hoinkis[11], and there

is some evidence th at the presence of steam enhances the retention of iodine

at lower temperatures. Two f actors may limit the effectiveness of the mechanism.

i. Surface saturation

The main areas of metal surface in the primary circuit are the RPV upper

plenum (grid plate, support columns, control-rod guides, total area approxi-

mately 260 m2), and the steam generator heat exchangers (about 5100 2 pe r

unit). Saturation loadings set a limit to the amount of iodine which can

be ret ained on surfaces, and these are sensitive functions of temperature ,

but relatively insensitive to surface material. For a total iodine core inven-

tory of about 12kg, a surface loading of 6 x 10- kg e-2 uniformly over the four

heat exchanger surfaces, or 2.4 x 10-3 kg m-2 over one heat exchanger, would

be required for total retention of iodine. Most of the available experimental

data has been obt ained for auch lower gaseous iodine partial pressures than

1

j would apply in the accidents under consideration, and no data exist specifically
.

for the tube material Inconel-600. However, the following generalisations. can

' be made.
,

22
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a. Little or no retention is to be expected on surfaces with temperatures

600*C or higher. Therefore using the current evaluations of upper plenum

temperatures, retention by plate-out in the upper plenum can be eliminated

in all cases. Iodine may, however, react with such high temperature

surfaces to form volatile Felg, which will condense in cooler parts of the,

circuit, or on particulate. FeI2 has a vapour pressure of 10-5 atm at

about 450*C. .

.,
.

b. For surface temperature 400*C, saturation loadings in the range

1-10 x 10-5 kg m-2 are expected, and for 250*C they rise to 5-20 x 10-4

kg m-2,

It is evident that provided the leakage path from the core give s suf ficient

exposure to the heat exchanger surfaces, and temperatures are below about 300*C,

surface saturation effects should not set a limit to the retention of a sig-

nific ant fraction of the iodine core inventory. The possibility exists that

interaction of different placed-out fission products (FP), for example iodine

species and caesium compounds, might influence the saturation behaviour. In the

absence of experimental evidence on this point,the deposition prope rt ies are

treated here as independent.

ii. Deposition kinetics

Appendix 1 to Appendix VII of WASH-1400[1] presents a simplified calculational

tre atment of the surf ace deposition rates and retention factors for iodine in

the upper plenun of the Reactor Pressure Vessel ,(RPV) and in the staan generator

heat exchangers (HX). Surface reac tion rate charact erised by a deposition

velocity, rather than mass trans fe r , is concluded in that work to limit the

overall rate, for low pressure (.1 atm) conditions.

Considering only the stems generators, the fractional mass of iodine remaining

gas-borne af ter transit time t see through a tube is given by

M/Mo = exp(- Vd (MV)t)
|
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where vd is the iodine surf ace deposition velocity (m s-1), and A/V the surf ace

area to volume ratio of the tube. Taking A/V = 230 m-1 as appropriat e fo r

the EX, this expression shows that for > 50% plate-out the product Vdt must

exceed 3.46 x 10-3m. Experimental values for vd onto steel are sparse. Recent

measurements [12) for elemental iodine suggest values of 10-5 _ 10-6 m .-l

from a steam carrie at atmospheric pressure onto Ingonel-600 at 300*C. Other

measurements [13] for elemental iodine onto stainless steel yield values around

10-5 m s-1 at 300*C and 10-4 m s-1 at 200*C. There is evidence that vd is one

to two orders of magnitude higher for HI than for 12 in this temperature range

(Geneo et al[13]). Identific ation of the likely chemical form of inorganic

iodine in s pecific accidents is, therefore, im po rt ant . The analysis which

follows suggests that HI will be the dominant volatile inorganic fo rm in

the cases considered, and a value of Vd= 10-4 m s-1 at 300*C appears a

reasonable estimate for this species. A transit t ime in the steam generator

tubes of 35s would then be required for 50% deposition of HI at 300*C.

b. Reaction with/ plate out on structural particulate

Modelling of whole-core heat-up shows that a significant f raction of the

central core region will be already hotter than steel and Zircaloy melt tempera-

tures d uring the phase of major release of volatile FP, not ab ly iodine and

caesium. The volatile F.P will then be co-emitted with aerosol derived from

molten structural materials, and the possibility of plate-out on the aerosol,

with subsequent particulate deposition, exist s. This topic has been considered

in WASH-1400[1], Appendix H, and NUREG-0772[4), Chapter 6 and Appendix D. Both

treatment s concluded t h at the overall retention by the mechanism was likely to

be small. Condensation of Cs1 on structural particulate was treated in NUREG-

0772, and in all sequences considered, a large fraction of the released Cst, up

to 90% in some cases, was found to become particulate associated (NUREG 0772-App

D). The que s tion of particulate retention in the primary circuit is then

impo rt ant and is discussed below.

24



F-

*
An estimate of the extent of gaseous iodine plate-out on structural aerosol

can be made along the lines of the treatment for structural surfaces. A mass

rele ase rate 0.2 kg s-1 for aerosol material from core (cf NUREC 0772, App D)

yields a geometric surface of about 600 m2 .-l for spherical particles of

radius 0.1 u m and density 104 kg m-3 Assuming a uniform release rate of the
.

iodine core inventory,12 kg in 15 minutes, iodine is released at 0.013 kg s-l.

This gives a geometric area of 1.0 x 10-20 m2 per iodine atom available on the

aerosol ' surf ace, somewhat smalle r th an the cross-section of an iodine atom

(- 10 x 10-20 m2) . However, sinc e the ef fective surf ac e area of the aerosol

could easily be 50-100 times the geometric area, surface saturation is unlikely

to be limit ing . The kinetics of deposition will follow the expression pre-

viously quoted

exp( v d .( A/V).t)M/Mo
=

where M = mass / unit volume of iodine remaining in the gas phase at time t

Mo = initial mass / unit volume of gaseous iodine

vd * deposition velocity of iodine onto aerosol surf ace

A/V = surface area of aerosol / unit volume of gas.

The ef fective value of A/V will be specific to each accident sequence. Values

of vd would be expected to be higher in this case than for oxidised solid

steel surfaces, since the aerosol surf ace will be freshly-formed in a reducing

atmosphere. There is the possibility that in high temperature regions of the
.

circuit, such as th e RPV upper plena, significant reac t ion of iodine with

Fe-based aerosol surf ace will form FeI , which may condense in cooler regions.2

However, aerosol-steam react ions might inhibit this process. Silve r-bas ed

aerosol derived from control rod materials might also act as a very ef fective

iodine sink.
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c. Solution and partitioning into water

In S and T initiated sequences where the P.C remains at high pressure during the

iodine release stage, steam condensation may occur it 60oler regions of the

circuit, both onto structural surf aces and onto existing aerosol. Pockets of

water, and in certain cases, water lutes, may exist along the path from core to

escape point. 21ecular 12 and HI partition strongly into water. The behaviour

of 12 has been extensively investigated, and is reviewed in NUREG-0772, (Chapter

5 and Appendix C) . It is clear that even at temperatures of 100-200*C, volume

partition coef ficients of 100 or more can be expected. Three possible retention

mechanisms can be envisaged:-

i. Scrubbing in water-lutes. This will be a highly effective retention

mech anism, as evidenced by the iodine behaviour at TMI-2. It appears

quite probable in T sequences, and may apply in some S sequences.

Retention factors of at least 10, and possibly much more, are expec-

ted.

So long as the water remains in the primary circuit, or is released in

bulk form to the containment, dissolved FP can be considered as

ef fectively trapped. However, if the water is released from high

temperature and pressure conditions in the primary circuit, flashing

and droplet entrainment on entering the containment may lead to a

significant fraction of the dissolved fission products becoming

airborne in aerosol. Thus, the overall effectiveness of this

mechanism needs to be considered in , conjunction with the prevailing

thermal-hydraulic conditions.

ii. Partitioning into aqueous aerosol from steam condensation. This will

be a rapid, mass-transfer limited process, and in any sequence where

significant quantitles of such aerosol exist in the P.C, iodine can

be assumed to be almost entirely associated with it. Retention by

surf ace deposition and settling is then possible.
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iii. Deposition on wetted surfaces. The deposition velocities for iodin *e

on to the surf aces of structures wetted by steam condensation would be

expected to be mass transfer limited, and so be much higher than the

surface reac tion rate limited values for dry surfaces considered

above. Thus in any accident sequence where the iodine-bearing gas is

exposed to large areas of wetted surf ace as for example in the MX,

substantial retention of iodine will result.

d. Reaction with other fission products. and subsequent deposition

Whole-core modelling of heat-up shows that iodine will be co-released with other

volatile fission products, notably caesium. The possibility must be considered

that even if iodine is released from fuel in elemental fo nn , it will rapidly

react in the primary circuit to form CsI, and that subsequent transport will be

determined by this chemical form. Caesium released into steam will probably be

converted into Cs0H, but Cs1 is thermodynamically stable with respect to this in

reducing steam atmospheres at temperatures below 1200*C, or even higher (NUltEG

0772. Appendix C) . The reaction

I + Cs0H % Cs! + OR

is probably the ra te-de t ermining process. The likelihood 'that this reaction

goes nearly to completion in the hotter circuit regions, for example the upper

RPV plenum, and the hot leg, can be estimated. Respective gas temperatures in

these two regions derived frous MARCH runs are typically 1100*C and 800*C. The

part ial pressure of I and Cs will be lowest in an A-type sequence, so that

reaction will be slowest in this case. Taking mass release rates from the
.

core of 0.013 kg s-1 for I, 0.18 kg s-1 for Cs, and total steam plus hydrogen

flow 25 kg e-1, appropriate to the major iodine release phase of an A-type LOCA,

calculation shows that for 90% reaction of iodine with Cs in 1 second, a rate

constant of 2.3 x 104 dm3 mol-I s-1 would be required. A bimolecular gas

reaction of the type considered would be expected to have a much higher rate

27
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constant than this at such elevated temperatures. It is reasonable to conclude

th at free iodine is unlikely to persist for more than a very short time within

the primary circuit, and th at the properties of Cs! or other metal lodides

will determine iodine transport. An additional vapour likely to be present in

large quant it ies , with which iodine might react, is s ilve r from the control

rods. Silver iodide, Agl, is not so thermodynasically stable as CsI, but could

be formed to a significant extent. Retention mechanisms for these iodides

are considered in the following sections.

'

3.1.2 Aerosol and Particulate

Two sources of material which may ult imately be released from the primary

circuit in aerosol form can be distinguished. One of these comprises volatile

fission products (VFPs) such as caesium and tellurium which will be initially

released from fuel as vapours, but may be transfirmed to particulate by conden-

sation in the cooler regions of the primary circuit. A competing process for

these will be conde nsation onto internal surfaces of th e primary circuit,

leading to retention. The second source consists of structural materials, steel

and aircaloy, and to a lesser extent UO , which will vaporise in the molten core2

regions, but condense rapidly af ter leaving the core. Current analyses (eg

NUREC-0772[4]) indicate that most of this is expected to form aerosol in the

upper plenum. Evidence on the nature of the structural aerosol is sparse, but

initial particle sizes of around 0.1 ym appear probable (WASH-1400, App VII.

App H). Control rod silver is fairly volatile, and would be expected to behave

like the volatile F.Ps rather than other structural materials.

For the volatile materials, saturation vapour pressure (SVP) as a function of

temperature is import ant in assessing the possibility of condensation. Some

values of relevance (derived from NUREC 0772 and ND-R-610, Table VII/II) are:
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T,K 800 1000 1200 1400
(527'C) (727*C) (927*C) (1127*C)

SVP (atm)

Cs 0.157 1.19 4.36 10.65

Cat 1.07 x 10-5 1.71 x 10-3 3.68 x 10-2 o,304

Cs0H 2.33 x 10-4 1.81 x 10-2 0.329 2.61

Te 1.68 x 10-3 5.88 x 10-2 0.546 2.42

AgI 2.56 x 10-6 2.81 x 10-4 6.44 x 10-3 6.03 x 10-2

Ag 1.69 x 10-12 7,41 x 10-9 1.93 x 10-6 7.24 x 10-5

Bao 5.43 x 10-21 1.62 x 10-15 7.24 x 10-12 2.93 x 10-9

(Note: I aba = 0.1013 KPa)

Attention is confined to the volatile F.Ps in this analysis. Amongst these

might be included Sr and Ba, but these are expected to rapidly be converted to

refractory oxides in the presence of high temperature stean. Their primary

circuit transport will then resemble that for structural aerosols.
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a. Plate-out/ condensation on structural surfaces whilst in the vapour form

When internal surf ace temperatures fall below the value at which the SVP of a

given F.P s pecies equals its partial pressure in the primary circuit gases,

condensation onto the surface becomes possible. The effectiveness of the

mechanism will depend on the available surface area at suitable temperature, and
,

on the kinetics of condensation. Since large temperature differences will exist

between the bulk gas and surface at each point along the flow path,~ condeesation

is likely to be closely coupled to heat and mass transport phenomena. An

expression of the form

M/M exp(- vd (A/V) t)=o

analogous to that for surface plate-out of iodine will apply, where vd is now

the effective deposition velocity for surface condensation, and A/V the surf ace

to volume rat io for the section of primary circuit pipework considered. The

ef fectiveness of the mechanism will be very sequence dependent, since partial
,

pressures of F.P species will be much higher when primary circuit pressure is

maintained (small-break and transient sequences) than when it is low (large-

break sequences)

b. Self-nucleation aerosol formation and deposition

If the degree of supersaturation of a given fission product vapour is high

enough, self-nucleating aerosols may be foru d in the circuit in lower tempera-

ture regions. If saturated steam is also present, co-:ondensation may occur,

giving an aqueous aerosol loaded with the fission products. However, it appears

th at in most accident situations, and cert ainly during the phase of major

volatile fission product release, suf ficient structural aerosol will be present

to act as nuclei for condensation, so that self-nucleation is probably unimpor-

tant in the full core-melt accidents considered here.
.
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c. Plate-out/ condensation on structural aerosol. with subsequent deposition

As outlined in considering volatile inorganic iodine, structural aerosols with

large surface areas are expected to be generated throughout the stage of VFP

release during core melt. When these aerosols cool below the saturation tem-

peratures of VFP vapours in the gas, the fission products will condense onto

them. There will be competition between condensation .,nto the aerosols and onto

the primary circuit surf aces, the effectiveness of these sinks detemined by the
,

supersaturations relative to the respective surface temperatures, and by

beat and mass trar.s fer ef fects. We assisne here that when a VFP vapour becmes

supersaturated with respect to the temperature of an adjacent surf ace, condensa-

tion onto the surf ace is mass trans fer limited. Mass transfer coef ficients for

co ndens a t io n onto the aerosols are difficult to calculate, but because of the

intimate mixing in the gas phase they can be assumed to be large, corresponding

to relaxation times of at most a few seconds, or deposition velocities > 10-2 m

s*l. Because of this, in any section of the primary circuit where the ef fective

A/V ratio for aerosols is comparable with or greater than that of structures,

c onde nsat ion onto aerosols will predominate even though the aerosol surface

temperature may be significantly higher than that of the walls. Surface

saturation ef fects will set no limit to the extent of condensation, and when two

or more vapours condense onto the sane surf ace, the processes can be considered

independent to a good approximation.

Once trapped on ae rosols , volatile fission products will be retained in the

primary circuit only if the particles are deposited onto surf aces. The ef fec-

tivene s s of retention is very sensitive to the aerosol characteristics of

particle size, density and number density, which are ill-defi' led, as well as the

nature of the flow path and residence time in the circuit. Modelling of these

processes is extremely complex. The TRAP-MELT calculations quoted in NUREC-0772

include the deposition mechanisms of diffusion fra turbulent or laminar flow,

inertial impaction of large particles, and thermophoresis. Howeve r, they do not
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include the proc es s of aggiceeration to form larger particles, or particle

growth by steam condensation (with subsequent inertial or gravitational depo-

s ition) . The effacts of diffusiophoretic deposition with condensing steam are

also excluded. These neglected processes will all contribute to increased

primary circuit retention, so that the predic'tions of the TRAP-MELT code

employed for NURIG-0772 must be viewed as significantly conservative. An

assessment of the likely conservatism resulting from neglect of particle,

agglome ration is given in Figure 6-3 of NURIG-0772, where results of applying

the QUICK code are presented. It is clear that in certain accident sequences,

the TRAP-MELT calculations underestimate the effectiveness of primary circuit

particulate retention by f actors of 10 or more.

d. Retention on vet surfaces and water scrubbing

It seems likely that the sticking ef ficiency of aerosols generally, and

especially aerosols compos ed largely of highly soluble materials such as CsI

and Csoli, will be much greater on water-wetted surf aces than on dry surf aces.

Also in any accident sequence where gas or s t e am-borne aerosols is trans-

port ed through water lutes, there is the possibility of effective sc rubbing ,

with concentration reductions by factors of ten or more. Such processes are

* ' difficult to quantify, and are not included in the TRAP-MELT code, but some

allowance for them is needed where appropriate.

3.1.3 Resuspension from the primary circuit

A major reason advanced in WASB-1400[1] for neglecting primary circuit retention

of fission products was the argtment that material plated-out on the circuit

surfaces during early stages of the accident development would be resuspended

when surf aces heated up during later stages. More detailed knowledge of circuit

temperatures gained subsequently from the MARCH code suggests that this argument

is invalid.

32

_ _ _ _



. _ .

*
The possibility exist s , though, that at the stage of core-heat-up where the

altssping of molten material into residual water in the lower plenum occurs, a

burst of high-pressure, high-t emperature steam will pass through the circuit

which may give substantial resuspension of plated-out fission products. Such a

process could be serious for a coherent core-slump, as envisaged in WASH-1400.

However, current models of core melting (WCAP 9991. Ch 3191) suggest that this

situation is very unlikely, and that molten core material will trickle into the

lower plenum. This will drive steam at or somewhat above the saturation tem-

perature through the circuit in a more steady fashion, which may actually reduce

surface temperatures. The question of resuspension on depressurisation follow-

ing RPV melt-through, which may be napo rt ant in small break and transient

sequences, is addressed in Section 3.2.4.

3.2 Application to Specific Accident Sequences

Notwithstanding the evidence that FP iodine will be transported in the primary

circuit as CsI, it is also considered here as a volatila inorganic form. For

estimates of retention of iodine and other VFP, processes in which they become

dissolved in bulk water in the primary circuit, and are released in this form

into the cont ainment , are classed as primary circuit retention, sinc e the

probability of resuspension is small. For the interf acing LOCA, pool scrubbing

processes in the auxiliary building are also included here, since Section 4

covers retention processes only for gas-borne FP.

Of the contributory factors to overall uncertainty, the precise description of
' the accident sequences of a given type plays at least as large a part as the

uncertainties in physical and chemical modelling. This is particularly notable

for large and small-break LOCAs, where very dif ferent primary circuit retention

factors are expected between hot-leg and cold-leg breaks. Reliable data on the

relative frequencies of these are not presently available, and the assumptions

employed here, based on current j ud geme nt , may be subject to subsequent modi-

tication.
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3.2.1 titerfacing LOCA (V- event')

Accident description

The bas ic accident defined in WASH-1400 (Appendix I, Sec 4.1.6 and 4.1.7,

Appendix V, Sec 4.6.1) envisages simultaneous f ailures of the two check valves

installed in series in th e low pressure injection (LPI) line to the reactor

ecolant system (RCS), with loss-of-coolant through this line by-passing contairi-

ment. The design pressure of the LPI side (typically 6.2 MPa) is much lower than

the RCS pressure (17.1 MPa) and rapid f ailure of the LPI circuit is anticipated,

with flow of reactor system coolant into the auxiliary building. Several design

features of the RCS and low pressure interf acing at Sizewell 5 could influence

the retention of fission products, and these must first be considered:-

1. For the Surry I plant assessed in WASH-1400, the failed check valves are in

the LPI lines feeding the cold legs of the RCS (Fig 1 4-6 of WASH-1400,

reproduced as Fig A.1 of NUREG-0772). The LPI and residual heat removal

(RHR) circuits of $1:ewell 5 dif fer significantly from Surry I, and have

been the subject of recent design changes. The V-event is analysed in

section 1.6.4.17 of WCAP 9991, and circuit designs shown in Figs 1.6.4.17-1

to -3. Three scenarios are identified ( a) failures of 3 series Motor

Operated Valves (MOV's) in the RHR suction lines connected to two of the

RCS hot legs (b) f ailures of check valves and MOVs in the high head safety

injection (HHSI) system connecting with the four RCS hot legs (c) failures

in check valves and operator-actuated MOVS in the LPI lines connecting with

the four RCS cold legs. Sequence (a) is assessed to dominate tne overall

probability of event V by about two orders of magnitude, in contrast with

the WASH-1400 situation. Attention will be confined to sequence (a) here.

The relevant circuit is shown in Fig 3.1, which reproduces Fig 1.6.4.17-3

of WCAP 9991.

+ Footnote: The symbols V, A, 5 and T are used here as convenient abbreviations
for Interf acing, Large-break, Small-break and Transient LOCAs, respectively. No
precise correlation with similarly-designated WASH-1400 sequences is implied.
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11. The Sizewell B capability for ECC includes four, low head safety injection

(LHSI) peps and four HHS1 pumps, some of which may still be func tional

following an interf acing LOCA twent. It is assumed that, unless operator

action succeeds in isolating the RCS, no attempt would be made to activate

the ECCS, since this could be maintained only until the refuelling water

storage tank (RWST) became exhausted. A recirculation phase is precluded

in the V-event. -

,

111. The most probable f ailure points in the low pressure circuit due to over-

pressure have not been identified. High capacity pressure relief valves

exist in both the RHR suction lines and LPI lines, affording a possibility

of reduced damage to the low pressure circuit. The release path from these
*

? valves is routed back to the pressuriser relief tank in the containment.

|
Cther possibilities for the RH4 suction line route are fracture near

the failed interf acing valves, or downstrees f ailures of LP valves which

could route the flow to the RHR pep and heat exchanger, RWST or contain-
,

I
t

ment spray headers. The influence of the f ailure point on FP retention is
I
I discussed below.

Thermal-hydraulic conditions
|

I
- The RMR suction line is taken to have dimeter 0.3m, so that the primary circuit

thermal-hydraulic conditions will be equivalent to a medium-break hot les LOCA.

The phases of the accident will bet
1

i'. Rapid draining of coolant from the RCS and accumulators, with flashing

. to steam as the pressure drops. This phase will last about a minute.
,

Cap release of FP may occur, but this can be neglected compared with

later phases.
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ii. Core uncovering and heat-up to slump. This is the phase of major volatile

FP release (1, Cs, Te). MARCH runs predict an interval of atout 20

minutes from beginning of core uncovering until slump. Modelling of

FP release rates from the whole core, using the SRD FISREL[14) code, which

combines the MARCH thermal history with release rate constants recommanded

in NUREC-0772 (Chapter 4), suggests that the release of volatile FP will

begin after about 10 minutes, and cont inue at uniform rate up to core

slump, when essentially all of the iodine and caesium, and 902 of the Te,

will have been released. Other relevant conditions derived from MARCH

are:-

Strongly reducing hydrogen / stem atmosphere H /H O > 1.2 2

Total gas flow rate from core (H2 + s tem) , - 140 mo t s~l .

Total pressure - estimated 0.4 MPa.

Cir uit temperatures - all > steam saturation temperature le a dry

circuit.

H1 is computed to be the dominant volatile inorganic form of iodine

exiting the core if rea: tion with caesium is excluded.

iii. Core slumping to RP7 melt-through. This phase is of short duration, 6-8

minutes. Any volatile FP trapped in the residual water in the lower

plenum will be resuspended during or after the boil-dry stage. Some

release of the less volatile fps (Ba, Sr, Sn La, Ru if air is present)

and structural and control-rod materials (Fe, Zr, Ag) as dense aerosol

will occur from the dry melt. A minor proportion of this may plate-out

on the RPV internals, but it is assumed that the majority will fall

back in to the melt, or be swept out on RPV lower head failure.
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Fission product retention

The flow path for FP escape from the core passes through the RPV upper plenum,

part of the damaged hot leg, and along the RHR suction line to the f ailure point

in the low pressure pipeverk. Some transport may oceur to the stema generators

(SC) in the int act and damaged loops, due to convective effects, but this is

neglected here. The effects of fission product retention mechanisms in succes-

sive regions of the escape route are now considered.

RPV upper plenum

MARCH output suggests temperatures for gases entering the upper plentan rising

from 1500 to 2000* C, and average surface t empe ra tur es inc reas ing from 500 to

800*C, during the stage of VFP release. Mean residence times are in the range 5

- 10 s. Calculation shows that even if VFP vapours are supersaturated with

respect to surf ace temperatures of upper plenum intervals, mass transport will

limit condensatioa onto these to < 10% in the short residence time. Also, the

high final surface t empe rature is likely to result in re-evaporation of any

earlier-deposited fps. No condensation of VFPs onto structural ae rosols is

expected. The net retention of fission products in the upper plents will thus

be insignificant.

' Hot leg

The residence time here is short, typically < 0.5 s. cas temperatures in the

range 800 - 1000*C, and surface temperatures of 400 - 500*C, are expected from

MARCH calculations. Mass trans fer limits surf ace deposition to < 1% in the

residence time. The estimated partial pressure of Cs0H is 6 x 10-3 MPa, and for

tenth of this, both being close to the respective SVPs at 700 -- Cs1 about one

800*C. Little condensation onto structural aerosol is therefore expected.

Overall FP retention in the hot leg will be negligible.
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RRE system
.

The potential for fission product retention in the RER circuit depends strongly

on the mode and location of the f ailure in the LP pipework. Two f ailure modes

need to be ' distinguished

a. Tracture of the LP line immediately downstream of the f ailed MDV which acts

as the HP/LP interface. The transport pathway into the auxiliary building

then includes only the HP section of the RER suction line, estimated as 50m

of 0.3m i.d. pipework. This pipe enters the auxiliary building in a

subterranean duct which may be flooded or partially flooded by water

released from the RCS at an earlier phase of the accident.

b. Disc f ailure of one or a6te LP valves interf acing with the RER and connec-

ted systems. The ultimate f ailure point through which major escape of TP

into the auxiliary building will occur is then uncertain. Likely weak

spots appear to the gland seals of the RER pum p s , and the RER heat

exchanger. The important factor for TP retention is that further exposure

to sections of cold, wet pipework, pos sibly including watet lutes, is

likely.

Since the actual f ailure mode of the LP system is unidentified, we assume equal

probabilities for each of the alternatives (a) and (b) above.

Retention for failure mode (a)

No thermal-hydraulic data is available on conditions in the RER suction line

during the stage of major VTP release from core. During the earlier RCS blow-

down ph as e , most of the reactor coolant will have f? owed down this line as a

flashing steam-water mixture, the temperature declining with system pressure to

a value between 100 and 200*C. The surf ace temperature will probably remain in

this range during later stages, but the gas temperature could be significantly

higher, around 400 - 500* C, as the main passage of VTP occurs. Residence time
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in the suction line will be only -2s. Mass transport limits the extent of

condensation or plate-out of VFP onto pipe walls to < 1% . However, vapours of

Cat, Cs0H and Te will became supers aturat ed with respect to aerosol surf ace

t empe ratur es , and substantial condensation onto the structural aerosols can be
,.

ex pect ed . Negligible deposit ion of the latter is anticipat ed in the short

residence time. We therefore conclude that, if the fractured RHR suction line

vents directly into the auxiliary building atmosphere, no retention of VFP .a

the RCS and RHR pipework c an be expected. A release f actor F = 1, then

applies.

An alternative possibility is that the pipe ch ase in the auxiliary building

basement through which the RHR line passes from the containment building will be

flooded. Escaping gases ant fission products may thus encounter a water lute,

with ef fective scrubbing of both volatile inorganic iodine species and aerosols,

before release to the auxiliary building atmosphere. As noted in Section 3.1,

decontasination f actors of 10 or more have been measured for pool scrubbing.

However, because in the present situation the pool may be shallow, and large

initial camperature differences may exist between the gas and liquid phases, we

consider an acceptably consarvative decontamination f actor of 4 can be applied

here. The corresponding release factor is then, F = 0.25.

The relative probabilities of dry and flooded release paths in the auxiliary

building are difficult to estimate. The flooded situation appears to be the

.more likely, but in the absence of proper analysis, we ascribe equal probabili-

ties to the two situations. Overall, for f ait ire mode (a), the release factors

to the auxiliary building atmosphere of I and 0.25 are taken to be equally-
,

weighted.

Retention for failure mode (b)

A significant extention of the flow path through RHR pipework would result if

the initial failure mode of the 1.P systes was disc bursting of one or more LP
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valves. Two situations concerning the ultimate f ailure point of the LP systema

then have to be considered:-

1. Failure gives an escape path directly to the auxiliary building atmos-

phere. The length of the flow path, and residence time, are uncertain, but
' there is a high probability that sections of the pipework would be immersed

in water at around 100'C, and that water pools, and even lutes, alsht

esist. steam condensation onto the pipe walls, with associated diffusio=*

phoresis of aerosols, would produce some retention for particulate-borne

FF, and condensation onto the aerosols themselves would enhance agglomera-
'

tion and settling. Volatile inorganic iodine would partition strongly into

water posts and surface films. It is impo s s ible to calculate the con-

sequences of these processes, but it appears reasonable, or even conseus-

tive, to attribute a release f actor F = 0.5, to this situation.

11. Failure esposes escaping FF to bulk water. If the f ailure point of the LF

system was in a flooded basement compartment of the auxiliary building, or

in the RRR heat enchanger, escaping fission products would be exposed to

scrubbing by bulk water at about 100*C. Considerable retention would be

espected, and decont amination factors of 4 to 10 sight be ascribed,

depending on the effective geometry of the situation. For estimation

purposes, F values of 0.25 and 0.1 are considered equally probable in this

situation.

In the absence of any information on the location of the ultimate LP failure'

- point for failure mode (b), we take the alternative escape paths (i) and (ii) to

the aunt!!ary building atmosphere just outlined to be equally probable.

Summary

The foregoing assumptions on probabilit ie s , and as sociat ed estimates of Fp

retention, may be combined to give en overall distribution for the V-sequence

dominated by RHR hot-leg suction line f ailure as follows:-
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Failure mode (a) '%'

Probability 0.5 0.5

Failure point Direct Submerged Direct Subme rged

Probability 0.25 0.25 0.25 0.25

F 1.0 0.25 0.5 0.25/0.1

Collecting contributions under st andard fractions, and rounding-of f thus gives

F 1.0 0.5 0.25 0.1 0.05

Frobability 0.25 0.25 0.4 0.1 0

3.2.2 Large-brea's ( A) LOCA

Accident description

Guillotine fracture of the hot or cold legs of the RCS initiates this sequence,

followed by very rapid depressurisation of the primary circuit with discharge of

the coolant int o the contaimment building as a flashing stean-water mixture.

Thermal-hfdraulic conditions

These are essentially the same as already described for the V-sequence, with the

exception that during the period of major volatile FP release, circuit pressure

is expected to be about 0.2 MPs. Core heat up history, s t eam and hydrogen

flows, fission product release, and chemical conditions dif fer insignificantly

from the V-sequence. Auxiliary Feedwater Supply ( AFWS) to the steam generators

is assumed to be maintained.

.

Flow paths from the core

|
No analysis has been performed of the relative probabilities of hot- and cold-|

*

[ les fractures. The best current advice available is to assign equal proba-

bilities to the two locations. Simila rly, no analysis has been made of the

relative probabilities of cold-les f ailures in the coolant circulation pump

suction les and the KPV injection leg. However, this latter question is thought

to h eve only a minor impact on the course of a cold-leg break LOCA. For a
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hot-leg break, only flow from the core to the break-point through the defective

hot-leg needs to be considered. In the case of a cold-leg break, three routes

for FP transport from the core to the breach point can be distinguished (Fig

3.2), with dif fering retention properties:-

a. Lower plenum, downconer, RPV annulus, cold leg of failed loop. Flow

resistance in this path will be determined by the water level in core, lower

plenum, and downcomer. TRAC runs for a double-ended cold-leg LOCA suggest that

the path becomes dry within a few seconds of the break occurring, but that when

the RCS pressure falls below the 4.1 MPs set pressure of the accumulators,

(20-30s), partial reflooding will occur. A water lock is expected to exist

throughout the release phase of volatile fps, although instabilities in water

level may pemit some escape of fps by this route.

b. Damaged loop. Not leg, steam generator (SG), cold leg including coolant

circulation pump.

TPs will be carried in the flowing steam-hydrogen mixture along this dry

route to the f ailure point. Flow resistance might be expected from the shut-

down coolant pump, but TRAC modelling suggests this will be small. This

is considered to be a major flow path. Maintainance of the auxiliary feedwater

system (AFWS) to the SC is assumed, giving surface temperatures around 280 -

300*C.

c. Three undamaged loops. Hot leg, SG, cold leg, RPV annulus, cold leg of

damaged loop.

This path is similar to (b), but additional flow resistance may arise in the

RPV annulus due to steam generated fran water boiling in the downcomelr. TRAC

modelling indicates that flow through each of the undamaged loops yill be
*

similar to that through the damaged loop.
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Because of the considerable uncertainties in defining the flow path from core to*

the failure point, we consider three alternative scenarios, with different

weightings to the alternative routes.

Routes (a) (b) (c)

Case 1 0.5 0.5 0.0
.

Case II O 0.5 0.5

-
Case III O 0.25 0.75

Of these, Case I is probably pessimistic with respect to FP re tent ion, and

cases II and III are expected to be nearer the true situation.

Fission product retention

Hot-les break

It is clear from the discussion presented for the V-sequence that no retention

of volatile fps can be expected in the upper plena and hot leg. F= 1.0.

Cold ' en break

General considerations

Route (a)

Some scrubbing in the water lute is expected, but trapping by solution will

only represent a temporary hold-up, since resuspension 'is likely following'

core slumping. We, therefore, set the release factor (F) for all volatile

fission products (VFP) escaping by this route to unity, F = 1.0.

Route (b) and Route (c)

Upper plentai

MARCH calculations suggest that the surf ace temperature rises to > 800*C

during the VFP release stage. The situation is similar to that for the

V-sequence, and no long-tern retention of VFP is expected.

.
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Hot les

Residence time i s in all cases short, < 1s. MARCH output indicates surface

t empe ra tur e < $00*C, <nd gas t empe rature < 800*C, during the main VFP

release period, but surface temperature may rise to > 800*C following core

slump. Deposited VFPs are thus likely to re-evaporate. Also, mass trans-

fer limits surface deposition to < 1% in the residence time. Retention in

the hot leg will, therefore, be negligible.

Estimated partial pressure of CaOH is 3 x 10*3 MPa, which is close to the

SVP at 700-800*C, so that little condensation onto structural aerosols is

ex pec t ed .

Steam Generator

Surface temperature of 300*C is assumed, and gas temperature will accom-

modate to this during passage. Mass and heat transfer do not set any limit

to the extent of surf ace deposition of gas-borne VFPs. This is determined

by the residence time e and the surf ace deposition velocity vdar

volatile inorganic iodine deposition (HI)

Deposition onto steen generator (SG) tube walls will occur, and attachment

to structural aerosols is also possible. These are competing processes,

but the relative contributions are difficult to estimate, since no measure-

ments of deposition rates on to particulate have been made. We, therefore,

adopt two limiting models:-

Model i. Deposition onto walls only. This is' calculated from the known ( A/V)

ratio (230 m~l) and estimated residence time tr, using vd = 10-4 m

s-1

Model li. Deposition onto walls and particulate with equal deposition veloci-

ties. The effective ( A/V) ratio for particulate is estimated as 200

m"I. The fraction of iodine-loaded particulate retain.d in the SC
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is estimated from the mass-density and residence time using Fig 6-3

of NUREG-0772. The F is then the combined contributions of

undeposited gaseous iodine (HI) and released iodine-loaded particu-

late.

* Particulate deposition

vapours of Cs and Te species will become rapidly supersaturated on entering the

SG. Condensation onto the SG tube walls and gas-borne structural particulate

vill occur, and will be essentially complete in the residence time. The propor-

tion, condensing onto each surf ace-type should be approximately in the ratio of

the ef fective (A/V) values; a fraction 0.47 is thus estimated to condense onto

part iculat e which represents the maximum F in the event that none of this

particulat e is retained. Additional retention is estimated from the mass

density and residence time using Fig 6-3 of NUREG-0772. We note that resulting

F values are in broad agreement with the TRAP-MELT results quoted in Appendix D

of NUREC-0772.

Quantitative estimates

The principles outlined above can be used to calculate the release factors for

the three cases treated, using appropriat e residence times. Results are stss-

marised in the following Table.

Table 3.1

F for Iodine (as HI) Particulate
Model i Model si

Case 1 0.86 0.88 0.73

Case II 0.55 0.65 0.47.

Case III 0.52 0.62 0.47

This procedure generates numbers which lie in only the In and 0.5x standard

factor bins, and the finally-condensed distribution will clearly be sensitive

to the probability assigned to each of the Cases. However, the result s are
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insensitive to which volatile inorganic iodine deposition model is adopted in

this ac cide nt . In order to obtain a probability distribution for primary

circuit release factors, some choic e of weightings for the three cases is

needed. This is of necessity fairly arbitrary, but the following choice

appears reasonable on the basis of existing evidences-

*

Case I 0.2 Case II 0.4, Case III 0.4

The casulting total probability distributions for the cold-les break are thent-

r 1 0.5 0.25 0.1 0.05

Iodine (HI), Prob 0.2 0.8 0 0 0

Particulate. Prob 0.2 0.8 0 0 0

Overall distributions

Taking equal probabilities for hot- and cold-les breaks, the F = 1 value for

the hot-leg case may be combined with the .bove distribution for the cold-leg

case to derive the following overall distribution for large-break LOCAs.

F 1.0 0.5 0.25 0.1 0.05

lodine (HI), Prob 0.6 0.4 0 0 0

Particulate, Frob 0.6 0.4 0 0 0

3.2.3 Small-break (5) LOCA

Accident description

A range of break sises in the hot- or cold-side circuit much smaller than the

hot or cold-leg main circuit pipework dieseters' f alls within this description.

We limit consideration to those cases where the RCS pressure lies between the

secondary side relief pressure (8.2 MPa) and the LPI set pressure (4.1 MPa)

during the core-melt phase. This is roughly equivalent to fracture of a pipe of

dianeter 50 to 100ssa connecting to the hot or cold legs, although failures of

RPV penetrations of equivalent sise f all within the category. Reactor system
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coolant is released direct to the containment as a flashing steam-water misture,

and FF release le also direct to the containment.

Thermal-hydraulic conditions

We assiane that AFWS is maintained to the SGs. Once the RCS pressure f alls below

'the secondary side relief pres s ur e', two-phas e conditions will exist in the*

primary circuit. MARCH runs suggest th at during the latter stages of boll-dry

of the core, when major release of volatile fps occurs, system pressure will be

around 6.3 MPs, and total steam plus hydrogen flow wall be about 500 mot

s*I. Primary steam will be unsaturated in the SGs, and condensation will not

occur there, although some condensation may be possible in the cold-leg region

of the circuit. The RFV tower plenum and downconer are espected to remain

filled with water until the end of core boll-dry.

Flow path from the core

Mo analysis is available of the relative probabilities of hot- and cold-side

breaks. The cold side has more connections to greater lengths of small-diameter

pipework than the hot side, and contains the circulation pump, so that a higher

probability of circuit breach in this region is espected. On these grounds, a

1:3 ratio for hot- to cold-side f ailures is adopted. For hot-side f ailuris,

only the flow path from the core to the breach-point coeds to be considered. In

the case of cold-side breaks, the three possible paths described for the A-LOCA

need to be considered (Fag 3.2). The route via the lower plenum and downcomer

remains water-filled up to core slump, and since the core boil-dry process is

less turbulent in this case than for a large LOCA, we discount this route for FF

t r ans po rt . RELAP modelling of cold-les small breaks indicates that during the.

early stages, two phase coolant flow through all four reactor loops, damaged and

undamaged, is on average about equal. However, because of the uncertainties in

flow route, we again consider three ce6es covering the range of possible situa-

tio1s. The weightings assigned to the routes aret
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Route (b) Route (c)

Case I 1.0 0

case II- 0.5 0.5

Case tal 0.25 0.75

Fission product release

MARCH output for a small-break LOCA suggests that the core boil-dry stage covers

a period from about 40 min to 60 min af ter accident initiation, terminating in

core slump. SRD modelling(14) of whole-core release of VFFs indicates a f airly

constant release rate beginning at about 50 min, and continuing to core slump.

The fraction of core molten increases roughly in proportion with the VrF re-

lease, and simultaneous release of structural aerosol is, therefore, predicted.

Hydrogen to steam mole ratios will range from !!5 to 1:1 during iodine release,

and 80LCASMIX calculations [14] show that H1 will be the only significant gaseous

form of iodine (if Cr! is neglected).

Fission Pro $uct Retention

Hot * Side Break

Upper plenwa

No directly relevant MARCH results on gas and surf ace temperatures in the LPV

upper plenum are available in this case, although indications are that they will

not dif fer greatly fras the A-LOCA situation. Average residence time in the

upper plenum will be around 40s. Partial pressures of VFF vapours are estimated

to be high es 2-3 a 10-I atm for (Cs0H), so that condensstion onto upper plenum

structures will probably occur during the core best-up phase. The fraction of

Vrre sa deposited is limited by mass transfer to a 25%, and these will probably

be resuspended when the surf aces heat up following core slump. Stellarly, VrF

deposition with structural particulate is estimated to be at most a few percent,

and this may be resuspended at a later s t age. It, therefore, seems reasonable

to discount VFF retention in the opper plenum.
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Not lea

Residence times are in the region 5-10 sec, with gas temperature 700-800*C andb-

surface temperature probably e500*C during major VFF release. sstimated vapour

pressures (%10-2 nya for ce species,10-3 MPa for Te species) greatly exceed.

SVrs, and condensation onto both pipe walls and structural particulate will

occur. Calculation shows that mass transport limits the possible deposition

onto the walls to e13. The estimated (A/V) ratio for particulate is around 1000
,

m*I and the entent of condensation onto it will be determined by the deposi-

tion velocity for the process. Values of 10-5 and 10-' a s-1 for this para-

meter yield respectively $ 10% and %50% condensation onto particulate. similar

proportions of iodine may become attached to the structural aerosol. However,

insignificant deposition of this aerosol is espected in the residence time (Fig

6-3 of NUREG-0772), so that- no overall retention of VFPs in the hot les can be

claimed.

In conclusion, an F = 1.0 is adopted for all VFPs in the case of a hot-side

break.

Cold-Side greek

Upper plenum and hot les

The situation will be as described for the hot-side break. No long-ters reten-

tion of VFF by deposition onto structures in these regions is anticipated. Any

VFF still in suspension at the time of core slump will be swept through the

system by the steam plus hydrogen generated when the residual water in the RFV
*

.

tower head boils of f. We conclude that in all cases, total transport of VFPs to
.

the steam generators should be assumed.
.

.

Steam generators

The gas temperature will accommodate to the well temperature of about 300* C

quite rapidly within the SC tubes. Residence times are much greater than for

the V- and A-LOCA situations, due to the higher pressure. Mass and heat trans-

for do not limit the entent of plate-out here.
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volatile Inorganic Iodine*

We again adopt two limiting models for iodine behaviour. In model i, no deposi-

tion onto particulate is assmed, and the retained fraction is that deposited on

the tube walls in the residence time, taking vd = 10-' s s-1 Model 11 allows

. deposition onto st ructural aerosol with the s ane velocity as for the walls.

- Since the estimated (A/V) for particulate here ( 2000 m-l) greatly exceeds that

for the tubes (230 m-1), overall iodine retention is largely determined by the

fraction of particulate which deposits in the SCs. This is estimated from the

mass density and re sidence time using Fig 6-3 of NUREG-0772. Iodine (RI)

deposition onto particulate in the hot leg is neglected in Model ii.

Particulate

Any VTP vapours not condensed in the hot leg will rapidly do so in the SC, and

total condensation of all Cs and Te species can be assumed. The competition

between the tube walls and structural particulate surf aces as condensation sinks

will be determined by the respective (A/V) values and deposition velocities. In

general, the particulate surf ace vill be hotter than the tube walls, and will

therefore probably have a smaller deposition velocity. This is likely to be

more than offset by the auch larger (A/V) value. For the present estimates,

equal deposition velocities have been asstmed, and the retained f ract ion of

condensed vapours is the sum of that deposited on the walls, and the fraction

attached to particulate which is deposited. The latter is estimated fra Fig

6-3 of NUREC-0772. In general, this procedure may tend to over-esti:2 ate the Fs

slightly.

Quantitative Results of cold-side break

The calculated Fs for the three cases are given in the following Table t-

Table 3.2

F for Iodine (HI) Particulate
Model a Model ii

Case I 0.21 0.22 0.25
Case II 0.03 0.09 0.10
Case III 0.0 0.09 0.10
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To generate probability distributions,' relative probabilities must now be

assigned to Cases I, II and III. In the absence of definitive information, we

weight each of the cases equally. Models i and ii for iodine behaviour are also

equally weighted. In this way, the following probability distribution for

standard F fractions are produced:-

F 1 0.5 0.25 0.1 0.05

Iodine (HI), Prob 0 0 0.33 0.33 0.33

Particulate. Prob 0 0 0.33 0.66 0

These may be rounded-of f conservatively to yield:-

F 1 0.5 0.25 0.1 0.05

Iodine (HI), Prob 0 0 0.4 0.3 0.3

Particulate. Prob 0 0 0.4 0.6 0

overall Distributions

The value F = 1 applicable in hot-side break conditions may, be combined with

the above distributions for cold-side breaks in the probability ratio 1:3 to

derive the following overall release factors for volatile inorganic iodine and

for particulate-borne fission products (including Csi):-

4

F 1 0.5 0.25 0.1 0.05

Iodine (HI), Prob 0.25 0 0.3 0.225 0.225

Particulate. Prob 0.25 0 0.3 0.45 0
,

3.2.4 Transient Ta

+
,

Accident description

This sequence is characterised by loss of both secondary side and emergency core.

cooling capability. Natural circulation following reactor trip maintains core

dec ay-he at cooling W ilst the SC secondary side boils dry, over a period of
, .

about 2 hours. Thereafter RCS pressure ard t asperature incresses until the

pressure attains the set value of the pressuriser relief valve (17.1 MPa),
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when coolant is vented as staan or flashing steam-water through the relief line

to the quenen tank. Tne water saturation temperature corresponding to the
,

relief pressure is 354*C, so that a steam phase will exist in regions of

the RCS at higher temperature.

Tp Release Path from Core and Thermal Hydraulics

The escape route for volatile fps from core will be via the upper plenum, hot

leg, pressuriser, relief valve, relief line and quench tank (Fig 3.3) . When

bursting disc pressure is reached on the quench tank, escape of TP into the

. containment building is possible. Volatile TPs will be released during the

latter stages of core boil-dry. MARCH runs show that this will be about 3 hours

after accident initiation. Surface temperatures in the upper plena, and hot

leg ull be above stem saturation temperature, and this part of the path will

be dry. The ' pressuriser surf ace temperature may be close to the saturation

value, and some steam may condense here, but this will be a minor effect.

Because flow velocities are small, and residence time in the upper plantan and

pressuriser are long ( >1000s), the simple plug flow approach adopted in analys-

ing previous sequences must be replaced by one based on well-sized volmes. The

sequence is treated in terms of three time phases.

Phase A. VTP release stage. This is near the end of core boil-dry, and lasts

about 30 minutes, terminating in core slump. T1ov rates of steam plus hydrogen

small, typically 30-100 mot s-1, and the atmosphere isthrough the core are

strongly reducing. If Cs1 formation is excluded, HI will be the only signifi-

cant volatile inorganic form of iodine. Essentially all of the iodine, caesitan

and tellurium is released at this stage.

Phase B. Boil-dry of lower plenum. Following core slump into the residual

water in the RPV lower plenue, this water rapidly boils of f, in a period of 3-5

minutes. The volume of steam plus hydrogen generated ( > 150 m3) is sufficient
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to sweep any residual VFP vapours and aerosol out of the RPV into the pres-
.

suriser. Cas temperature will be close to water saturation temperature at this

t
' stage ( - 360 * C) , and the temperature of the RPV upper internals will f all.

I Phase C. RPV melt-through. When the core debris in the RPV lower plenas has

boiled dry, temperatures will rise to exceed the melting point of steel, and
.

melt-through of the RPV lower head will follow within a few minutes ( - 6 min).

Gas flow through the system will be negligible at this stage, but convective and

radiative heat transfer may heat up the RPV upper intervals to temperatures of

800*C or higher. Some revolatilisation of VFP deposited onto the upper grid

plate may occur at this stage. Following RPV melt-through, the system will

rapidly depressurise, and any et t11-suspended fps will be swept into the

!

| containment, together with any fraction of earlier-deposited TP which may became

resuspended at this stage.

j FP Retention

lodine (MI) *

If it is asstaned that iodine deposits onto particulate, as in Model(10 of the

preceding discussion, then the retention behaviour is entirely dominated by this

process due to the high aerosol densities anticipated, and the behaviour follows

that of other particulate.

i

la the case that Model(i) applies, and only deposition onto walls is allowed,
i

| then ' i t is readily calculated that the hot-leg and pressuriser surf aces which
|

I would be cool enough to permit deposition have insufficient surf ace area to retain

more than a small fraction (<1%) of the iodine inventory at saturation cover-
! *

| age. Ef fectively all of the lodine would be released into the relief line. The

combined processes of stems condensation in the relief line and scrubbing in the

water-lute of the quench tank are expect ed to ef fectively partition highly

soluble H1 into the bulk water phase, and a Decontamination Factor (DF) o f at

.
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least 10 can be estimated from calculations and suppression pond experiments.

We therefore set the release factor F for volatile inorganic iodine in the Model

(i) situation at F s 0.1.

Particulate

Upper plenum
.

Phase A.

Cas temperatures are estimated to be in the region of 800-900*C, and internal

structure surface temperatures around 500'C, during the stage of major VFP

rele ase . Calculated partial pressures of Cs0H and Cat of about 0.2 MPs and 0.02

MPs respectively exceed the SVPs corresponding to gas temperature by two or more

orders of magnitude. The surface temperature of structural sacerial aerosols

co-released with the VFP should be close to the temperature of the surrounding

gas in each region, and when hot gases exiting the core six with cooler gas in

the RPV upper plenum, rapid condensation of these VFP vapours onto the aerosols

is expected. The partial pressure of Te ( * 0.05 MPa) does not so greatly

exceed the SVP, and incomplete condensation onto particulate is anticipated.

All the VFP vapours will be greatly supersaturated with respect to well tempera-

ture, and condensation onto the upper plenum structures will also occur.

The residence time in the upper plenism is long, estimated at 1000-1500 s. The

initial structural aerosol density at the core exit may be estimated by assuming

that the gases passing through molten regions of the core become saturated with

the vapours of molten structural and control rod materials, sinc e the flow

velocities of carrier hydrogen / steam are low ( * 0.01 a s*l). Control-rod silver

will be the main contributor, and a mass desalty of around 1 kg e*3 can be

d erived . Agglomeration and deposition in the upper plantas will rapidly reduce

the mass density, and the process will be accelerated by the condensation of VFP

onto the aerosol, gotisation of the extent of VFP retention is dif ficult, due

to uncertainties in the deposition velocities for condensation, and the changing

aerosol density, but the following is present ed as a reasonable approach:=
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a. Internal surface deposition

! This will probably be mass transfer limited, and in the absence of structural

j eerosol, signific ant condensation onto the upper plenum internal structures

| would be expected. However, since the effective A/V ratio for the aerosol is

estfeated to be two or more orders of magnitude greater than that for structures

i
' ( - 5 m-1), condensation onto the aerosol will dominate even if the deposition

kinetics are considerably slower for this process. We therefore neglect

|
| detailed consideration of condensation onto structures, whilst noting that it

! will provide additional retention.

b. Deposition with particulate

Two f actors enter into the estimater-
{
j 1. The fraction of VTP vapour which condenses onto particulate. For the

highly supersaturated vapours Cs0H and Cst, condensation will be governed

by mass transfer and heat t rans fe r. The intimate mixture of aerosol and

vapour ensures that mass transfer processes will be fast, the typical

diffusion time to the nearest particle being only a few seconds. He at

transfer of the latent heat to the bulk gas following condensation may then

be the rate limiting process, but a simple calculation suggests that

j the timescale for temperature acconeodation is again of the order of

: sec ond s . Thus, for the highly supersaturated vapours Cs0H and Cat, essen-

tielly complete condensation onto particulate is anticipated within 10-20s
.

of entering the upper plenum, and the fraction of these species retained is

the same as the overall retention of particulate. For Te, the equilibrium

distribution between vapour and condensed states is also expected to be
.

rapidly attained, but in this case it corresponds to a 60-70: condensed

tract ion.

2. The fraction of particulate which deposits in the upper plenus. In
!

order to estimate this, a crude stepwise calculation of the aerosol history

in the upper plenum, treated as a well-sized volume, has been performed.
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Cas flow rates and temperatures were taken from a MARCH run. A structural

aerosol mass generation rate increasing linearly with time ( and henc e

roughly with fraction of core molt en) , to a maximum of 0.1 ' s-I just

before core slump, was employed. For estimation of the extent of aerosol

deposition, an algorithm based on Fig 6-3 of NUREC-0772 was used. The

following table outlines the results of the calculations, time zero being

the onset of VFP release.

Table 3.3

Fraction of released mass Aerosol mass density
Ed deposited in upper plenum 1 in upper plenum, kg e-3 x 103

300 0.73 0.28

600 50.4 54

900 76.7 81

1200 86.3 95

1500 90.6 108

1800 93.1 118

1950 93.8 123
(core
slump)

.

This calculation takes no account of the effect of condensing VFP in

enhancing aerosol deposition, and is therefore considerably conservative.

It leads to the following estimate of VFP distribution at the time of core

slump (1):-

Cs,1 Te

Deposited in RPV upper plenum 80 40

'

Vapour in Core 10 10

Suspended in RPV upper plenum 4 30

Transported out of RPV 6 20
t .
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Phase 3

On a conservative assissption, the VFP still suspended in particulate or vapour
,

fom at the time of core slump will be swept without further deposition into the

hot les and pressuriser. Sinc e the upper plenum structures will be cooled

during this period, no resuspension of VFP is anticipated. Flow velocities are

, too low in the upper plenism to produce significant hydrodynasic resuspension
'

!

forces on deposited particulate.

Phase C

Heat-up of the upper plenum structures at this stage could produce some vola-

4 tilisation of deposited VFP, but several arguments suggest that resuspension is

likely to be small. Assuming the upper core grid plate remains int ac t , and

attains a temperature of about 800*C, the vapour pressures 'of VFP compounds will

remain quite low ( < 10-2 sta), and mass transfer limitations will ensunt that
^only small fract ions of the deposited masses, at most a few pe rc ent , will

evaporate in the short time available. Moreover, CsI, Cs0H and To will all be

in the liquid state at this temperature, suggesting strong adhesion to surf aces,

and little probability of resuspension by hydrodynesic lif t during the depres-

surisation following RPV melt-through. On these grounds, it is proposed that

resuspension of VFP deposited in the RPV upper structures during Phase A can

be neglected.

Hot les

Residence time in the hot les is in the region 30-60s, and negligible deposition

of particulate is espected for the aerosol mass densities of 0.1-0.2 kg m*3

expected in gas flowing from the RPV upper plenum. Gas temperature will f all.

somewhat throvsh the hot leg, and further condensation of Te vapour onto parti-
,

i
.

culate will occur. The vapours of Cs ,1 and Te species will all be highly
l supersaturated with respect to pipe wall temperature, but mass transfer will

,

limit deposition to < 13.
t

|

I
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In summary, no significant VFP deposition is expected in the hot leg.,

Pressuriser

Phase A

' Data from MARCH calculations, and from NUREG-0772 Appendix D, suggest that the

gas temperature here will rise to about 600*C, and the surface temperature to

400*C, during the phase of VFP release. The residence time is estimated to be"

very long, 2000-3000s. Vapours of any VFP not already condensed, notably Te,

will become highly supersaturated here, and essentially complete condensation

can be expected. Residual structural /TP aerosol will be the main sink for this

condensation, since mass transport will limit the extent of deposition onto the

walls to a few percent. The f ate of that proportion of VFP which escapes from

the RPV will thus be determined by aerosol behaviour in the pressuriser.

No detailed calculations have been performed, but using Fig 6-3 of NUREG-0772(4)

as a guide it can be estimated that at least 80% of the aerosol entering the

pressuriser during this stage will be deposited there. Total release of Cs and

I (to the relief line) by the end of Phase A is thus estimated at less than l%,

and of Te at less than 4%, of core inventory.

Phase B

Following core slump, the rapid steam / hydrogen flow from the RPV lower plantan

will sweep the residual VFP suspended in the core and upper plenum into-the

pressuriser, and drive that proportion of aerosol still suspended in the pres-

suriser out through the relief valve. The latter process is estimated to

release about a further 1% of core inventory of Cs, I and Te into the relief

line.

Results of the complex transport, condensation and mixing processes in the RPV

upper plenum and pressuriser during this phase are difficult to estimate. Very

approximately, though, an aerosol of mass density around 0.5 kg m-3 is expected
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* to be creat ed in the pressuriser, and in the s tagnation pe riod between end

of boil-dry and RPV melt-through, some 90% is estimated to deposit in the

pressuriser.

Phase C

From the foregoing, it follows that at the time of RPV melt-through and circuit

depressurisation into the contairusent building, only some 1-2% of Cs and I core

inventory, and about 4% of Te inventory, is expected to be still gas-borne as

aerosol in the pressuriser. Further possibilities of trapping of this exist as

it flows back through the circuit to the breach point. However, conservatively

we estimate the releases o f Ca and I at this stage as 2%, and of Te as 4%.

Relief line and Quench Tank

Gas escaping to the relief line experiences a large pressure drop fram 17.1 MPa

to < 1 MPa on passage through the relief valve. This will produce strong

adiabatic expansion cooling, and stems condena ation in the relief line is

certain. The relief line and quench t ank will thus be wet, affording good

pos sibilit ie s of aerosol trapping on surfaces. In addition, if a water lute

exists in the quench tank, scrubbing of exit gases will further attenuate

aerosol release to the contairusent, with DFs probably as high as 10. Thus, of

the few percent of VFP which are estimated in earlier sections to escape into
?

the relief line, only a minor proportion will reach the containment atmosphere.

Sumur ary

If deposition onto aerosol is neglected, iodine (HI) is expected to largely

escape from the RCS via the pressuriser relief valve, but effective trapping in

the quench tank will reduce the gas-borne fraction released to containment toa

<0.1. Otherwise, iodine will be retained attached to particulate inside the RCS

to an extent of > 90%. Other VFP will be trapped within the RCS, condensed on

deposited aerosol, to an extent of > 90%. The main release (< 5%) is expected

to be on RPV melt through and RCS depressurisation.
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Discussion of primary circuit retention

In Section 3 above, the physical mechanisms which can lead to retention of

volatile fission products in the reactor coolant system have been reviewed, and

an attempt has been made to quantify these mechanisms for specific accident

types within the framework of the DPD approach. This analysis identifies many

areas in which existing informa tion is incomplete or inadequate, and it h as

frequently been necessary to apply judgement in selecting values for key para-

meters. Deficiencies in both probabilistic and physically descriptive data are

apparent. A need to modify some aspects of the t re atme nt in the light of

improved experimental and computational data may be anticipated, and in several

features, such as making no claims for VPP retention in the RPY upper plenus in

V, A and S LOCAs, the conclusions may be somewhat conse rva tive . The overall

probability distributions derived for the four LOCA-types covered are summarised

in Table 3.4.

o
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4. Buildina Retention-

If the fission products, having lef t the primary circuit, become well-sized in a

building and remain there for some time before leaking to the environment, there

is then the possibility that scoe fraction of them will be retained on the
,

internal surf aces of the building. Three cases are considered in this section:

.

1. the auxiliary building

2. the containment building without sprays operating and with eventual
failures.

3. the contairusent building with sprays operating and without eventual
failure.

In the first case the building can st and no overpressure so le akage begins

immediately upon release. In the second case the release is dominated by the

puff release at the time of contairunent f ailure, and to a first approximation

the amount released is the amount altborne at this time. In the third case the

| release is due to the design basis leakage of the contairunent building.
|

[

The present work builds upon a WASH-1400 style study performed by Of fshore

Power System (0PS) reported in WCAP9991. The building dimensions and output of

the MARCH and CORRAL calculations are those given in WCAP0991(91

L

4.1 Auxiliary Building Rekention in UEl

j 4.1.1 Introduction
! The first estimate methodology allows for no retention in the musiliary
|

building, so.

.p> m,, c o .
.

(see Section 2 for definitions) for i = 1 (inorgante iodine-containing

vapours) and i= p (volatile fission produce particulate). Very little,

modelling of auxilia y building ef fects has been done in the past. Table 7.3
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k

of NUREG-0772[4] quotes results of a CORAE calculation, results which imply
. i

FA (1) 0.52 FA (p) = 0.64=
,

Bowever the assunptions and parameters on which these calculations are based are

not given in the tent. Moreover what little is said in the tent about the

V-sequence accident some to cont radic t these numbers. On p7.22 we read:

*

"The lategrity of the ausiliary building would be lost very early in

the ac cident. Little retention of iodine is predicted to occur in the

failed building regardless of chanical fors".

Again on pA.8 we read:

"The fiselon products would be released to the atmosphere of the safeguards

building in a .aisture of hydrogen and superheated staan. For gas genera-

tion rates consistent with decay heat, the residence time in the safeguarde

building would only be a few minutes before release to the environment".

in view of this confused altvation, it was decided to base the second estiestes
,

en our own eseping calculations, and these are presented below, groadly

speaking it seems that values of FA (1) and Fa (p) of around 0.5 (close to the,

values in NUtsc-0772) een be justified.

4.1.2 General Assroach.

Release estegory UK1 containe only the V-sequence, so we do not have here

uncertainties of the first kind (defined in gestion 2). What remain uncertain

are things like the stee and position of the break in the low' pressure circuit

and the state of damage of the suaillary building, le uncertainties of the

setend kind. In the investigattens to be dessribed in this oestion we de two

things. Firstly we sonalder a simple model for en intact building, taking it to

be an empty shell (a conservative assumption) ventilated by the stean soning

out of the ruptured primary circuit. Secondly we define four building states
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I
'

,

which attempt to represent the spectrue of possible building responses, ranging
. a

*
from cesplete destruction to the survival of a building within which the fission

produets can become well-mined before leaking to the environment. These ares

1. Total Destruction. The fission products vent from the broken pipework (, ,

.| directly to the steosphere.
!

2. 1,eaky Shell. There is substantial demolition of internal partitione
,

and of the esternal wolle. Fission products are removed by wind

vent (1stion.
;

3. Coopertee nt Rupt ure . Damage is restricted largely to t6e compartment ;

{*

in which the leek occure, and is primarily in the esternet rather than .

L

ieternal wolle. The ventilation is dominated by the wind. physically
,,e

the situation le like case 2 except that the valuees, areas and

ventitetten rates are att mostler.
5 i

I 4 Internal Rupture. Nere it is the internal rather than the esternal

walle which are the meet daaged. Fission products became well-mised

throughout the whole building before leaking out. The ventilation le ,

due to primary circuit gas. This esse is the see se the simple case f

doestibed above escept that more internal surface area is asemed .{
r
there,,

h
'

Consideratione of the design of the building, which is substantially coopert-

sente11eed to restrist common-cause f ailure of t.he plant it houses, and particu-
.

1arly of the nature of the locatten of nest likely breaks, suggest that most |*

|

weight should be given to essee 3 and 4.* ,

The sedelling of the transport processes use s the seemptione embodied in

CosAAL. The consequent selselon of particulate agglomeration een be justified
i

on the grounds that, so will be shown later, agglomeretion does not become
''

|

f
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Im po rt a nt till after four hours, whereas typical re s id e nc e times in the

auxiliary building will turn out to be less than one hour. Reoval of iodine

and . particulate are characterised there fore by first order rate constants:

A =g kg Ag/V A = k A /V, p p p

kg and kp are deposition velocities, and the geometrical f actors are

total volume within which the fission products can become well-V =
aimed on a time-scale short compared with residence times.

total area available for 12 plate-outAg =

total area available for particulate sedimentation.A = *
p

Values for these factors are estimated below for the different building states.

Uncertainties in the building state are believed to be more important than those

caused by the choice of CORRAL methodology and of the particular values of k p

and kg (taken from WAgN-1400 modelling of the containment).,

To calculate release fractions we need the removal rate constants, lg and A p
*

and

the leak rate N

N = 9 /V

where 9 is the volume flow rate out of the affected volume.

For wind ventilation 0 is

e = $ v, Au
.

where v is the wind velocity and Au is the breached area on the upwind side of'

the building. Henceforth the constant of proportionality 9 is taken as unity,

representing the largest possible exchange rate.

4.1.3 Calculations of Release Fractions

These calculations require as inpit values of kg, k, 0 and the geometricp

f actors V, Ag, A . From these we obtain the rates Ag,1p and N. The releasep

fractions are thens

64
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F (I)A A(p)* * *
y+ g y+ ,

UASH-1400 quotes for the containment without sprays

1.38 hr*lAg =

This value of Ag is used in conjunction with the appropriate dimensions of the

RSS containment to derive suitable deposition velocities.

The containment parameters for the RSS containment are:

5.10 x I N m3 (containment free volume)V =

1.05 x 103m2 (floor area)A =p

7.71 x 103 m2 (wall + done + floor area)
*

Ag =

This gives a deposition velocity for iodine of:

.

9.13 m hr*lkg =

The number k is a Stokes's law terminal velocity of the particulate. In CORFAL*
p

s

this is calculated from the aerodynamic equivalent diameter ( AED) as follows :

k /(m hr*l) 0.109 (AID / m)2=
p

The AED f alls linearly from 15pm to Sun in 4 hours, and then is held at this

value. A typical calculated residence time (1/N) for particulate in the

auxiliary building is 0.66 hr, corresponding to AED = 13.35pm. We shall use the

settling velocity corresponding to this residence time, namely

k, (0.109 x (13.35)2)s hr*I=
.

19.43 m hr-1=

The other parameters depend on the details of the case being considered. We

begin with a simple case, in which the building is taken to be an empty shell,

so that V is the total building volume, A is its floor area, and Ag is thep

total area of walls, floor and ceiling. Volume and floor area from WCAP9991

are.

65



7- _

i

.

e

,

'

I

5.66 x 10' m3*- * v =

7.15 x 103 m2A =

P

Making the additional conservative assumption of a square plan, we get a height

of 7.92m, so that the total area of walls, floor and ceiling is

1.70 x 104 m3A =
g

The flow rate of steam into the building is taken to be that typical of a small

break LOCA, during the time of the melt rele as e . This is obtained from the-

output of the MARCH code:

8.49 x 10' m3 hr-I0 =

Next we have to compile the same input for the four cases de. in 4.12. In

case 1 there is no building lef t, so nothing is required. For the flow rate in

case 2, we take

4 a s-1 (a typical UK wind velocity)=v,

150 m2 (about a quarter of the area of one wall)A =u

600 m3 s*lgiving 0 =

With this amount of ventilation, the fission product cannot be espected to six

with the entire building volume or make use of the entire surface area. Let us
' take as effective geometric parameters:

Y'= 14000 m3 ( = 1/4 V)

2 (:(g/4)2/3 , gg,,, ,,,,)
*

A* 2800 m=

P

4000 m2 ( t 2 x area of one wall + A",)A' .=
g

Finally we assume that the flow,0", actually af fecting fission product is in

proportion to e as V' is to V, namely

*

!$0 m3 s-1O' =
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A Rese numbers for case 2 are chosen more or less arbitrarily so that scoping
,

i
; calculations can be done for the ef fects of incomplete sizing in the building.

For case 3 we take a scapartment of the see volume and floor area as were*

af fected in case 2, so V * and A* are as above. With a square plan the total
p,

surf ace area is then
.

6660 m2A' =

,

i The wind velocity is kept the s ame , but now the breached area is taken as

one-tenth of the area of one wall

25 m2A =u

100 m3 s*1so e =

Finally for case 4 we take the input of the simple case except for en increase

in A to take account of surviving internal vertical partitioning. For these
g

esiculations we increase A by a factor of four.g

6.8 a 100 m2A =g

With this input the rates and release fractions are as tabulated:

Case N/hr A /hr 1 /hr'' F (1) F (p)~I *I'

g p A

,t Simple 1.50 2.74 2.45 0.35 0.38

[ 1 1.00 1.00- - -

2 38 .6 2.61 3.89 0.94 0.91
.

3 25.7 4.34 ' 3.89 0.86 0.87
-

4 1.50 11.0 2.45 0.12 0.38
.

If the four cases are given equal weights then the mean releases are

0.790.73 F (p)FW ==
g 3
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If we restrict the possibilities to cases 3 and 4, giving than equal weights we*

get ,

,

* 0.630.49 F (p)F (1) = =
AA

4.1.4 Conclusionsj

| The numbers presented above suggest the following conclusions:

I
~ a. There is little significant difference between iodine vapour and particle

behaviours the residence times are too short for the effect of the faster

removal rate of the former to become apparent,

b. Given that some sort of building survival is the most likely outcome, the

greatest probability should be given to F = 1/2, with some weight also in

| T = 1 and F = 1/4 to account for the estreme cases.
|

| .h... c. ,..lo.. c.. e ..pr.es.. in th. 1, i.s opos,

1
.

1 1/2 1/4 1/10 1/20
'

| F1
=

F(F (1) = FL) 0.2 0.6 0.2 0 0A

P(F (p) = FL) 0.2 0.6 0.2 0 0A

'

4.2 Contsiment getention in (11t2, 5 and 6 .

,

!
4.2.1 Introduction

,

The cases discussed in the present section are characterised by the eventual

f ailure of the costalmeent and the operation only of natural renoval processes

within the containment. Spray removal is discussed in Section 4.3, in the
e

contest of sequences where the contalment does not fall. In Ull2 there is the,

possibility of a steam esplosion, and containment is failed promptly after

| f ailure of the reactor pressure vessel. In tfit3 and 6 there is no stems emple-

sion, and the containment f elts only af ter several hours. ttst3 hee a vaporisa.
|

| tion release while Ult 6 does not..
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| the effects which cause a 1ecrease in release fractions relative to the point,

1

values are stallar in all three categories. However in UK2 and UK6 there are*

possible mechanissa which tend to work in the opposite direction, that is to

inc rease the release f rac t ions . These ' are t reat ed in the present work as

perturbations on the distributians obtained by considering only those additional

ef fects which reduce the release fractions.' '

*

The UK$ distributions are therefore taken as representing the ef fects of the

retention sechanisse in all three cate6eries, and these are discussed in 4.2.2,

' 4.2.3 and 4.2.4. Then in subsection 4.2.5 the release enhancing mechanises and

|
their likely effects on the distributione are discussed separately.

| The release categories are defined in terms of molten core behaviour af ter the
' pressure vessel f ailure and of contalement response, whereas the sequences are

divided up accordius to the initiating event. Therefore there is no simple
,

correspondence between release category and accident sequence. This point is

esamined in 4.2.2. As in the eusiliary buildirg, there are uncertainties in the

geometrical factors (arena and volumes) to be used in the mode 11 Log of the

containment. Increased retention estimates due to more realistic modelling of

Laternal surfaces, together with the dependence of these increases on t ime.

of failure, are discussed in 4.2.3. Finally, CORRAL le incomplete in its' *

[ nodelling of aerosol behaviour, gy comparing cog 1AL results with those of the

mechanistic code AgR0gIM, the ef fects of allowing for a spread of particle sises
.

and for the process of aggiceeration are studied, the results appearing in'

v .

4.2.4.a

,

In all of the cases considered here the leak rate is small before containment* '

f ailure, and on f ailure a sudden puff release is assweed, which releases 952 of

the containment contents. Therefore the amount released is dominated by the

asovat airborne at puf f release (encept in UK2 where the varorisation release

component is not yet airborne at the time of puf f). This simplifies particularly
j

|
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the calculation of dependence on release time of the mass released, because it

can then be estLeated from Stephs of amounts airborne sa functions o f time .

4.2.2 Ef fects of sequence Uncertainties

no separate ef fects calculations have been done specifically for UK2; the point
.

values were taken from the RSS, category PWR 1. However, WCAP9991(9] reports
.

calculations for a series of cases involving prompt containment f ailure and these

show !sttle difference between the A, S and T type events. The contributions of

uncertainties of the first type described in Section 2.5 are therefore unimportant

in UK 2.*

For UK5 and UK6 both T and 8 sequences contribute. Relevant WCAP 9991[9] results

are tabulated for sequences with containment f ailure 4 hours af ter RpV failure

as follows:

M (Vaporisation Release)

Sequenc e 12 release Cs release

T 6.3 x 10-2 3.4 x 10*1

8 4.4 x 10-2 3,4 x 30-1

A 3.9 x 10-2 3,3 x to-1

| g (No Vaporlastion Release)

Sequence 12 release ce release

T 3.1 x 10-2 2.5 x 10*1

8 1.9 x 10-2 2.5 x 10*1
*

A 1.8 x 10-2 2.6 x 10-1

Again the differences between sequences are seen to be small.

The resulta for a four hour failure time were used in this study staply because

only in this case had the calculations been done for the three sequences. In

fact an elShe hour fa!!ure is considered to be the ainlaus plavelble for both

70
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UK5 and UK6, and the point values for UK6 are indeed based on an eight hour'

failure. For UK$ a four hour failure was taken for the point value. For a

T-sequence contributing to UK5 the release fractions for eight hour failure are

1.1 x 10-2 and 2.4 x 10*I for I2 and Ca releases respectively (WCAP-9997, Table

4.5-13 [91). Therefore simply by giving weight to realistic f ailure times in

UK5, without invoking any other effects, gives a reduction in the point value.

4.2.3 Effects of Uncertainties in Voltaes and Areas

Both iodine and particulate removal rates are of the form:

depostion velocity x Arearate =
volume

Therefore the asstaption that the containment is an empty shell is conservative

because internal partitioning and equipment increase available area and decrease

available volume. Here it is being assumed that internal structure does not

alter the deposition velocities. In fact they could disrupt the convection

* patterne found in an mapty building, and thereby increase the boundary layer

thic knes s . Sinc e for 12 plate-out by diffusion through the boundary layer is

rate-determining, the effect of internal structure would be to decrease the

deposition velocity. Moreover if the containment is found to be divided into

ef fectively separate well-mixed volumes more detailed modelling would be

required.

If the time-dependence of airborne-concentrations is of the form exp (-At), and

if A is replaced by an enhanced rate A* then the mass airborne and hence,

available for release will be reduced by a factor, exp [-( A* - A )tl, decreasing

esponentially with time of containment f ailure. To estimate how the ef fects of
*

increasing Ag depend on time of failure, a simple fit was made of the iodine

releases calculated by OPS (9) for the three failure t ime s in a T-sequences

accident. The results were approximated by using

1.05 hr*I up to end of vaporisation releaseA =g

0.40 hr*1 after vaporisation release=

71

~



_

e
?
?

t

.

.

.

Then A was increased by a factor of four, giving the following reduc t iong

factors for the masses airborne at the stated times.,

Prompt Failure 4 Hours Failure 8 Hours Failure*

reduction factor 0.40 0.125 4 x 10-44

Once again times are measured from the time of pressure vessel f ailure; prompt
1

cont ainme nt failure means that it occurs within a few minutes of vessel*

failure. Note that there is still a reduction for prompt failure because the

| volatile fission products come into the containment before pressure vessel

failure.

We see that for lodine the ef fect of increasing Ag/V is very sensitive to the,

failure time assused.

For the particulate, WCAP9991[9] sives sensitivity studies for increases in A /Vp
3

of factors of 2 and 2 for the four hour and eight hour failure cases. A simple

esponentlal interpolation between point values for four hours and prompt f ailure

enables us to estimate an ef fective A , and hence what the analogous reductionsp

would be for a prompt failure. The results for reduction f actors are:

A /V increase prompt failure four hours eight hoursp

2 0.83 0.56 0.50

2 0.63 0.31 0.25
i

The removal rate for particulate in the contairusent, particularly at the longer'

times, is much smaller than that for lodine, so these reductions are much less

sensitive to time than the iodine numbers.

If the A/V increases discussed above are possible and if this is the only source

of release reduction, the reductions achieved are around 0.5 for the particulate

cases and for prompt todine release. For delayed todine release much greater

reductions can be claimed.
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| 4.2.4 gf fects of processes Not Modelled

As well as uncertainties in our knowledge of the physical conditions, there are

deficiencies and uncertainties in the modelling of the physical and chemical

processes to be taken into account. This is particularly true of 'ne aerosol

modelling. In CORRAL each rolesse is characterised by a single radius for

particulate material and hence a single rate of fall-out. In the CSE esperi-*

ment, on which CORRAL is based, the sedimentation rate was found to decrease

with time (1$l, an ef fect attributed to the f aster fall-out of the larger parti-,

!

cles. In CORRAL this is modelled by letting the particle radius decrease

linearly as a function of time af ter release. If, however, in actual occident
,

condtions the particle density is high enough to make particle agglomeration an

import ant process, then the population of larger particles will continually be

replenished , and 1 will not fall. The ef fects of agglomeration are discussedp

in detail below.
,

.

.

| Processes involving steam condensation are also not modelled esplicitly in
' CORRAL although it may be that the ef fects are implied since the CSE esperiments

included condensing steam. If stema condenses on particulate material, on if'

the particles aggione rate with water droplets their size will increase and.

sedimentation will be faster. If steem condenses on surfaces then particles

will deposit on these surfaces, transported there by dif fuelophoresis. Results

from the Cerman code NAUA, are reported in NUREC-0772 (p 7.27). For the TMLS'

accident, going from a dry to a stems atmosphere causes only a 201 reductica in*

airborne c oncent ration, owing to "the rather . short period of condensation
.

predicted by the thermal hydraulic conditions." It is then said, "the ef fects

of condensation could be more significant for sequences ot he r than TML5' ."-

The ef fects of agglomeration have been studied for the T sequense using the BRD

aerosol code, AEROSIMl16). The mass median radius of the source distribution was

chosen to be 0.082 us, corresponding to en AED (aerodynamic equivalent disseter)

of 0.532 m (le a f actor of 30 below the initlel else of particulate in CORRAL).
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This le the value recoseended in the CSN! report on aerosole in reactor*

safetyll7). The masses released are core inventories predicted using the FISP!N
* code (10) sult! plied by Rss rolesse frections. The releases were calculated for

the four and eight hour f ailure cases of 11tLB' with vaporisation release and the6

rettoo of AthostM to CORRAL release fract ions for Ce particulate are given
,

below. Also tabulated are the ratios when a four-fold reduction in the masses

of all material released is asemed. the significance of which will be esplained

later.

'

4 hour f ailure 8 hour failure

Fe(p) with standard source 0.77 0.12
release masses

r (p) with release masses a 1/4 1.9% 0.63e

The benefit to be gained by agglomeration is strongly time-dependent. CORAAL le
i

quite accurate for the earlier failure (whleh ecces very seen af ter the end of i
'

1

the vaporisation rolesee), but le larger than predicted by AthoglM by an order

1 of magnitude at the later time. ;

A eleller picture emerges free a study reported in NURgC 0772 (Figure 7.12, page

7.33). predictions of ease airborne as a function of ties are scopered for

CotRAL and for four mechanistic codes. The graph is shown schematically se

figure 4.1. The mechanistle tedes give resulte lying within a tight

envelope. For four hours after the etert of the release the CORRAL result lies

within that envelope, but from then on f alle very much less sharply. By eight

| hours (that is, eis heute af ter pressure vessel failure) the CORAAl, values are j
3

en order of magnitude higher.

Figuse 4.2 shows the ranges of particle sleet asemed for CORAAL, se compared 6

with the ease median radius ('50) from AgnostM. For each release in CORRAL. i

the A30 starts out at l$ us, then falle linearly to $ we in four hours and ;

remaine at this value thereaf ter. In AIR 08tM r$0 starte of f smalle rises to
I

eene ques!* steady-state value, from which it slowly declines (this sequente la
l

t

l% h

!1

!
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* interrupted by the injection of fresh esterial by the vaporisation release). |
*

| After about five hours into the accident the AssostM r5O goes above the CORRAL J
| |

redli, and fece then on f all-out will be f aster in AthostM than in CogRAL. Wh at t

thle figure does not show is that ARRos!M predicts a tense of particle elsee.,

-.

the largest particles typiestly have a redive an order of magnitude above r$0*
t

sven then r$o is below the CORRAL redit AEgostM predicts a sentinually f
'

| replenished supply of such larger part icles falling out such more quickly
,

than does Q)RRAL.

i

Nowever, within the spectral source tore methodology one must be careful in [
t

elateing these reductione due to agglweration. Probabilitsee for retention in

j the three elles, primary circuit, sentainment and lesh path are sensidered as

et stletically independent. A probability for containment reduction le claimed ,
.

regardless of what h ea already been etained for primary streult retention.
:

such an approach is all right when removal processes are first order, se they
*

are accused to be in CORRAL. Then the fractional reduction in consentration

does not depend on initial eencontration. However, such en assumption le not

appliesble for a second order prosese Ilhe agglomeration. For this reseen

AsR0.lM ealculation has been repe at ed with all masses of roleseed esterial
,
,

reduced by a fetter of 1/4. The results appear en the second line of the
,

ebeve t able. The sedest agglomeration reduetten for four hours le wiped out,

and the reduellen te 121 et elght hours is replaced by a reduetten only to 40%. f
*

On the other hand, if we are to consider primary sireult processee, we eight i

legitiestely elete an ineresee in radius along with the decrease in soneentre- '

tien, and thle will increase the tomoval rate again. For esemple when, with the
.

etandard eeures, the radius is increase 4 frus 0.0g2 us to 0.770 (terresponding

to AgD = $ ge) the 128 is reduced still further to al. The initial radiue le en
'

l

toportent uneettainty in aerosol sateutettene, it fullows free thle dissuosion |
l

thet great eeutlen has to be esereteed in slaiming soglemerettenatated sentain. i
t

sent reductions within the present eethodology, because of the dependence of I

such reduellene en the estent of the reduction during primary circuit tieneport.
FS i
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4.2.1 telesee Boheneina Wehenisse
'

tm2 involves e steam espleelen which ear cause a reevepeneten of meterial, en !

I effect not included in point value celeutettene. In tmo there is ne vaportes.
i

tien rolesse, a feet which may be due to the het core having been spread widely i

'
ever the fleer of the centelment. The resulting theroepheres te ef fe to will *

hinder particulate and ledios depeettien en the fleer. Below we give some eleple

calculottens which investigate the best way to represent the ef fects, within
j

'

the DpD nothodology. i
t.

Let the fraction of the tetet f(selen product put into the centelament airborne
.

et the time of en esplossen be 4, and for etaplielty let we identify this

with the fraction roleseed in the ebeense of resuspeneten. Therefore 1-4 et the i

input hoe been depeeltedg let us assume a freetten f of thle le reevepended and
:

hente roleseed. Then the rolesse freetten with reevepenelon le
.

!

,

| 6' = 4 e (1-4)f
r

.

The values of 4' for verleve values of f are presented below for the behaviour

! of Ce partieutete in 1152. Also given are rettee 6 '/ 4, where 9 = 0.4 is the
!

point value.
,

,

4 0.6 0.2 0.1

4/e 1.0 0.1 0.29'

| ta 0.46 0.20 0.19 i
'

f a 1/10
4 */ 4 1.11 0.70 0.675 i

e' O 52 0.54 0.28 . i

f a 1/S
6 */ e 1.1 0.90 0.70

4' O.70 0.40 0.ll
| t e 1/2 . t

' */ 4 1.71 1.10 1.18
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the ef fect le to concentrate the distribution around the point value.,

The ef fect of depeettien retardation due to core s preading can be crudely
' modelled by a reduction in the ef fectise floor area evettable. This clearly

* af fects particulate auch more then (odine, the latter having area other than

floor avellable to it. Se the release enhancement should be attributed much

more to the particulate than to the lodine in UR4. As discussed earlier in

the contest of increases in eres, the effects are auch greater et longer times.

If the sea 11 rolesse end of the s pec t rum is identified with long times to>

f ailure, then this end should be af fected most. The appropriate way to perturb
.

the distribution le therefore to shif t sees weight, based on judgement, fram the

lowest estupied value of F( to F1 = 2.

4.2.6 swunerv and Conclusione

The main pelate made in this section are se follows:

1. Significant reductione sea be obtained setely on the beels of increasing

internal stees and decreasing the cont altunent volume, consistent with

the specifie deelen parameters,

it. The ef fects of uncertainties in the sentribution of eccident ooquences

to rolesse esteseries are smell.
.

(t!. Wighting longer tiees to cont ainment fatture will decrease UKS point

v alues , particularly for ledine rolesse, even without A/V lacreases.

iv. Point values in UB6 are already for the lenser times, so the reductior.e
,

sentioned in (!!!) above (le these independent of A/V incrosses) eennot

be eleined here.*

v. Portleutete agglomeration gives significant redve t ions in rolesee frac-

tiene et the longer f ailure times, but since the segnitude will depend

on ediet happone in the primary circuit they eennet aselly be fitted into

the present statietteel eethodelegy and hones were not weed.

11
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vi. Fission product resuspension in UK2 will tend to concentrate the proba-

bility distribution obtained by conside ring only reduction mechanisms

around the point value.
i

vii. Core spreading in UK6 may shif t weight from lower to higher particulate

releases, but the effects for iodine will be smaller.

* For the purposes of the consequence calculations these conclusions are expressed

in the following DPDs. Firstly distributions are constructed to represent the

release reducing ,ef fects in all three categories. This is attributed unaltered

to UK5, where there is no release enhancement. Then this first pair of distri-

butions has a weight of 0.1 shifted frcan each F= 1/4 column to each F = 2
,

column, to represent release enhancement, the result being attributed to LT2 and

6. For the release reductions we look to effects of A/V increases. For inor-

genic lodine-containing vapour we can expect a factor of 1/2 reduction even for

prompt failure. So a weight of 0.4 is attributed to F = 1/2 and the rest is

spread between 1 and 1/4 For particulate there are reductions between 1 and

1/2 for prompt failure, so 0.4 is assigned to F = 1 and to F = 1/2, with the

rest in F = 1/4. The results are:
"

Fi 2 1 1/2 1/4 1/10 1/20=

UK5
I O 0.3 0.4 0.3 0 0

.

P 0 0.4 0.4 0.2 0 0

UK2 and 6
! I 0.1 0.3 0.4 0.2 0 0

'

l P 0.1 0.4 0.4 0.1 0 0

It should be noted that for UK5 and 6, which represent cases of delayed contain-

ment failure, tha arguments presented in Section 4.2.3 show that considerably

less conse rvative distributions can be j us tified . The enhancements have been

expressed in a simple way, maybe one not strictly appropriate for steam explo-

sion resuspension, but the uncertainties involved are such as to make going into

greater detail unwarranted.
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| 4.3 Containment Retention in UK12

In this case where the sprays operate and the containment does not fail, the
'

dominant mode of renoval is by the sprays.

.

4.3.1 Spray Removal of I,

The principal conservatism in the spray modelling of iodine removal in CORRAL is
I

the asseption of a 1% cutoff, is that 1% of the airborne iodine will not be
I

removed by direct spray action. Because the release to atmosphere is via a

8 small design basis leak rate the mount released depends on the residual amount
I I
' which remains airborne over a very long t ime . The point value for iodine

release is based on a leak time of 720 hours, and 80% of the mount leaked comes

out after 24 hours. If we could claim that sprays and natural processes

could get the airborne iodine levels down well below the 1% level at le as t

within 24 hours then something like a factor of 1/5 reduction could be claimed.

I

4.3.2 Spray Removal of Particulate;

*

In the case of Cs particulate the conservatism seems to be in choice of

sequence. OPS model two sequences, an S-sequence where sprays do not come on

till af ter 1 hour into the accident, and an A-sequence where sprays come on

almos t immediately. The S-sequence result is taken as the point value; the,

A-sequence result is an order of magnitude down on this. Almost all (99%) of

the rele ase in the S-sequence occurs before the sprays come on. These facts;

suggest that amportant reductions can be obtained for earlier spray onsec-

'
times. .

4.3.3 conclusions

The DPDs which have been chosen to express the release reduct ions discussed

above are:
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[ 1 1/2 1/4 1/10 1/20F '=

I 0.2 0.35 0.35 -0.1 0

P 0.5 0.3 0.15 0.05 0

,1 For iodine vapour the large weight given to F= 1/2 and 1/4 expresses the

conservatism of the II threshold level asstaption and of the choice of 720 hours

for leakage. For particulate most weight is still given to the first estimate,,

but with the distribution tailing away to F = 1/10 to allow for earlier spray
d

inception times.;

I
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i 5. 1,eak Path Retention*

.

There are two distinct . cases to be considered here: the leak paths following

contsiasent failure, applicable to 11K2, 5 and 6, and the paths taken by design
.

basis leaks, that is, those from an unfailed containment, applicable to UK12.

- To assess what recentions are possible requires a knowledge of the likelihoods..;

e

of failure modes and the detailed conditions obtaining along the leak paths in
!

the likely modes. As this information is presently not available to us we;
S
*

cannot fully assess the degree of retention possible. However the following

.
'

comments can be made.
,
,

; 5.1 Leak Paths from Failed Containment

Even without a knowledge of the nature of the leak paths we can at least say

th at if the paths lead to the auxiliary building rather than directly to the

atmosphere then there will be recentions of the sort discussed in Section 4.1.

Since the building will receive gas at only the containment pressure rather than

at the full primary circuit pressure, building damage should be less than in a
i

V-sequence accident. Therefore let us assign release fractions of between 0.2*

and 0.5 to leaks via the auxiliary building and a fraction of 1 to direct
,

leaks. What then can we say about the probabilities associated with these two
,

leaks?

The f ailures of containment can be divided into missile and overpressure

; - |
failures. We do not treat basemat f ailure in this study. It seems that the former

i
here a very small probability, so we give all the weight to the latter. These*

1

|.
are divided into failures of seals in the vario.us containment penetrations and

gross failures of containment structure. Let x and (1-x) be the respective

.

probabilities of these models. Typically at least 95% of the penetrations go to
,

the auxiliary building, so this is taken as the probability of seal failure
.

which leaks to the auxitiary building. 20% of the total area of the containment

{ vall is bordered by the auxiliary building, so this is taken as the probability
1

of structural failure giving leaks to the auxiliary building. The probabilities
9

are simmerised as figure 5.1 in the form of a simple event tree.
'
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The overall split between auxiliary building and direct leaks is

leak to auxiliary building : P = (0.2 + 0.75x)
'

P = (0.8 - 0.75x)leak direct to atmosphere -

For illustration, if we take a value of x of about 0.5, ie if structural and seal

failures are about equally probable, then the probability of leak to the auxi-

11ary building, and hence of substantial reductions of about 1/2, can be expected.
!

5.2 Design Basis 1.eaks'

The point to be made immediately for this case is that we can no longer claim

auxiliary building re tent ion. Design basis leaks are assused to pass through
.

the penetrations, so 95% of the material is assigned to the auxiliary building,
!

where all of the 95% is assumed to be removed by ventilation system filters *.

This is taken into account in the calculation of the point values, so if we look

for sitigation of the point value it is the residual 5% direct leak we must

consider.

!

There is a model, due to Vaughan and discussed in NUREG-0772 (p7.35), for-

aerosol effects in design basis leaks. However it predicts, not fission product

deposition in the leak path, but rather the blockage of the leak by aerosol

particles. A mass a of aerosol is predicted to leak before blockage. The

fraction of core inventory released to the environment depends only on this

quantity, and is independent of retentions in primary circuit and contaicsent,

unless the leak is so large or the mass airborne in the contairment is so small*

i
that the mass that would be leaked in the absence of blocking is less than

m.

The model predicts that for a leak path with circular cross-section of diameter

D the value of a is:

KD3a =

* If this asstaption is challenged then a 12 entry could indeed be generated for
the DPD.
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* where K =50 g en-3 NURIG-0772 says, "This correlation has been shown to be

f
applicable for a wide range of aerosol types, leak rates, and duct disseters up

,

to as big as 30 ca". Nota that the mechanism here is not that envisaged in the

approach we have been using. It is not that a significant fraction of the mass

is deposited along leak patbe. Rather, a small fraction is deposited and blocks

the path preventing further leaks of aerosol. Whether or not this also prevents

the leakage of gas and particularly 12 vapour is not clear. This question is

important not only for retention of 12 vapour, but also because if the gas flow

is blocked the pressure will increase inside the containment until the particu-

late plug is blown out.

NUREG-0772 goes on to say, ". . . applying this correlation to leak path dimen-

sions commensurate with a design leak rate of 0.1 volume percent per day

indicates that quite small amounts of aerosol vill be leaked before plugging

vill occur". A similar calculation has been done with Sizewell 5 data, and the

same conclusion was reached, namely the amount of aerosol leaked before plugging

is small by comparison with point value aerosol re le as es . Specifically a

0.2% voltme leak rate per day corresponds to choked flow across an area of 7.2 x

10-6 .2 The area of the direct leak to atmosphere (ie 5% of the total) is

then 3.7 x 10-7 2 If we conservatively assume this to be via a singlem

circular hole, the disseter is 3.4 x 10-4 m, giving, by the Vaughan model:
i

2.0 x 10-6 kga =
.

Given a mass of 660 kg during the melt release, we get a fraction to the
.

environment of

1.7 x 10-8f =

.

If all the Cs released comes out during this phase and if it is well-mixed in

the 660 kg of material then this f is the frac,tional release of Cs particulate.
.

The point value for UK12 is
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1 x 10-6fs =
C

The simple blockage model reduces the point value by a f actor of 1/50.

If the blockage model proves to be applicable to UK PWR degraded core accidents,

then it can replace all of the source tens modelling, at least for particulates,

for UK12. Considerable reductions in the point value may then be expected.

5.3 conclusions

Assigning probabilities to leak path retentions is still difficult, particularly

where auxiliary building ef fects cannot be claimed. The DFC. chosen for the -

present are:

1 1/2 1/4 1/10 1/20F =

Failed Containment,

I 0.4 0.2 0.2 0 0

P 0.3 0.3 0.3 0.1 0

Design Basis Leak Rate

I 0.1 0.4 0.4 0.1 0

P 0.05 0.15 0.4 0.4 0

In the case of containment f ailure the weights span the range of possibilities

of flow through the auxiliary building, with greater retention being allowed for

parti.ulate because of the possibility of partial plugging. The iodine distri-

butions are principally the result of retention in the auxiliary building. For

design basis leaks judgement has been used to s'hif t the weight to values lower

than for a f ailed cont ainment reflecting enhanced plugging and retention

possibilities in the smaller leakage pathways.
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6. The Second Estimate Source Tern Release Fractions for Sizewell B*

i
In this section of the paper the primary circuit retention f actors derived in

Section 3, the auxiliary and containment building retention factors derived in

Section 4, and the leak path retention presented in Section 5 are brought together
. ~

using the methodology of Section 2 to obtain the overall spectral source term,

probability distributions for Sizewell B. Following a brief discussion of a

number of general assumptions and guidelines which were adhered to.the results
,

are given and reviewed. Of the release categories which have been studied*

hitherto only UK1, 2, 5 and 6 are treated here, and not UK12 for which even the

first estimate source terms are small.

In the course of the derivation of the cont ainsent and leak path retention

factors in Sections 4 and 5 it was demonstrated that variations due to the

dif ferent accident sequence s which contribute to each release category are

within the limits of the methods of analysis and can be neglected. This is not

the case, however, for the primary circuit retention factors derived in Section

3, where different values were obtained for V (interf acing LOCA), A (large

LOCA), 5 (small LOCA), and T (transient) initiated sequences. In applying the

results of Section 3, therefore, account has to be taken of the contribution

j of different types of accident sequence to the various release categories. From

WCAP 9991 it can be seen that:

.

; - release category UKl contains only V sequences; for this study the pathway

considered was the failure of the valve's separating the high and low.

' ' pressure coolant systems.

- UK2 is divided between A(45%), S(39%) and T(16%) type sequences.
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- UK5 is divided between A type (81) and S type (29%) and T type (63%)

sequences.

*
- UK6 is divided between A type (2% S type (32%) and T type (661) sequences.

At the time this work was undertaken it seemed probable that UK5 and UK6 would;

be largely divided between A and S type sequences and the primary circuit
.

retention factors for S type sequences have been used instead of those for the T

type. It will be seen from Section 3 that this ensures that the results will
,

err on the conservative side. It was also thought that UK2 would be completely

dominated by S type sequences and the results for this category will, in conse-

quence err slightly on the non-conservative side.

A further issue which has to be considered in arriving at the spectral proba-

bility distributions for Sizewell B is the physico-chemical form of the fission

product iodine. For completeness the possibility that the inorganic iodine

might exist as either vapour species (I, I , Hl) or the less volatile caesium2

iodide was envisaged earlier in the paper. Recent evidence on this topic has

been reviewed in NDR610[3], where the conclusion is drawn that the most likely

form must currently be assessed to be caesium iodide. For present purposes

account has been taken of this by treating inorganic iodine as particulate

rather than vapour; hence, the spectral probability distributions for iodine

becomes identical with those for all the other non-gaseous fission products.*

However, care must be taken to associate these with first estimate release

fractions for iodine based on a particulate model and not with the first
|estimates in WCAP9991 which are based on a vapour model.

.
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Adopting the same philosophy of using the best current technology new first'

,

' estimate release fract ions for tellurium have also been adopted, based on the

| recommendation in NDR610 that 85% of this fission produc t rather than 15%

aestmed in WCAP9991, escapes from the fuel at the melt release.

Table 6.1 shows the revised first estimate release fractions for inorganic

iodine and tellurium, together with the appropriate spectral probability distri-
t

butions selected from Sections 3, 4 and 5 of the paper for fiss ion produc t

retention during the separate stages of release. The new treatment of the
,

first estimate for tellurium impacts only on UK6 which has no vaporisation

release or ex-vessel steam explosion following the melt rele as e. For all the

other release categories for which a vaporisation release and/or steam explosion

ensures eventually complete release of tellurium from the fuel, the effect is

negligible. Separate probability distributions (UK 5A and B, and UK 6A and B)

are ret ained at this st age for the different types of initiating sequence

contributing to release categories UK5 and 6.

.

In Table 6.2 the overall probability distributions obtained by conservative

condensation of the partial distributions in Table 6.1 are given*. To obtain

the final values for UK5 and 6 the overall distributions for UK 5A and B and UK

6A and B respectively were simply combined in the proportions in which the

relevant accident sequences contribute to the release categoryi. This approach

is adequate because the range of first estimate release fractions spanned

by the different accident sequences within a categcry is relatively small. Frcss

Table 6.2 it can be seen that the overall form of the second estimate proba-
.

bility distributions . such that the probability of source terms as high as the
,

first estimates may be no more than 0.05 to 0.1, depending on the release

category. The probability that the release will be less than one tenth of the

first estimate is of the order of 0.2 or greater in most instances.

* When these numbers were used subsequently for the consequence calculations the
small remaining contributions to the P2 bin (0.7% in both UK2 and UK6) were
moved into the P1 bin, it being felt that this doubling of the source term
was unrealistic except as an artef act of the coarse level of discretization of
the spectral distribution.
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When the likelihood that the predominant form of inorganic iodine in PWR's

is caesium iodide was first identified it was thought by some th at this must

I of necessity substantially reduce estimates of the source term release fraction

in severe accidents. The results in Tables 6.1 and 6.2 show that this view

needs to be t re at ed with caution in the present state of the art for such

calculations. So far as the first estimate release fractions are concerned the

depositions of vapour forms of lodine in the containment, as evaluated by CORRAL,

is much, faster than the settling of particulate. Henc e , the revised first
!

! estimate in Table 6.1 for UK5 and 6 (0.3 and 0.2 respectively) which represent

delayed containment failure with no safeguards operating, are much higher than

those given in WCAP9991 [9] (0.06 and 0.009 respectively). The means of the

spectral release fractions for UK5 and 6, which take account of primary circuit

retention, improved calculational methods for contairement retention, and leak

path retention, are of course lower than the revised first estimates (0.037 and

!
O.048), but in the case of UK6 is still larger than the WCAP9991 first estimate'

and in the case of UK5 is only marginally lower. This result may be an artefact+

of the limitations of the present methods of calculation, and even within those

limitations it is a function of the relatively short time to containment failure

in UK5 and 6 (8 hours or less) since the removal of inorganic vapour quickly

reaches a limit in C)RRAL when 1% of the original inventory remains airborne

whereas the removal of particulate can continue over very long periods. Neve r-

theless it is clear that the overall effect reflects the balance of a number

of opposing factors of which proper account must be taken.
.
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7. Summary and Conclusions
,

We have illustrated in the preceding sections how, when account is taken of many

conservatisms inherent in the previous approach used to derive fission product

; release frac t ions , substantial reduc tion factors on the point values can be

j justified. Our analysis, as discussed in Section 6 supports the qualitative*

!
contentions of Levenson & Rahn[2], but shows the wide and diverse range of'

detailed information needed to justify quantitatively the effects for which they

have evoked more global arguments.

One or two important questions are highlighted by our treatment. For the sake

of capleteness, the chemical form of iodine has been deliberately lef t o pe n.

The approach adopted in the RSS, and subsequent studies following the sane

methodology, was to treat iodine as a volatile inorganic form, apart from a

small organic fraction. There has been increasing recognition [4,18] that this

is probably incorrect, and that the appropriate chemical release form is as.

+ metal Lodides, principally caesium iodide. The t rans po rt and retention of
1

iodine would then parallel that of caesium and other volatile, part iculate-.

forming fission products. Our treatment shows that similar retentions of the

alternative forms would be expected for primary circuit mech anisms . However,

significantly dif ferent conservatises are inherent in the CORRAL treatmects of

volatile inorganic iodine and particulates in the c ont ainme nt , and the leak*

path retentions to be expected also differ considerably. Ove r ,'.1, it is not

possible to conclude that the caesium iodide form of fers enhanced possibilities

of retention compared with volatile inorganic forms.
,

.

The impact of specific features of the plant design can be strong. The position

of the failure point in the primary circuit, particularly in the case of a large
i break LOCA can have a dominant effect upon the amount of fission product

r .

89

;
i

l

{

|

C



3

|

i

|

)
i

e

e

!

.
.

retention which may be claimed in the primary circuit. For cold-leg breaks the,

flow path will be via at leas t one stems generator. The interfacing systems

LOCA is another example, where the different possibilities between f ailures in

the injection lines connecting to the hot or cold-legs has to be t aken into

acc ount , as well as the detailed layout of the residual heat removal circuits to
,

'

establish the possible flow paths. Further, the routing of the circuit within

the auxiliary building, and the influence which the point of failure may have on

the damage state of the building require specific analysis.

The established approach to facilitating consequence assessment in PRA entails
'

the choice of a limited number of end points, the release categories. These

consist of groupings of event sequences for which analyses here produced similar

source terms. At the level of detail involved in the conservative treatment of

sequenc es , this approach works well, and the defined point value source term

associated with each category will not differ seriously from those derived for

any of the contributing sequences. However, the finer level of detail required
.

in the spectral source term approach does not fit so readily within this

fraeework. For example, a conventional release category might contain sequences

ranging from a hot-leg large break LOCA to a cold-leg small break LOCA, since

primary circuit retention is omitted from the analysis. These sequences have

quite different spectral probability distributions, and some choice is therefore
,

required of how to combine the results to gene rate a distribution for the

category overall. The approach adopted will depend on the particular ' pinch

point' methodology used to produce the release categorisation, but in the

event it may be necessary to subdivide categories to take full advantage of

mitigation which can be claimed. It should be pointed out that once a spectral

distribution has been derived for a given category, the fact that the point

value may then appear a gross overestimate does not imply that the category

should be merged with some lower release category. For this study the ef fect on
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1* j the release categorisation has been included by taking suitably weighted contri-
*

butions from the different accident sequences contributing to each category.

This was cons (de red su f fic ien t , consistent with the overall level of uncer-

f tainty. In future studies, we anticipate that greater detail will be retained

,j in the final categorisation process.

! *

The method used in this paper represents a step towards providing more realistic

less conservative estimates of fission product releases and puts the analysis of

uncertainty arising from the release fraction calculations on the same footingi

as uncertainties arising from other contributions to the risk analysis. The

basic structure la a very powerful tool since it can easily accommodate dif-,

fe rences in plant (even between reactor types, although here we only address

FWR's), and improved knowledge on models as they became available . Changes

would simply be reflected in the relative probabilities of each of the discrete

; fr act ions . Thus, once a set of ' bins' has been established (they may include
f

! many more than treated here), the necessary dispersion and consequence calcula-
s

tions can be performed on a once and for all basis since changes in the condi-

tional probabilities of contributing s pectral terms can be examined without

having to recalculate all the consequences. It is also not necessary to start

from the RSS values in establishing the reduction factors. Indeed this study

shows that the RSS categories are very specific to the Surry I plant and ' point'

t
values' need to be calculated afresh for different designs as done here.'

The method allows new calculations to be incorporated easily since the only

| results needed are the probabilities that these,g values are uncertain. In .

.

such cases we would expect a distriinion around the ' point value' and not
o

skewed as in the present examples. In the long term, an increasing under-
,

standing would be exhibited as a narrowing of the distribution, as confidence

grew that a particular ' bin' was the most likely.
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Table 2.1 Stamnary Description of Release Categories

.

Categorv Descriotion
i

j UK-1 This category is used for accident sequences involving core melting,
!
I where a contairusent bypass pathway from the primary circuit to the

f environment exists. The pathway conside red in this study is the

failure of the isolation valves separating the reactor cooling system,

.

. and the low pressure RIIR system. It is equivalent to the V sequence
3 of the RSS.
&

,

.

UK-2 This release category is used for over pressure failure events with a

source term reflecting the possible occurrence of a steam explosion,

and in which contairusent sprays are not functioning. It is also used
4

to include those sequences where, although there is no overpressure

failure, an isolation failure or small by-pass of the cont airssent

occurs.

f

i

UK-3 This release category is used for early over pressure f ailures where

sprays are not functioning . It is also used for sequences where

' sprays are functional but where contairusent failure occurs so soon

af ter most of the fission products are released from the reactor'

system that the sprays are not effective in removing fission productsi

y and, in particular, for small-break sequences.

! '

UK-4 This release category is used for over-pressure events with the, ,

asstmed occurrence of a steam explosion at a time when the spray

system is functioning.

.

4

4
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i

i
i

! Table 2.1 continued
.

t

.

UK-5 This release category is used for late over-pressure f ailures without

sprays operating. Failures are as a result of relatively slow pres-

sure build-up due to loss of containment heat renoval capability. It

is pessimistically assumed that f ailure occurs af ter 4 hours. Cooling-

'

of the core debris is lost so that dry-out and vaporisation release

. occurs.

.

UK-6 This release category is used for late over-pressure failures without

sprays operating. Failures are as a result of relatively slow pres-
,

sure build-up due to loss of containment beat removal capability, in
.

this case failure is assumed to occur af ter 8 hours. Debris in the

cavity from the molten core remains covered by water so that no

vaporisation release occurs.,

UK-7 This release category is used for early over-pressure failure events

following a large break LOCA with spray systems functional for a
t

significant period before reactor vessel failure.

UK-8 This release category is used for delayed over-pressure failure

sequences for which spray systems are functional.

UK-9 and These release categories are used for melt-through of the basemat,

UK-10 with and without spray failure, respectively. A release takes place
.

through the basemat and surrounding soil to the environment.

f

UK11 and These release categories are used for all degraded core or core

UK12 melting accidents in which the containment remains intact or for which

the system is recovered. UK-ll and UK-12 refer to cases with and*

without spray failure, respectively. Radioactivity released to the

environment would be small, corresponding to that associated only with
.

normal levels of containment leakage.
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Table' 2.2 Chemical Classes
. ,

1. Xenon (Ze) and Krypton (Kr) (noble gases)

2. Organic Iodine

3. Elemental Iodine (I) (halogens)

4 Caesia (Cs) and Rubidim (Rb) (alkali metals)
.

i 5. Tellurium (Te)

4 6. Barim (Ba) and Strontium (Sr) (alkaline earths)

7. Ruthenium (Ru) (noble metals)

8. Lanthanum (La) (refractory oxides, including actinides).
..
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I Table 3.4

Summary of pr0 mary circuit retention probabilities

Release factor (R) 1 0.5 0.25 0.1 0.05

Seeuence

Interfacina (V) LOCA VI 0.25 0.25 'O.4 0.1 0
(RRR suction
line) P 0.25 0.25 0.4 0.1 0

Larne-break ( A) LOCA VI 0.6 0.4 0 0 0

1:1 Hot: Cold-leg P 0.6 0.4 0 0 0

probability ratio

Small-break (S) LOCA VI 0.25 0 0.3 0.225 0.225

1:3 Bot: Cold-les P 0.25 0 0.3 0.45 0
probability ratio

Transient (T) LOCA VI 0 0 0 0.5 0.5
.

P O 0 0 0.5 0.5

volatile inorganic iodine (1,1 HI)Note: VI = 2

aerosol-borne VFF, including Cs1P =

.
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SOURCE TERM PROBASILITT DISTRIBUTION ESTIMATES FOR SIZEWEl.l. 5
TAtl.E 6.1 DETAlt.ED BREARDOWN OF CONTRIBUTIONS

t

'REVISED FIRST ESTIMATE REVISED FIRST' '
Folt IODINE (AS CAESIUM ESTIMATE TRANSPORT PROCESSy

IODIDE PARTICul. ATE) FOR TEIJ.URIUM
2 8 t/2 1/4 t/10 t/20

UKl 0.5 No Change Primary Circuit 0 0.2 0.5 0.2 0.1 0

Auxiliary Building Plate-out 0 0.2 0.6 0.2 0 0

,

UK2 0.4 No Change Primary Circuit 0 0.25 0 0.3 0.45 0
t

Containment Deposition 0.0 0.4 0.4 0.1 0 0

Containment Imak Path Deposition 0 0.3 0.3 0.3 0.1 0,

3

UK5A 0.3 leo Change Primary Circuit 0 0.6 0.4 0 0 0;

Containment Deposition 0 0.4 0.4 0.2 0 0
*

,
Containment Isak Path Deposition 0 0.3 0.3 0.3 0.0 0

!

] UK58 0.3 No Change Primary Circuit 0 0.25 0 0.3 0.45 0

Containment Deposition 0 0.4 0.4 0.2 0 0
S IOCAi

Containment Isak Path Deposition 0 0.3 0.3 0.3 0.1 0

UE6A 0.2 0.2 Primary Circuit 0 0.6 0.4 0 0 0

Containment Deposition 0.0 0.4 0.4 0.8 0 0

Containment Leak Peak Deposition 0 0.3 0.3 0.3 0.1 0

UKhn 0.2 0.2 Primary Circuit 0 0.25 0 0.3 0.45 0

Containment Deposition 0.1 0.4 0.4 0.8 0 0g

Containment leak Path Deposition 0. 0.3 0.3 0.3 0.1 0

__
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