Approved for Sale £5.00

SRD R256
c.21
- o/
THE TECHNICAL BASIS OF 'SPECTRAL SOURCE TERMS'
FOR ASSESSING UNCERTAINTIES IN FISSION PRODUCT
RELEASE DURING ACCIDENTS IN PWRs WITH SPECIAL
REFERENCE TO SIZEWELL-B,
M R HAYNS, F ABBEY, P N CLOUGH, and I H DUNBAR
UKAEA, Safety and Reliability Directorate
and
D H WALKER
Westinghouse Nuclear Technology Division,
Jacksonville
Florida
Usa
NOVEMBER 1982

| gy1qosg0  70°
07 5% C




k. ke o d

SRD R256

UNITED KINGDOM ATOMIC ENERGY AUTHORITY
SAFETY AND RELIABILITY DIRECTORATE

The Technical Basis of ‘Spectral Source Terms'

for Assessing Uncertainties in Fission Product

Release During Accidents in PWR's with Special
Reference to Sizewell-B

by

M R Hayns, F Abbey, P N Clough, I H Dunbar and D H Walker®

SUMMARY

A probabilistic approach is described by which the
conservatisms inherent in the traditional approach to determine
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is discussed.
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1. Introduction
When Westinghouse were commissioned to carry out a probabilistic study of

degraded core accidents for the Sizewell B reactor an important question was how
best to estimate the fission product release fractions. Methods had been
developed for the Reactor Safety sStudy (RSS)[1] and these had subsequently been
used extensively in probabilistic risk analyses. However, in the intervening
years, questions have arisen concerning the adequacy of the RSS release frac-
tions. lo the past few years, particularly, many suthors 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 lower, and perhaps much
lower values are justifiable. 1In particular, Levenson and Rahn(2] utilized
evidence from previous accidenta) releases of radiocactive materials to claim
that 'natural processes' would serve to mitigate releases of activity to the
environment. This focussed the attention of the technical community on the need
to develop & more comprehensive understanding of these 'natural processes', and
particularly of their effectiveness during a severe accident in a light water

reactor,

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

wodels were considered inadequate, an upper bound, or conservative approach was

used. This is exemplified in their treatment of the primary circuit; calcula~
tions of the core heat up rate following loss of core cooling clearly show that
most of the volatile fission products would 'Iu released into the reactor
pressure vessel (RPV) and hence to the primary circuit before RPV failure. 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 complex and the processes so imperfectly under-
stood that no reasonable calculations could be made. Consequently, application

of the conservative approach meant that no retention of fission products in the
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primary circuit was claimed. When compounded with other conservatisms, eg the
amount of core material which would melt, the time of RPV failure and even such
quantities as iho time and mode of contaimnment failure, this assumption has led
to the widely 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-
sioned in the past two years, NDR610(S)[3] 'PWR degraded core analysis' (par-
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 referred to in these documents address particular
technical areas. The general conclusion, agreed by the authors of all of
these documents, is that whilst 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
way off. There was however a consensus as to the requirements for future
research nesded to provide the necessary data, and many countries, including the

UK, are now actively engaging in this work.

In an area as complex and diverse as fission product transport in a light water
reactor system, a fully verified and accepted set of data may not become
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
change from the RSS values we have attempted, as an interim measure, to provide
in this paper our current best judgement of the reductions which can be claimed

using the information available to us. The values thus obtained have been



used in the calculations reported in NRPB RI37(6] to provide an indica-

tion of the expected concomitant reductions in consequences.

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
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 & class having a multiplying
factor greater than | may be necessary if the specifics of the design of the
plant or accident sequence evolution indicate that the nearest RSS value could
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 nomenclature 'spectral source term method' 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.

In the previous applications of this methodology, probabilities were assigned
globally to the overall release fractions and the choice relied heavily upon
expert judgement(7). Here we extend and develop the method so that considersbly
more of the details of the acciient sequence are directly addressed vhen asses-
sing the uncertainties. Furthermore, judgement is replaced wherever possible by
calculations, albeit in some instances rather crude calculations. This finer
detail is achieved in the first instance by considering the three principal

phases or 'sites' which influence fission product migration. Thus, retention



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 environment are all treated separately.

It is clearly possible, in principle at least, to take the detailed iavestiga-
tions to a very fine level. The extent to which this is justifiable depends
upon both the information and modelling capabilities available and tne overall
level of uncertainty in the whole probabilistic risk assessment process. At
present, the level of detail described here is considered sufficient commen~
surate with all the other uncertainties inherent in the assessmer: of accident

sequence progression,

There are three basic sources of uncertainty which need to be addressed. The
methods described here permit each of them to be allowed for in the overall

assessment, They are described below;

First the derived release categories may contain contributions from diverse
sequences which reflect these phenomena to different extents, «nd 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 transpert of fission products. Questions relating to
the core heat-up rate, thermal-hydraulic conditions, fraction of core involved,
occurrence of steam explosions, and timing and mode of debris disperral follow
ing RPY failure, all influence the fission product behaviour, and generate

uncertainties.

Third are what might be described as 'fundamental issues’'. The detailed
understanding of the physical and chemical processes (and, very importantiy
their inter-relationship) has uncertainties connected with (t. This is st @

level of both the mechanistic understanding and of the mathematical models



for realising this understandiong. An exsmple of this is the nucleation proces~
ses for the formation of ssrosols. Presently there are reasonably comprehensive
models available for asrosol behaviour, but this prejudges whether an aerosol
could be formed in the first place. On the chemistry side, the chemic |l form of
iodine is important, since it is now thought that Csl forms & purticulate with
quite different physical properties fram the gaseous I; species previously
ansumed .

This paper coasiders both the generic problems associated with defining release
fractions for a large, dry-containment, modern PWR of the Sisewell type and the
specific application to this design. The resulis and discussion concerning the
basic issues can readily be utilized for other reactor systems of this type and
the results are deliberataly presented in such & form a8 to make this as trans~

parent as possible.

Because the second estimate release fractions were required sarly Lo the course
of this study in order to permit the consequence calculations to be performed,
some of the detailed separate affects calculations reported here could not be
taken into sccount st that stage. This means that the distributions which can
be derived from the caleulations reported below have detailed differences from
those used (n the consequence analysis and repested in Appendix M of the CEGE's
statement of case. Three specific enamples shouid be noted. First, in section
4 we consider the effect of taking (nto sccount & realistic sssensment of the
(nternal surfece ares and available volume of the containment on the deposition
of serosels. Por cases of delayed overprassurd failure, where many hours are
available for these processss to operste, these effects can be large, but the
originel results were (n fact based on considerations appropriate to prowmpt
contaimment fallure. The test describes the situstion applicable to the delayed
fallure but the finsl results quoted use only the more consarvative prompt

fatlure analysin. Second, during the course of this study paral lal afforts were



undarvay to reassess the frequencam of the various accident sequences. This
means that the fioal composition of the relesse categories was somewhat dif-
farent from that assumed at the time this study began and used in the final
values quoted here. Third, when the interfacing systems LOCA was first analy-
sed, the dominant contribution was assessed to arise from failures in the
valves separating the low pressure systems and the cold legs of the primary
cireuit. However, the most up~to=date analysis indicates that it is the hot leg
connect ions which dominate, Thus, the analysis, presented in section ) is for
the hot leg situation, Teble J.4 gives the results of this analysis, whilst
table 6.1 shows the results used in the consequence calculations, The dif~
ferences are very smail, and the analysis in section ) contains all of the

arguments pertinent to either the hot or cold lag situstions.

T™e body of the paper is organised in the following way. Section 2 defines the
spectral source tarm wethodology and, in particular discusses in detail how the
second estimate release fractions are derived from the i(nformation presented in
the rest of the paper. In particular, it discusses the mathematical methods

used to combine the discrete probabilitios (n & conservative way.

Section ) covers the generally impartant ares of primary circuit retention,
firatly by detailing the genarsl mechanisms by which fission products in either
vapour or particle form can be deposited and trapped within the cireuit and
secondly by giving specific esamples. The first enample is the "Luterfacing
systems LOCA" (the V sequence of the REE) . Here, we utilise caleulations of the
cireuit conditions, temperatures, sass flov retes, ete to provide & detailed
enaminat lon of the primary eireult retention, Ln addition, the influence of the
cosidual heot removal cireuits on fiasion product retention (s examined. As
with all of the sxamples given in the paper we give the caloulated probabilicy
dintribut lons at sneh stage of the transport pathway. Large break LOCA's, wmall
break LOCA's and transiont events are likewise aneh troated (o detail. 1o all
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of these exmmples we emphasise the additional information demanded from the
plant engineers to satisfy the needs of a better estimate of fission product
retent lon. The most obvious example arises when studying the large break LOCA.
A hot leg break leads to little calculated retention as the flow path from the
core to the break is short. However, & cold leg break requires that the vola~
tile fission products pass through at least one steam generator before reaching
the break. The differences in primary circuit retention i, the two cases are
large and it is necessary to obtain estimates of the relative frequency of hot
to cold leg breaks to properly assess the primary circuit retention. A susmary
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 next stages in the release pathway are the containment building and the leak
path, which may include the auxiliary building. (This is excepting the inter-
facing LOCA V sequence which bypasses containment and only involves the
auxiliary building). Section 4 addresses containment and auxiliary building
fission product retention and Section 5 considers retention in leakage paths.
Again, the general mechanisms available for retention are examined before
detailed examples are given. The basic philesophy is the same as that for the
primary circuit, but, of course, this part of the pathway was treated in the
RSS We are therefore concernad with estimating the conservatisms in the
original sodels used to caleulate the ‘point’' estimates. In addition, the RSS
‘point' velues were calculated for only the early contaimment failure modes
(except for basemat melt-through). The Zion m Indian Point PRA studies as
well oo the specific Sisewell B caleulations indicate that there will be a delay
of many hours in some cases before containment overpressure failure = thus even
using emactly the smme techniques as the RES would lead to reductions in the
‘point values'. This complicates the interpretation of the ‘benefit’ of the

state-of-tha=art sathodology and we return to this point below.



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 Sizewell B reactor.

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




- Spectral Source Term Metnodologv

This section defines in detail nov the second estimate release fractions are
calculated iz che rest of the paper. The distinstiocn between point vaiue and
spectral source terms is wmade, and the description of releases in cterms of
release categories and chemical classes(8) is reviewed. Then the discretisation
of the distributions and the wvay in which they are obtained are presentec.
Finall» the war in which these distributions are processed to make & fizal

result is defined and illustrated using a particular example.

As defined in (8], the source :tearm consists of two different sor:s of informa~
tion adout the release: the release fractions, the mmounts of the various
fission product species released, expressed as fractions of their core iaveo~
tories at the start of the accidents, and the characteristics, comsist=
ing of such information as the energy content, timing, duracion and height of
the release. In this work we are concerned with the release fractions ounly.
In particular the term "spectral source termm" (a short form of "spectral repre-
sentation of source term release fractions") refers to a probability distridbu=

tion over possidle values of a release fractionm.

The first-estimate release fractiocas are calculated using the methodology of the
VASE-1400 studv/l]. The application of these methods to the Sizewell-B design
and various improvemests in them is des ribed in WCAP~9991(9). The firsce

estimate release fraccion ® (1) is given by the formula

) . "(c“ sos (3=})

Here ¢ is the fraction of the core inventory of the species .o question whizn
is released from the core im the acciden: being considered, and ¢ .1/ is the

tirgteestimace fraction of zhe mmount of the species entering the contaimment

which is subsequently released to the enviromment. The core release frac:ions,



3, are those of WASH-1400, and the containment release fractions, 8'1) are

calculated us.ng the CORRAL code, which uses first-order aodelling to predict
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 leak paths from the contaimment to the environment and, in cases
where the release is to the auxiliary building instead of to the containment, in
the auxiliary building. The second-estimate calculation attempts 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 transport, 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 & point value. By contrast the second estimate replaces this number i;c
probability distribution over a range of release fraction values, a so-called
spectral source term. The use of the spectral methodology reflects the nature
of the derivation of second-estimate release fractions. They are not calculated
by a self-consistent and validated modelling of all the processes believed to be
going on in the system. Rather they are based on expert judgement supplemented
by separate effects calculations where possible, The spectral methodology
allows the experts to express a judgement on how uncertain their results are,
The arguments deployed in this paper for source ferm reductions are not intended
as a substitute for the full modelling exercise. Instead they should be regar-
ded as part of the initial scoping calculations, used here to provide interim
estimates on likely conservatisms in the first-estimate methodology, based on

a general understanding of the relevant physics and chemistry.




2.2 Relesse Cetegories and Chemical Claspes
For each of the many possible end conditions iodicated by the Sizevell B severs

accident event tree thare will be a corresponding source term. To simplify the
problem of dealing with large nusbars of source terms in consequence calcula~
tions & decision was taken in WCAP-999] to group those which are sufficiently
similar into so-called relesse categories. The set of release fractions
assigned to each release category is thereafter regarded as baing conservatively
reprasentative of mmounts released (n all the accidents belonging to the cater
gory. In other words, the WCAP-9991 method of grouping events at pinch points
was used to discretise further the wide speactrum of possible relesses from the
many asccident sequences. This approsch was also used in WASH-1400, but the
discretisation for Slsewell B (s finer than that in WASM-1400. Cars is taken to
ensure that the release fractions assigned to & particu ar relesse category
constitute & reasonsble upper bound to those for its constituent accident

sequences.

Pecause the first estimates of the release fractions assume that ne flssion
products are retained in the srimary clreult, (¢t (s possible to define the
categories on the basis of events (n the containment.  Thus the difterent
release categories contain sccidents thet (nclude the same key in containment
events from smongst the following:

1. containment by-pass

2. sarly overpressure failure of the cotalment

3. an ex-vessel steam explosion lesding to an enhancement of flssion
product relesse via onidation mechanims.

4. contaimment (solation failure or small contalmment by-pass.
$.  late overpressure failure of the contaimmant

6. vaporisation relesse

7. contaioment basemat fallure

8.  contaloment apray system fallure

9. suwccessful maintenance of contaimment (nteg ity and isolation

"



Primary=civeuit=ralated events play lictle part (n this clansification because
primary clreuit retention is not wodelled in the flrst-est imate caleulations.
In all twalve relesse categories (UKL = 12) ween defined, and are briafly
desaribad in Table 2.1,

Of these twelve categorins, five, nmmely UKL, 2, 5, & and |2 were selocted for
application of the spectral source term methodology to the derivation of
second-ent imate relesse fractions. The selection was sade on the grounds that
the chosen categories coversd most of the source tem phenomens of interest in &
wtudy of ehis kind, and also that they ware the catagories lLikely to dominate
the risk,

Just a8 acoidents are grouped (ate relesse categories, so all the shamical
specion whieh could posnibly be re’sased are grouped into sight ehemical
classns, according to the sharseteristios of thair releane from the core and
Lranaport through the system. The olasses are basnd on those of WARN-1400, and
are Listed in Table 2.2, Por this study only twe classes are of (ntarest:
inorganie (odinescontaining vapours (clase J) and alhali metal compounds (¢lans
&), These are usually referred to as “lodine vapour” and “caenium part leulate”
respectivaly, following the prineipal contributors o the classes,  Orgenie
(odine has been omitind from considerstion becauss (ts contribution (o the
consequences (s small compared with other lodine forms for the higher release
catagerion, even when the second entimate values for the other forms are -
played . The analysis for cansium particulate alse applios to any particulate
waterial relessed prodominately ot the melt release phase (Lo when the core (8
SEELL U8 Bhe reaeter pressure vesssl), Bul aet to the were refractory saterials
Folanned wmainly when the core debris (o an the Floar of the sentainment .
Claarly the primary clreult roduetions are aot applloable o reloases frim the
core matarial which seour in the contaimment (tasll

o Ahie work the analyain (o cnrrind through for hoth Lodine vapour and cansie
part leulate,  Nowevar the balanes of surrent svidence suggests that sost of the
todine will be tranapartad in the form of consium (odide.  Therefors the Finel

eesulin give speetral soures tarms for the cansium particulate anly, & olans
W



assumed applicable to the transport of ilodine, caesium and probably tellurium as
well. The switch of attribution of lodine transport from vapour to particulate
also causes & change in the first-estimate release fractions as described in

Section 6,

1.3 Disgrete Probability Distridutions

For aach relasse category and for each chemical class of interest we start with
o first-estimate relesse fraction, ¢(1). 1t (s convenient to express the
second-antimate release fractions, ¢'2)  as ratios in temms of the factor (F)

by which the first estimates are modified, namely

roe D D oo (200)

Exprassing results this way shows clearly how going beyond the WASH-1400 method~
slogy changes the mmounts released. Note that in this work there are many
difterent fractions and fractions of frectlons, Particular care (s nee. in
hesping track of which (s whieh. As explained above the second estimate (s not
& single value of ¥ but rather & probability distribution over the possible
values of ¥, To simplifty the manipulation of these distributions and to avoid
giving the results @ sure of securacy beyond their merit the continuous range
of valuss of ¥ (s veplaced by & discrate set of represencative values, ¥, vhere

%1 ..., N, Por the present study N (s chosen to be 6, aad the values chosen

1, 0, M2, We, VN0, V20

™e spectral soures terw (o then o discrete probability distribytion (DPD), o

et of six numbers, PLF) . sueh that

’
L I L e (oD
(-l

Bocauss ¥ ia after ol o eontinuous variable, POF() (s not the probability that

Foie emantly P, but rathar the probability thet (e Lies (0 some (unwpecified)

(]



interval around F;. If a point value release fraction associated with the

second estimates is required then the DPD mean ,

6
L P(Fy) ¥y
i=]

can be used.

2.4 Deposition Stages

As the fission product moves from the degraded core to the enviromment there are
distinct stages in its deposition, For release from the containment these are:
primary circuit (P), containment building (C) and leak path (L). In UKl the
release is to the asuxiliary building, so the stages are two: P and auxiliary
building (A). For the second estimate each stage of the transport process is

treated separately so that equation (2-1) is replaced by
o 2) ® "(2) .c(Z) .L(I)

except for UKl where the form is
(2) (2) (2) -6)
i "oy A ver (2=6)

(Note that to deal with the refractory oxides released at vaporisation phase
directly into the containment (2-5) should be used with the 0,‘“ factor
removed). 1t is useful to define a second to first estimate ratio for each

stage. The two equations above then become
P e Fp Fo B ' cer (227)

F = P I, {for UK1) vor (2-8)

Note that because the first estimate has deposition in C only,(ie 0('”‘_ 2 ¥ 1)
L)

- s(l) sis §39)
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Although equations like (2-5) and (2-6) involving products of fractions are
strictly true for any sequential processes, the use of fractions,? , rather than
the masses of the materials is strictly appropriate only when the fraction
deposited is independent of the mass airborne. This is equivalent to the
assumpt ion that deposition is a first-order process, the rate of deposition of
mass being directly proportional to mass airborne. With aerosols, agglomera-
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 inventory. Of course the final results 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

vhose natural expression is in terms 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 Fp, Fc, F and, for UKl, F,, based on the six representative values Fj
defined above., These separate-stage DPDs are the interface 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 algorithm, but rather are a numerical expression
of the uncertainties discovered in the review of first-estimate conservatisms.

How these results are arrived at is described in Sections 3, 4 and 5.

2.5 Derivation of Separate-Stage 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 iavolves uncertainties; the purpose of the spectral methodology
is to reflect these uncertainties and provide data upon which their importances

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

15



intended to be conservative, so most of the statistical weight falls on the
values Fi ¢ |. However the value Fj = 2 is allowed for to take account of cases
wvhere more sophisticated modelling could predict a release fraction greater than

the first-estimate point value.

The uncertainties which go to make up the separate-stage DPDs are of three

kinds:

Uncertainties in description of categories in terms of sequences
Uncertainties in knowledge ol physical conditions in a sequence
Uncertainties in modelling consequences of physical conditions

As explained in 2.2, different accident sequences are grouped together into the
same 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
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 F; in the second-estimate spectral source term, On

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

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 tcu calculate F, not that of the sequence

under discussion.

Differences between first estimates for contributing sequences apply only to the

containment building; first-estimate release fractions are all unity for other

16




stages, In fact differences between the sequences are small in the contaimment,
and largest in the primary circuit. Containment building uncertainties of the
second and third kinds are calculated without reference to sequence difference.
By contrast the primary circuit modelling is carried out on a sequence~by-

sequence basis.

In the present work the sequence 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
gory, and only then were the results for the different sequences combined,
For the final categorization used in the consequence calculations, the we ghted

average of these subcategories was used.

Once the choice of sequence has been fixed, or decided to be unimportant, there
are still uncertainties as to the physical and chemical conditions which then
obtain within the reactor system. For example, the mmount of plate~out in the
primary circuit following a LOCA depends strongly on the position of the break
and on the subsequent flow pattern., Deposition in the containment depends on
the surface area and free volume 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 explained earlier the procedure for doing this is based on judge~
ment rather than on an algorithem. The uniform appearance of the DPDs conceals
the fact that the sources and relisbility of the input information vary con~
siderably from case to case. In the reduction to & uniform format, & well~

defined algorithm is applied. This is the subject c. the next subsection,
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2.6 gow“ining the Distributions
The probability of getting & particular sequence of reductions, (Fy, Foo )y o
ctaken to be the product of the separate probabilities:

Prp, Fo, B = By P(FQ) BB cre (30100

Pre-empting the detailed rationalization in the rest of this paper we take for
example, the case of particulate material (o relesse category UKZ., The

separate-stoge distributions are

o 2 1 F! Ve 110 1/30
Pirp) 0 0.28 0 0.3 0.48 0
prg 0.1 0.4 0.4 0.1 0 0
pry) 0 0.3 0.3 0.3 0.) 0

The probabilicy of the sequance (Fp ® L/4, Fo * 1/2, P = 1/2) Ls then
PL/6, V2, 1/8) = 0.3 5 04 5 0.3 = 000

However it is oot the sequense of reductions that are of intersst, only the
products. S0 we sum over all sequences of fractions with the same product.
™is con be axprassed sywbolically ueing Kronecker delte notation (1, . = | if
A* B, 20 it arm.

pr - 4 [
""C"L ""’C’t

In our example the sequences of fractions with nen=sere probability whish lesd

Py Bi¥g) MR cor (341

to P ® /16 ave 1 (L, Lk, 1/4&) , (016, L, LIGY , (176, L/B, MIR) ol (Q/4, Vs,
1), Therafore

POL/IG) ® 0,007 « 0,006 » 0,008 + 0,000 = 0.000

™is gives us an overall DPD, but one dafined for o fraction not sontaine

the original st of sin.  To reduce the result to & DPD based on this originel
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smof F( values we use & process called gonservative gondensation. This simply
seans that the probabilities of fractions not on the original list are added

inte the probabilitien of the next largest fractions which are on the List, In
our sxmmple POL/I6) (a added to POI/10) end the result (s the new POI/10),
T™us, the final results may be considerable ovarestimates of the relesse using
this method, The effects of conservative condensation on the UK distribution
are shown on Figurs 2.1,

It s lmportant to note that the use of the product rule in (2-10) requites an
assumpt lon of statistical independance, namely that the retention eapected (n
the contaimment doss not depend on retention in the primary cireu.t, and that
Leak path ratention does not depend on what has gone on (0 Ehe sther two
stages.  This will be true for deposition mechaniems whioh are first order (n
the conventration, but wot, for exemple, for aerosol agalomeration,  Care
has to be taken (0 claiming release redust lone when this (ndependance sssumption
wight net be valid.

1.7 Gensluding Asmerhs
In the present state of development of soures term Cechnology the spectral

wethodo.ogy way appear to eenflict with the rationsle of defining release
catagorien,  The spsetral spresd within & relesss category way avariap the
point valuse of one or mare o jacent categeries. Tharators it wight be that in
principle the different reloase froctions (o the distributions should be
annigned (o Aifferent relesns categer.es.  Hewevar sueh a0 appraach would be
Aifftauit and confusing to anply (n practice, and there are countervalling argw
wents.  The speetral wethadalogy, o dlatinet fram iie wpesifie applioat Lan
prosented (o the remainder of Ihis werk, (s intended fo be of continuing wiility
for the Longetorm future, when i (8 antieipated that dats will be wvailanis 1o
permit & mere detailed brsakdown of relesee cntegorien. L0 b0 alee a0t e ipaied
Chat 4% the wnderstanding of Soures term phanomens (mproves, (he dlatribul lons

e









Volatile inorganic iodine

The thermodynamic analysis presented in NUREG-0772(4)
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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 Fel;, which will condense in cooler parts of the
circuit, or on particulate. Fel; has a vapour pressure of 1075 atm at

about 450°C. :
4

b. For surface temperature 400°C, saturation loadings in the range
1-10 x 1073 kg m~2 are expected, and for 250°C they rise to 5-20 x 10™%

kg m=2,

It is evident that provided the leakage path from the core gives sufficient
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-
nificant fraction of the iodine core inventory. The possibility exists that
interaction of different plated-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 properties are
treated here as independent.

ii. _Depnsition kinetics
Appendix 1 to Appendix VII of WASH-1400[1] presents a simplified calculacional
treatment of the surface deposition rates and retention factors for iodine in
the upper plenum of the Reactor Pressure Vessel (RPV) and in the steam generator
heat exchangers (HX). Surface reaction rate characterised by a deposition
velocity, rather than mass transfer, is concluded in that work to limit the

overall rate, for low pressure (.l atm) conditionms.

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

gas-borne after transit time t sec through a tube is given by
M/Mg = exp(= vg (A/V)t)
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where v4 is the iodine surface deposition velocity (m s~!), and A/V the surface
area to volume ratio of the tube. Taking A/V = 230 m~! as appropriate for

the HX, this expression shows cthat for > 508 plate-out the product V4t must

exceed 3.46 x 10~3m. Experimental values for V4 onto steel are sparse. Recent

measurements [12] for elemental iodine suggest values of 1073 - 1076 m s-!
from a steam carri.- at atmospheric pressure onto Ingonel-600 at 300°C. Other
measurements(13] for elemental iodine onto stainless steel yield values around
1073 m s=! at 300°C and 10°% m s~1 at 200°C. There is evidence that V4 is one
to two orders of magnitude higher for HI than for I; in this temperature range
(Genco et al[l3]). Identification of the likely chemical formm of inorganic
icdine in specific accidents is, therefore, important. The analysis which
follows suggests that HI will be the dominant volatile inorganic form in
the cases considered, and a value of vy = 1074 m s~! at 300°C appears a
reasonable estimate for this species. A transit time in iLhe steam generator

tubes of 35¢ 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 fraction of the
central core region will be already hotter than steel and Zircaloy melt tempera-
tures during the phase of major release of volatile FP, notably iodine and
caesium. The volatile F.P will then be co-emitted with aeroscl derived from
molten structural materials, and the possibility of plate-out on the aerosol,
with subsequent particulate deposition, exists. This topic has been considered
in WASH-1400{1], Appendix H, and NUREG-0772(4], Chapter & and Appendix D. Both
treatments concluded that the overall retention by the mechanism was likely to
be small. Condensation of Csl on structural particulate was treated ia NUREG-
0772, and in all sequences considered, a large fraction of the released Csl, up
to 90% in some cases, was found to become particulate associated (NUREG 0772-App
D). The question of particulate retention in the primary circuit is then

important and is discussed below.




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
release rate 0.2 kg s~! for aerosol material from core (cf NUREG 0772, App D)
yields a geometric surface of about 600 m? s~} for spherical particles of
radius 0.1 ym and density 104 kg m™3. Assuming a uniform release rate of the

icdine core inventory, 12 kg in 15 minutes, iodine is released at 0.013 kg s~!.

This gives a geometric area of 1.0 x 10720 @2 per iodine atom available on the

aerosol surface, somewhat smaller than the cross-section of an iodine atom
(10 x 10720 n2), However, since the effective surface area of the aerosol
could easily be 50-100 times the geometric area, surface saturation is unlikely
to be limiting. The kinetics of deposition will follow the expression pre-

viously quoted
M/M; = expl=vgy4 .(A/V).¢)

= mass/unit volume of iodine remaining in the gas phase at time ¢
= initial mass/unit volume of gaseous iodine
= deposition velocity of iodine onto aeroscl surface

= gurface area of aerosol/unit volume of gas.

The effective value of A/V will be specific to each accident sequence. Values
of vq would be expected to be higher in this case than for oxidised solid
steel surfaces, since the aerosol surface will be freshly-formed in a reducing
atmosphere, There is the possibility that in high temperature regions of the
circuit, such as the RPV upper plenum, significant reaction of iodine with
Fe-based aerosol surface will form Fel;, which may condense in cooler regions.
However, aerosol-steam reactions might inhibit this process. Silver-based
aerosol derived from control rod materials might also act as a very effecrive

iodine sink.
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¢. 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 ooler regions of the
circuit, both onto structural surfaces and onto existing aerosol. Pockets of
wvater, and in certain cases, water lutes, may exist along the path from core to
escape point., Molecular I; and HI partition strongly into water. The behaviour
of I 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 coefficients of 100 or more can be expected. Three possible retention

mechanisms can be envisaged:-

. 5 Scrubbing in water-lutes. This will be a highly effective retention
mechanism, as evidenced by the iodine behaviour at TMI-2. It appears
quite probable in T sequences, and may apply in some § 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
effectively 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 quantities of such aerosol exist in the P.C, iodine can
be assumed to be almost entirely associated with it. Retention by

surface deposition and settling is then possible.
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iii, Deposition on wetted surfaces. The deposition velocities for iodine

on to the surfaces of structures wetted by steam condensation would be
expected to be mass transfer limited, and so be much higher than the
surface reaction 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 surface as for example in the HX,

substantial retention of iodine will result.

i 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 form, it will rapidly
react in the primary circuit to form Csl, and that subsequent transport will be
determined by this chemical form. Caesium released into steam will probably be
converted into CsOH, but Csl is thermodynamically stable with respect to this in
reducing steam atmospheres at temperatures below 1200°C, or even higher (NUREG

0772, Appendix C). The reaction
I+ CoOH 3 Csl+ OH

is probably the rate-determining 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 from MARCH runs are typically 1100°C and 800°C. The
partial 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~} for I, 0.18 kg s”l for Cs, and total steam plus hydrogen
flow 25 kg s~!, appropriate to the major iodine release phase of an A-type LOCA,
calculation shows that for 902 reaction of iodine with Cs in 1 second, a rate
constant of 2.3 x 10% dmd mol™! &"! would be required. A bimolecular gas

reaction of the type considered would be expected to have a much higher rate
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constant than this at such elevated temperatures. It is reasonable to conclude
that free iodine is unlikely to persist for more than a very short time within
the primery circuit, and that the properties of CsI or other metal iodides
will determine iodine transport. An additional vapour likely to be present in
large quantities, with which iodine might react, is silver from the control
rods. Silver iodide, Agl, is not so thermodynamically stable as Csl, 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 wmaterial which may ultimately 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 transfrrmed to particulate by conden-
sation in the cooler regions of the primary circuit., A competing process for
these will be condensation onto internal surfaces of the primary circuit,
leading to retention. The second source consists of structural materials, steel
and zircaloy, and to a lesser extent UOj, which will vaporise in the molten core
regions, but condense rapidly after leaving the core. Current analyses (eg
NUREG-0772[4])) indicate that most of this is expected to form aerosol im 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 important in assessing the possibility of condensation. Some

values of relevance (derived from NUREG 0772 and ND-R-610, Table VII/II) are:
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T.K 800 1000 1200 1400

(527°¢) (727%¢) (927°0) (1127°c)
SVP (atm)

Cs 0.157 1.19 4.36 10.65
Csl 1.07 x 1073 1.71 x 1073 3.68 x 1072 0.304
CsOH 2.33 x 1074 1.81 x 1072 0.329 2.61
Te 1.68 x 1073 5.88 x 10°2 0.546 2.42
Agl 2.56 x 1076 2.81 x 104 6.44 x 10~3 6.03 x 10°2
Ag 1.69 x 10-12 7.41 x 1079 1.93 x 1078 7.26 x 1073
Ba0 5.43 x 10721 1.62 x 10715 7.264 x 10712 2.93 x 1079

(Note: 1 atm = 0.1013 MPa)

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 steam. Their primary

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

When interna! surface temperatures fall below the value at which the SVP of a
given F.P species 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, condersation
is likely to be closely coupled to heat and mass transport phenomena. An

expression of the form

M/M, = exp(~- v4 (A/V) t)

analogous to that for surface plate-cut of iodine will apply, where vy is now
the effective deposition velocity for surface condensation, and A/V the surface
to volume ratic for the section of primary circuit pipework considered. The
effectiveness of the mechanism will be very sequence dependent, since partial
pressures cf 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

1f the degree of supersaturation of a given fission product vapour is high
enough, self-nucleating aerosols may be formed in the circuit in lower tempera-
ture regions., 1If saturated steam is also present, co-condensation may occur,
giving an aqueous aerosol loaded with the fission products. However, it appears
that in most accident situations, and certainly during the phase of major
volatile fission product release, sufficient 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.



bg ]

e, Plate-out/condensation on structural aerosol, with subsequent deposition

As outlined in considering volatile inorganic iodine, structural aerocsols 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 aeroscis and onto
the primary circuit surfaces, the effectiveness of these sinks determined by the
supersaturations relative to the respective surface temperatures, and by
heat and mass transfer effects. We assume here that when a VFP vapour becomes
supersaturated with respect to the temperature of an adjacent surface, condensa-
tion onto the surface is mass transfer limited. Mass transfer coefficients for
condensation 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 > 1072 m
s™l. Because of this, in any section of the primary circuit where the effective
A/V ratio for aerosols is comparable with or greater than that of structures,
condensation onto aerosols will predominate even though the aerosol surface
temperature may be significantly higher than that of the walls. Surface
saturation effects will set no limit to the extent of condensation, and when two
or more vapours condense onto the same surface, the processes can be considered

independent to a good approximation.

Once trapped on aerosols, volatile fission products will be retained in the
primary circuit only if the particles are deposited onto surfaces. The effec-
tiveness of retention is very sensitive to the aerosol characteristics of
particle size, density and number density, which are ill-defined, 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 NUREG-0772
include the deposition mechanisms of diffusion from turbulent or laminar flow,

inertial impaction of large particles, and thermophoresis. However, they do not
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include the process of agglomeration to form larger particles, or particle
growth by steam condensation (with subsequent inertial or gravitational depo~
sition). 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 predictions of the TRAP-MELT code
employed for NUREG-0772 must be viewed as significantly conservative. An
assessment of the likely conservatism resulting from neglect of particle
agglomeration is givea in Figure 6~3 of NUREG-0772, where results cf 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 factors of 10 or more.

d. Retention on wet surfaces and water scrubbing

It seems likely that the sticking efficiency of aerosols generally, and
especially aerosols composed largely of highly soluble materials such as CsI
and CsOH, will be much greater on water-wetted surfaces than on dry surfaces.
Also in any accident sequence where gas or steam-borne aerosols is trans-
ported through water lutes, there is the possibility of effective scrubbing,
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 WASE-1400(1] for neglecting primary circuit retention
of fission products was the argument that material plated-out on the circuit
surfaces during early stages of the accident development would be resuspended
when surfaces heated up during later stages. More detailed knowledge of circult
temperatures gained subsequently from the MARCH code suggests that this argument

is invalid.



The possibility exists, though, that at the stage of core-heat-up where the
slumping of molten material into residual water in the lower plenum occurs, a
burst of high-pressure, high-temperature 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 3(9]) 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 umportant in small break and ctransient

sequences, is addressed in Section 3.2.4.

3.2 Application to Specific Accident uyences

Norwithstanding the evidence that FP iodine will be transported in the primary
circuit as CsI, iL is also considered here as a volatile 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 contsinment, are classed as primary circuit retention, since the
prububility of rasuspension is small. For the interfacing LOCA, pool scrubbing
processes in the auxiliary building are also included here, since Section &

covers retention processes only for gas-borne FP.

0f 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 different 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 judgement, may be subject to subsequent modi~

fication,
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3.2.1 1Interfacing LOCA (V- event®)
Accident description

The basic accident defined in WASH-1400 (Appendix I, Sec &4.1.6 and 4.1.7,

Appendix V, Sec 4.b6.1) envisages simultaneous failures of the two check valves

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

ccolant system (RCS), with loss-of-coolant through this line by-passing contain-

ment .

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

the RCS pressure (17.1 MPa) and rapid failure 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 interfacing at Sizewell B could influence

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

For the Surry [ plant assessed in WASH-1400, the failed check valves are in
the LPI lines feeding the cold legs of the RCS (Fig I 4~6 of WASH-1400,
reproduced as Fig A.l of NUREG-C772). The LPI and residual heat removal
(RHR) circuits of Sizewell B differ 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~]
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) failures of check valves and MOVs in the high head safety
injection (HHSI) system connecting with the four RCS hot legs (¢) failures
in check valves and operatov-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, § and T are used here as convenient abbreviations
for Interfacing, Large-break, Small-break and Transient LOCAs, respectively. No
precise correlation with similarly-designated WASH-1400 sequonces is implied,
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ii.

iii.

The Sizewell B capability for ECC includes four, low head safety injection
(LHSI) pumps and four HHSI pumps, some of which may still be functional
following an interfacing LOCA vent. It is assumed that, urless operator
action succeeds in isolating the RCS, no attempt would be made to activate
the ECCS, since this conld be maintained only until the refuelling water
storage tank (RWST) became exhausted A recirculation phase is precluded

in the V-event.

The most probable failure 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 RHR suction line route are fracture near
the failed interfacing valves, or downstream failures of LP valves which
could route the flow to the RHR pump and heat exchanger, RWST or contain-
ment spray headers, The influence of the failure point on FP retention is

discussaed below.

Thermal-hydraulic conditions
The RHR suction line is taken to have diameter 0.3m, so that the primary circuit

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

The phases of the accident will be:

Rapid draining of coolant from the RCS and accumulators, with flashing
Lo steam as the pressure drops. This phase will last about & minute.
Gap release of FP may occur, but this can be neglected compared with

later phases.
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ii.

iii.

Core uncovering and heat-up to slump., This is the phase of major volatile
FP release (I, 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 recommended
in NUREG-0772 (Chapter &), suggests that the release of volatile FP will
begin after about 10 minutes, and continue at uniform rate up to core
slump, when essentially all of the iodine and caesium, and 90X of the Te,
will have been released. Other relevant conditions derived from MARCH

are:=

Strongly reducing hydrogen/steam atmosphere, Hy/Hy0 > I.

Total gas flow rate from core (Hy + steam), - 140 moi s~l.

Total pressure - estimated 0.4 MPa.

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

circuit,

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

exicing the core if reaction with caesium is excluded.

Core slumping to R?V 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 marerials (Fe, 2r, 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 failure point
in the low pressure pipewcrk. Some transport may occur to the steam generators
(8G) in the intact 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 plenum rising
from 1500 to 2000°C, and average surface temperatures increasing 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 1f VFP vapours are supersaturated with
respect to surface temperatures of upper plenum intervals, mass transport will
limit condensatioa onto these to < 10% in the short residence time. Also, the
high final surface temperature is likely to result in re-evaporation of any
earlier-deposited FPs. No condensation of VFPs onto structural aerosols is
expected. The net retention of fission products in the upper plenum will thus

be insignificant.

Hot leg

The residence time here is short, typically ¢ 0.5 s. Gas temperatures in the
rangs 800 - 1000°C, and surface temperatures of 400 - 500°C, are expected from
MARCH calculations. Mass transfer limits surface deposition to < 1% in the
residence time. The estimated partial pressure of CsOH is 6 x 10-3 MPa, and for
Csl about one tenth of this, both heing close to the respective SVPs at 700 -
800°C. Little condensation onto structural aeroscl is therefore expected.

Overall FP retention in the hot leg will be negligible,
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RHE svstex
The potential for fission product retention in the RER circuit depends strongly
on the mode and location of the failure in the LP pipework. Twe failure modes

neec to be distinguished

a. Fracture of the LP line immediately downsiream of the failed MOV which acts
as the HP/LP interface. The transport pathway into the auxiliary building
then includes only the HP section of the RHR suction line, estimated as 50z
of 0.3m i.d. pipewvork. 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.

5. Disc failure of one or mcre LP valves interfacing with the RHR and connec-
ted systems. The ultimate failure point through which major escape of FP
into the auxiliary building will occur is then uncertain. Likely weak
spots appear to the gland seals of the RHR pumps, and the RHR heat
exchanger. The important facter for FP retention is that further exposure
to sections of cold, wet pipework, possidb!y including water lutes, is

likely.

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

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

Retention for failure mode (a’

No thermal-hydraulic data is available on conditioms in the RHR suction line
during the stage of major VFP release from core. During the earlier RCS blow
down phase, 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 surface temperature will probadly remazin in
this range during later stages, but the gas temperature could be significantly

higher, around 400 = 500°C, as the main passage of VFP 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 < l%. However, vapours of
Csl, CsOH and Te will become supersaturated with respect to aerosol surface
temperatures, and substantial condensation onto the structural aerosols can be
expected. Negligible deposition of the latter is anticipated 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 can be expected. A release factor, F = |, then

applies.

An alternative possibility is that the pipe chase in the auxiliary building
basement through which the RHR line passes from the contaimment building will be
flooded. Escaping gases ani fission products may thus encounter a water lute,
with effect ive scrubbing of both volatile inorganic iodine species and aerosols,
before release to the auxiliary building atmosphere. As noted in Section 3.1,
decontamination factors of 10 or more have been measured for pool scrubbing.
However, because in the present situation the pool may be shallow, and large
initial temperature differences may exist between the gas and liquid phases, we
consider an acceptably consarvative decontamination factor of & 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 hil-us"c mode (a), the release factors
to the auxiliary building atmosphere of | and 0.25 are taken to be equal ly~-

weighted.

Retention for failure mode (b)
A significant extention of the flow-path through RHR pipevork would resul: if

the initial failure mode of the LP system was disc bursting of ome or more LFP
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valves. Two situations concerning the ultimate failure point of the LP system

then have to be considered

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 pipevork would be immersed
in water at around J00°C, and that water pools, and even lutes, might
exist. Steam condensation onto the pipe walls, with associated diffusio~
phoresis of aserosols, would produce some retention for particulate-borne
FP, and condensation onto the aserosols themselves would enhance agglomera~
tion and settling. Volatile imorganic iodine would partitionm strongly into
water pocls and surface films. It is impossible to calculate the con~
sequences of these processes, but it appears reasonadle, or even conse. a~

tive, to attribute a release factor, F = 0.5, to this situation.

ii. Failure exposes escaping FP to bulk water., If the failure point of the LP
system wvas in & flooded basement compartment of the auxiliary building, or
in the RHR heat exchanger, escaping fission products would be exposed to
scrubbing by bulk water at about 100°C. Considerable retention would be
expected, and decontaminat ‘on factors of & to 10 might 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 (il) to

the auxiliary building atmosphere just outlined to be equally probable,

The foregoing assumptions on probabilities, end associated estimates of FP
retention, mey be combined to give an overall distribution for the V-sequence

dominated by RHR hot-leg suction line failure as follows:=
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Failure mode (a)

Probability 0.5 0.5

Failure point Direct Submerged Direct Submerged
Probability 0.25 0.25 0.25 0.25

¥ 1.0 0.25 0.5 0.25/0.1

Collecting contributions under standard fractions, and rounding=-off thus gives

F 1.0 0.5 0.25 0.1 0.05
Probability 0.25 0.25 0.4 0.1 0

3.2.2 Large-break (A) LOCA
Accident description

Guillotine fracture of the hot or cold legs of the RCS initiates this sequence,
tfollowed by very rapid depressurisation of the primary circuil with discharge of

the coolant into the contsinment building as & flashing steam-vater mixture.

Thermal-hsdraulic 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 MPa. Core heat-up history, steam and hydrogen
flows, fission product release, and chemical conditions differ insignificantly
from the V-sequence. Auxiliary Feedwater Supply (AFWS) to the steam generators

is assumed to be maintained,

Flow paths from the core

Mo analysis has been performed of the relative probabilities of hot- and cold-
leg fractures. The best currvent advice available is to assign equal proba-
bilities to the two locations. Similarly, no analysis has been made of the
relative probabilities of cold-leg failures in the coolant circulation pump
suction leg and the RPV injection leg. However, this latter question is thought

te have only a misor 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 differing retention properties:-

a. Lower plenum, downcomer, 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 MPa 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 permit some escape of FPs by this route.

b. Damaged loop. Hot leg, steam gemerater (SG), cold leg including coolant

circulation pump.

FPs will be carried in the flowing steam-hydrogen mixture along this dry
route to the failure 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 SG is assumed, giving surface temperatures around 280 -

300°c.

€y 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 from water boiling in the downcomer. TRAC

modelling indicates that flow through each of the undamaged loops will be

similar to that through the damaged loop.




.y

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) (¢)
Case I 0.5 0.5 0.0
Case 1II 0 0.5 0.5
Case III 0 0.25 0.75

Of these, Case I is probably pessimistic with respect to FP retention, and

cases Il and IIl are expected to be nearer the true situation.

Fission product retention

Hot-leg break

It is clear from the discussion presented for the V-sequence that no retention

of volatile FPs can be expected in the upper plenum and het leg. F = 1.0.

Cold-.2g 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 veolatile

fission products (VFP) escaping by this route to unity, F = 1.0.

Route (b) and Route (c)

Upper plenum
MARCE calculations suggest that the surface temperature rises to > 800°C

during the VFP release stage. The situation 1is similar to that for the

V-sequence, and no long-term retention of VFP i1s expected.
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Hot leg

Residence time . in all cases short, < ls. MARCH output indicates surface
temperature < 500°C, <nd gas temperature < 800°C, during the main VFP
release period, but surface temperature may rise to > 800°C following core
slump. De,osited VFPs are thus likely to re-evaporate. Also, mass trans-
fer limits surface deposition to < I in the residence time. Retention in

the hot leg will, therefore, be negligible.

Estimated partial pressure of CsOH is 3 x 10”3 MPa, which is close to the
SVP at 700-800°C, sc that little condensation onto structural aerosols is

expected.

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 surface deposition of gas-borne VFPs. This is determined

by the residence time t, and the surface deposition velocity vy.

Volatile inorganic iodine deposition (HI)

Deposition onto steam 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 es!imate, since no measure-
ments of deposition rates on to particulate have been made. We, therefore,

adopt two limiting models:-

Model 1i. Deposition onto walls only., This is calculated from the known (A/V)

ratio (230 m~!) and estimated residence time t,, using vq = 107™% m

s,

Deposition onto walls and particulate with equal deposition veloci-
ties. The effective (A/V) ratio for particulate is estimated as 200

m~!. The fraction of iodine-loaded particulate retain.d in the SG
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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
will occur, and will be essentially complete in the residence time. The propor=
tion, condensing onto each surface-type should be approximately in the catio of
the effective (A/V) values; a fraction 0.47 is thus estimated to condense onto
particulate which represents the maximum F in the event that none of this
particulate 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 NUREG-0772.

Quantitative estimates

The principles outlined above can be used to calculate the release factors for
the three cases treated, using appropriate residence times. Results are sum~

marised in the following Table.

Table 3.1
F for lodine (as HI) Particulate
Model i Model i1
Case 1 0.86 0.88 0.73
Case 11 0.55 0.65 0.47
Case I1I 0.52 0.62 0.47

This procedure generates numbers which lie in only the Ix 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 results are
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ingsensitive to which volatile inorganic iodine deposition model is adopted in
this accident. In order to obtain a probability distribution for primary
circuit release factors, some choice 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 evidence:~
Case I 0.2, Case II 0.4, Case 111 0.4,
The -zsulting total probability distributions for the cold~leg break are then:~

F 1 0.5 0.25% 0.1 0.05
lodine (HI), Prob 0.2 0.8 0 0 0

Particulate, Prob 0.2 0.8 0 9 0

Overall distributions
Taking equal probabilities for hot~ and cold-leg breaks, the F = | 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.

¥ 1.0 0.5
lodine (H1), Prob 0.6 0.4

Particulate, Prob 0.6 0.4

3.2.3 Small-break (S) LOCA
Accident description

A range of break sizes in the hot- or cold-side circuit much smaller than the
hot or cold-leg main circuit pipework diasmeters falls 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 & pipe of

dimmeter 50 to 100mm connecting to the hot or cold legs, although failures of

RPV penetrations of equivalent size fall within the categoery. Reactor system




coolant is released direct to the containment as & flashing steam~water mixture,

and FP release is also direct to the containment.

~hydraulic conditi
We assume that AFWS is maintained to the SGs. Once the RCS pressure falls below
the secondary side relief pressure, two-phase conditions will exist in the
primary circuit, MARCH runs suggest that during the latter stages of boil-dry
of the core, when major release of volatile FPs occurs, system pressure will be
around 6.8 MPa, and total steam plus hydrogen flow will be about 500 mol
ol Primary steam will be unsaturaced in the SGs, and condensation will not
occur there, although some condensation may be possible in the cold-leg region
of the circuit. The RPV lower plenum and downcomer are expected (o remain

filled with water until the end of core boil-dry.

Liew peth frem the sore

No analysis is available of the relative probabilities of hot- and cold-side
breaks, The cold side has more connect ions to greater lengths of small-diameter
pipework than the hot side, and contains the circulation pump, so that a higher
probability of cirecuit breach in this region is expected, On these grounds, a
1:3 ratio for hot- to cold=side failures is adoptec, For hot-side failuris,
only the flow path from the core to the bresch-point reeds to be cons idered. 1In
the case of cold~side breaks, the three possible paths described for the A-~LOCA
need to be considered (Fig 1.2). The route via the lower plenum and downcomer
remains vater-filled up to core slump, and since the core boil-dry process is
less turbulent in this cese than for a large LOCA, we discount this route for FP
transport, RELAF modelling of cold-leg small breaks indicates that during the
early stages, two-phase coolent flow through all four reactor loops, damaged and
undamaged, is on average about equal. However, because of the uncertaint ies in
flow route, we again consider three cases covering the range of possible situa~

.

tions. The weightings sssigned to the routes are:
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Route (b) Route (¢)
Case 1 1.0 0
Case 11 0.% 0.5
Case I.1 0.25 0.75
Rission product relesse

MARCH output for a small-break LOCA suggests that the core boil~dry stage covers
a period from about 40 win to 60 min after accident initiation, terminating in
core slump., SRD modelling(l4] of whole-core release of VFPs indicates a fairly
constant relesse rate beginning et about 50 min, and continuing to core slump.
The fraction of core molten increases roughly in propertion with the VFP re-
lease, and simultaneous release of structural aercsol is, therefore, predicted.
Hydrogen to steam mole ratios will range from 1:5 to 1:| during Lodine release,
and SOLCASMIX calculations|l4] show that HI will be the only significant gaseous

form of fodine (if Crl is neglecced),

Ziseion Produst Retention
t=§id

Upper_plenum

No directly relevant MARCH results on gas and surface temperatures in the RPV
upper plenum are available in this case, although indications are that they will
not differ greatly from the A~LOCA situation, Average residence time in the
upper plenum will be around 40s. Partial pressures of VFP vapours are estimated
to be high eg 2+3 x 10"} aem for (CsON), so that condensstion onto upper plenum
structures will probably occur during the core heat-up phase. The fraction of
VFPs ) deposited is limited by mass transfer to « 255, and these will probably
be resuspended when the surfaces heat up following core slump. Similarly, VFP
deposition with structural particulate is estimated to be at most a4 few percent,
and this may be resuspended at a later stage. It, therefore, seems ressonable

to discount VFP retention in the upper plenum,
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To generate probability distributions, relative probabilities must now be
assigned to Cases I, II and III. 1In 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-off conservatively to yield:-

F 1 0.5 0.25 0.1 0.05
lodine (HI), Prob 0 0 0.4 0.3 0.3
Particulate, Probd 0 0 0.4 0.6 0

Overall Distributions

The value F = | 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 Csl):-

F 1 0.5 0.25 0.1 0.05
lodine (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 T

Accident description

This sequence is characterised by loss of both secondary side and emergency core
cooling capability. Natural circulation following reactor trip maintains core
decay-heat cooling whilst the S5G secondary side boils dry, over a period of
about 2 hours. Thereafter RCS pressure ard temperature increases until the

pressure attains the set value of the pressuriser relief valve (17.1 MPa),

51



wnen coclant is vented as steam or flasning steam~-water through the relief line
to the quencn tank. The water saturation tempersture corresponding :o the
relief pressure is 354°C, so that a steam phase will exist in regioms of

the RCS at higher temperature.

FP<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>