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Andrzei Strupezewski: Fission Product Transport Models Adopted in Refyac Code for Loca Conditions in PWR
and WWER NPPS. The report presents assumptions and physical models used for calculations of fission product
releases from nuclear reactors, their behavior inside the containment and leakages to the environment after large
break loss of coolant accident LB LOCA. They are the basis of code REFPAC (RElease of Fission Products under
Accident Conditions), designed primarily to represent significant physical processes occurring after LB LOCA. The
code describes these processes using three different models. Model corresponds to established US and Russian
practice, Model 2 includes all conservative assumptions that are in agreement with the actual state-of-the-art, and
Model 3 incorporates formulae and parameter values actually used in EU practice.

Andrzej Strupczewski: Modele transportu produkt6w rozszczepienia orzyiete w kodzie REFPAC d1a awarii utraty
chlodziwa w EJ z reaktorami PWR i WWER. Raport przedstawia zato2enia i modele fzyczne stosowane w
obliczeniach uwohiiefi produkt6w rozszczepienia z reaktor6w jqdrowych, ich zachowania wewnqtrz obudowy
bezpieczefistwa i ucieczki do otoczenia po awarii utraty chlodziwa z du2yrri rozerwaniem obiegu pierwotnego.
Modele te s4 podstawq kodu REFPAC opisuj4cego uwolnienia produkt6w rozszczepienia w warunkach awaryjnych.
Kod opisuje te procesy przy wykorzystaniu trzech r±nych modeli. Model I odpowiada ustalonej praktyce
obliczeniowej w USA i w Rosji, Model 2 obejmuje wszystkie zalotenia pesymizuj4ce zgodne z obecnym stanem
wiedzy a Model 3 przedstawia wzory i warto�ci parametr6w aktualnie stosowane w praktyce Unii Europejskiej.
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SUMMARY

The report presents methodology that is followed in code REFPAC for calculations of
source terms outside the WNVER confinement after LB LOCA with 500 mm Double Ended
Guillotine Break of the Reactor Coolant System. Calculations of source terms are
necessary to be able to determine radiation doses to the population and show that they are
within the limits established for Design Basis Accidents by regulatory bodies in the
countries operating WWER NPPs.

In the analysis the inventories of fission products released after the accident are
assumed to consist of normal coolant and spike activity released as the coolant flows out of
reactor cooling system, and of gap activity inventories in fael elements. All fuel elements
are assumed to fail, but the moment of their failure is calculated. Real behaviour of the
WWER confinement is considered, with leakage reduction following confinement
overpressure drop and with a period of no outside leakage when the pressure inside the
confinement falls down below atmospheric.

In deten-nination of parameters characteristic for iodine behaviour in the confinement a
conservative approach is taken, but the features characteristic for WER systems are taken
into account as far as possible. Thus, for example, the chemistry of sump water is
detennined for each phase of the accident and the iodine partition coefficient calculated
according to the expected parameters.

hi the calculation of iodine behaviour the recommendations of EU documents are
considered, then the Russian approach used in previous VrvVER confinement calculations
is reviewed, and finally the influence of most conservative assumptions is found. The
calculations cover iodine removal without sprays, both for aerosol and elemental form, and
with sprays using the formula recommended by EU documents and comparing them with
the results achieved by Russian approach.

The desorption of elemental iodine from solid surfaces and formation and release of
organic iodide in aqueous media is considered.

General equations describe iodine activity in all major regions of WVTER 440/230
NPPs, including confinement gas volume, confinement sump, Confinement Spray System
(CSS) water, confinement walls and floors covered with epoxy layers and on stainless steel
surfaces, in Jet Vortex Condenser water and in Filtered Venting System in cases where its
operation is considered. The radioactive decay is taken into account as long as the fission
products are inside the confinement.

An example of the distribution of iodine activities inside the NPP calculated by the
code is provided for illustration of code capabilities. The report shows that the approaches
used in calculations performed with REFPAC code are conservative, but the consideration
of all pertinent phenomena makes it possible to reduce uncertainty margins and the
corresponding conservatism to the values much smaller than in previously published
analyses.
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1 INTRODUCTION

1.1. Background situation in Poland and eighbouring countries

Although Polish programme of nuclear power development was stopped in the early 90-ties due
to political and economic transformations, nuclear power remains an energy option that can be
used by Polish power industry "provided it is friendly to the environment and human health"
[Act of Polish Parliament of 1993]. Evidently, the question of possible releases of fission
products from nuclear power plants (NPPs) under accident conditions is of primary importance
for the acceptance of nuclear power. This is the reason of the studies conducted in this area by
the Institute of Atomic Energy in Swierk.

It should be also recognized that although there is no NPP in Poland, there are several NPPs
in the neighbouring countries. The types of reactors operated in those NPPs vary from RBMKs
in Lithuania through W)VER 440/230 units in Slovak Republic and Bulgaria, to VNVER 440/213
units in Ukraine, Slovak Republic, Czech Republic and Hungary, to WWER 1000 units in the
Czech Republic, Bulgaria and Ukraine and to PWRs and BWRs in Germany. What concerns
RBMKs, the four units in Czarnobyl have been shutdown and are being decommissioned, and
the units in Lithuania are scheduled for early shutdown under the agreement with the European
Union. On the other hand, WWER reactors have been shown to have large potential for
upgrading and the intensive work done in the Slovak Republic and in Bulgaria has resulted in
significant improvements of their safety level.

One of the key indicators of the NPP safety level is the ability of the plant to withstand Large
Break Loss of Coolant Accident (LB LOCA) without exceeding the radiological hazards for
Design Basis Accidents (DBA) at exclusion area boundary. In the case of WWER 1000 and
WWER 440/213 units LB LOCA has been included in the range of Design Basis Accidents from
the very beginning of their design, similarly as is the case for PWR and BWR NPPs. In the case
of WWER 440/230 units however, the safety systems were originally much inferior, capable to
manage primary circuit breaks up to the equivalent diameter of 32 mm, and only gradually they
were upgraded to cope with breaks of equivalent 100, 200 and finally 500 mm diameter In
particular, the Bulgarian Kozloduy NPP has upgraded the confinement design by installing Jet
Vortex Condensers that assure fast steam condensation and air release in case of LB LOCA
500 mm and thus protect the confinement integrity for such an accident. It is not clear however,
whether this development is sufficient to assure limitation of radiological hazards in the vicinity
of the plant to the level admissible for DBAs.

This report deals with the methodology applied in the code for calculations of fission product
release and transport. It covers the traditional approach in the US and in Russia, in particular the
conservative approach used in licensing calculations, and the modern methodology proposed in
the European Union documents. The discussion that follows is aimed to clarify the differences
between those approaches and to indicate the possible consequences for source term calculations.
On this basis a code for calculations of the Release of Fission Products under Accident
Conditions (REFPAC) has been developed and inip-1eniented in-the Institute of Atomic Energy in
Swierk. The numerical data that serve as examples in the report have been chosen those for
WWER 440/230 reactors, since they are the oldest and designed with the lowest safety level.
However, the methodology and the code are quite general and can be used for the analysis of
source terms in any WWER or PWR NPPs.

The approach used in REFPAC code was developed so as to assure conservative results at all
stages of calculations, but at the same time to reduce the conservatism as much as possible. On
the other hand, the code was meant to be simple, so that all significant features of the reactor
could be easily modelled and their influence on the results made visible. IAle not going into the
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detailed chemical reactions, which for example in the case of iodine are represented in some
codes by means of more than 250 kinetic equations, it was decided to consider all major
processes of fission product releases, removal and transport. In each case the parameters in the
differential equations describing relevant processes are based as far as possible on the available
experimental evidence, and conservative assumptions are introduced only when it is necessary to
keep an approach that will provide licensable results. In such cases the guidance available in US
and EUR documents has been followed. Fortunately, the US and EU approaches to many issues
in fissison product transport modelling, especially to iodine removal and releases processes have
converged very much over the last decade, so that in most cases a common approach can be
identified.

The nuclear power plants being the main safety concern are the WWER 440 type 230 NPI's,
originally designed by former Soviet Union organizations and even recently analyzed using
Russian approach to fission product releases. As the LB LOCA 500 mm was originally
considered to be a Beyond Design Basis Accident (BDBA), the available Russian calculations
are aimed at demonstration that the doses after LB LOCA 500 mm remain within limits for
BDBAs. These limits are much higher than the limits for design basis accidents. Probably due to
that, Russian calculations of WWER 440/230 plants involve strong simplifications resulting in
excessive conservatism, and the source terms calculated in that way result in radiological
consequences that are within BDBA limits, but exceed the limits for DBAs.

Such an approach does not recognize the work actually done by the plants in Bulgaria and in
Slovak Republic, which have introduced upgradings of the plant design and equipment in
practically every aspect. In Kozloduy 34 these upgradings resulted in including LB LOCA
500 mm in the scope of DBA as far as thermal hydraulics are concerned, so that the issue of the
radiological consequences is of decisive importance for the classification of this accident in that
plant. t seems justified to put an effort into more exact source term analysis, so that the big
upgrading work done jointly by the plant and the international community is properly reflected
in analysis results.

From the standpoint of Poland, which is a direct neighbour of Slovak Republic with
Bohunice NPP where two WWER 440/230 reactors are in operation, the demonstration of the
achievements of KNPP is important also in view of the possible further upgrading of safety of
Bohunice WWER 440/230 units. If the calculations show that after improvements implemented
in KNPP 34 units the WWER 440/230 reactors can successfully cope with LB LOCA, it will
be a strong argument for further upgrading of Bohunice reactors along similar lines. Therefore
Poland is interested in those analyses and in development of methodology for source term
calculations. It should be also remembered, that when the proposals for the first Polish NPP are
made, the discussion of radiological consequences of possible accidents will be the focal point of
public attention and public acceptance of nuclear power development in our country can depend
on our ability to determine the hazards involved.

1.2. Previous work on source term determination

The early estimates of fission product hazards were prepared at the time when the first
commercial NPPs were built. They were influenced by the accident, which occurred in a military
installation for plutonium production with a graphite moderator, air cooled reactor in Windscale
(U`K) in 1957. During that accident about 74 1014 Bq of iodine 1131 were released, which
resulted in contamination of pasture lands and prohibition of milk consumption for several
weeks. The doses to population were also significant. After Windscale the importance of iodine
hazards was acknowledged and the assumptions for analyses accordingly formulated.
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In the early US analysis [WASH 740] the source tenns out of containinent were calculated
for three cases, and the most severe accident was calculated assuming complete core melting,
containment failure and the release of one half of core inventory of fission products. In the next
study [TID-14844] published in 1962 the accident with core melting was estimated to cause
a release from the reactor core of 100% of noble gases, 50% of iodine and 1% of solid fission
products. The release was mitigated by the leaktight reactor containment, for which leakage rates
were conservatively assumed to be constant and equal to the maximum leak rate at the design
containment overpressure over the first 24 hours. These assumptions were in force in the US for
many years, and the Reactor Safety Study (RSS) developed in 1975 by Prof. Rasmussen and his
team of eminent specialists was still based on this approach [WASH 1400]. Rasmussen divided
possible releases into 9 categories of source terms for PWR and categories for BWR NPPs.
Each category was represented by several parameters, namely
• the fraction of the total inventory of each significant radionuclide that fds its way to the

environment,
• the cumulative probability frequency) from all reactor accident sequences falling in the

particular release category,
• time of release i.e. the characteristic time between the onset of the accident scenario and the

actual release from the contaimnent,
• duration of release,
• height of release that is the elevation at which the containment failure occurs and
• the energy associated with the release.
The categories of source ternis of Reactor Safety Study were numbered in decreasing order of
severity, so the category PWRI corresponded to the release of 70% of iodine, while the category
PWR9 only to the release of 1E-7 of iodine core inventory.

The Reactor Safety Study indicated that under PVTR1 and PWR2 categories most of the
iodine would be released to the environment. That result was most frequently challenged by
those engaged in studies of source terins. The RSS study assumed namely, that the radioiodine
was in the form of elemental iodine, which led to the iodine being highly volatile and easily
leaking from the containment. This corresponded to the guidance of US NRC being in force at
the time, which specified that the fraction of iodine in the form of organic compounds (which
behave as noble gas and so pass through to the environment without being retained by the filters)
is comparatively high, equal to 4. The fraction of elemental iodine (called also molecular
iodine in technical reports), which is volatile and so more hazardous from the standpoint of
population outside the plant, was assumed equal to 91% and the fraction of iodine in the form of
aerosol (mainly Cs1) was assumed to be only 5% [RG 14].

All later studies indicated that the preferred chemical form of iodine would be cesium iodide
CsI, well soluble in water and thus less mobile under accident conditions. When a severe
accident (SA) in a PVvFR did occur in Three Mile Island Unit 2 (TMI-2) in 1979, the release of
iodine turned out to be extremely small, so that only about 6 1011 Bq of iodine were released.
This was three orders of magnitude less than in Windscale accident, although the power of
TMI-2 reactor was much higher. Such low source term did not result in any off-site radiological
effects. The difference between the Windscale and TMI accidents consisted in the atmosphere
into which iodine was released. In Windscale both the core and the reactor building were filled
with dry air, which resulted in strongly oxidating conditions, while in TMI-2 there was water in
the Reactor Coolant System (RCS), containment sprays were in operation and there was a water
sump in the containment.

This low release of iodine confirmed the necessity to redefine the iodine chemistry in water
steam environment, and the analysis provided in Review of Source Term Technical Bases
[NUREG 0772] recognized many processes typical for water cooled reactor conditions. It was
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stated that "the most probable form of iodine is Of, although formation of some more volatile
iodine species (e.g. elemental iodine and organic iodides) is not impossible under certain
accident conditions". However, in view of insufficient experimental evidence, the assumptions
used for regulatory analyses were not changed.

In the analysis of source terms for the major types of US water reactors [BMI-21041 iodine
was treated as cesium iodide in the reactor coolant system, and the balance of the cesium was
treated as cesium hydroxide. These were the expected chemical forms of cesium. Two later
publications, [NUREG 0956] and [NUREG 1150], presented the US experimental work on
fission product releases from overheated and melted fuel, and the suite of codes used for step by
step calculations of fission product releases. They included
• CORSOR for fission product release from reactor fuel,
• MARCH for then-nal-hydraulic behaviour of the reactor and containment,
• MERGE for more detailed calculations in the Reactor Coolant System (RCS),
• TRAP-MELT for deposition of vapours and aerosols moving through the RCS,

• CORCON for molten coriurn -concrete interaction after reactor pressure vessel failure,

• VANESA for releases during core-corium. interaction,

• NAUA for aerosol removal in the containment, initially limited to natural deposition, later on

modified to include the effects of sprays,

• SPARC for retention in the water pools, which was of special importance for BWRs with
suppression pools, but also of significance in some scenarios in PVVRs and

• ICEDF for calculations of retention in ice condenser systems in PWRs.

The TRAP-MELT code treated all iodine and cesium isotopes at being in the form of CsI and
CsOH 12 was treated in TRAP-MELT, but the mass of I2 was assumed to be zero in BMI-2104),
while Te was assumed to be in elemental fann. Thus, the three species, Csl, CsOH and Te
account for all the volatile fission products of interest in a TRAP-MELT calculation. These three
forins are treated in the code as vapours as they leave the core, they can condense on walls or
aerosol particles, evaporate from where they have condensed, or become attached to a wall
surface by some physical or chemical mechanism (sorption). The rate of irreversible sorption of
these species is based on empirical deposition velocities. The deposition velocities used in
TRAP-MELT were zero for Csl, 0.01 cm/sec for CsOH and 1.0 cm/sec for Te. Thus, the salt CsI
was not predicted to react with metal surfaces, whereas the metal Te was much more reactive
than the hydroxide CsOH. However, these assumptions concerning iodine forms were used only

in calculations of severe accidents, which are based on best estimate approach, In calculations of
design basis accidents (DBAs) the approach originally established in RG 14 was still in force,
with iodine division into 91% elemental, % aerosol and 4 organic species.

While the assumptions concerning initial iodine species remained unchanged, the coefficients

for many iodine and aerosol removal processes were determined from experimental data and
published in NRC guidance and in standards of American National Standard Institute (ANSI)
developed jointly with the American Nuclear Society (ANS). Thus, for example the assumptions
for calculations of aerosol and iodine removal in containments and the coefficients found to be
sufficiently conservative for licensing purposes were published in ANSI/ANS documents.

US methodology was followed in many European countries, which had built NPPs with US
type reactors, such as Spain, France or Belgium. In France iodine organic form was assumed to
be even more, namely 10%, while the remaining iodine was assumed to be elemental 90%),
with aerosol fraction equal to zero 0%). In Russia, it was recognized that the dominant iodine
species would be aerosol [Luzanova 97]. However, in calculations of WWER 440/230 units

a very simplified and conservative approach was taken assuming that the chemical processes in
water are very complicated and can ultimately lead to production of volatile iodine. Therefore,
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a simplifying assumption was made that from the very start, the fraction of elemental iodine is
98%, and the fraction of organic iodide is 2 [VNIIAES]. Later on, as the French nuclear
programme was developed, France has developed its own methodology and started to use a
different set of initial assumptions, with much lower fractions of organic iodine and recognizing
that the bulk of iodine in case of accident would be released as CsI, not elemental I2. The same
approach has been in force in the UK.

After Chernobyl accident, about 60% of iodine core inventory was released, resulting in vast
land contamination and several hundred additional cases of thyroid cancer among children. This
again - like in Windscale 30 years earlier - was the effect of lack of water in the reactor building,
due to early building destruction and later to graphite burning. The great interest in iodine
chemistry after severe accidents and the experimental studies including reactor in-core
experiments [Clement 03] brought much better understanding of phenomena during the
accidents. It was found that the fraction of volatile iodine was much lower than previously
assumed, and both the European Utilities Requirements Document [EURD 95] and the US NRC
guide [RG 1. 1 83] indicated that the iodine species at the time of initial release from the core are:
• aerosol iodine - 95%,
• elemental iodine - 485%, and
• organiciodides-0.15%.

Both present and future reactors of the dominant types, PWRs (WWERs) and BWRs are
characterized by presence of water and steam in the containment after DBAs. The reactors
WWER 440/230, which are the main point of our interest, also will have wet atmosphere in the
confinement in the case of Loss of Coolant Accident (LOCA). It is therefore natural that the
assumptions in REFPAC code presented below, concerning iodine species during initial release
from the core, take into account the latest experimental work and the guidance of ELTRD-95 and
US RG 1. 1 83. More discussion concerning this point will be presented below in section 27.

In several international studies of radiological consequences of reactor accidents, the relative
importance of various radionuclides was evaluated. General conclusions indicated the following
features of the main fission product groups:
• Noble gases - are released early both from cladding-pellet gap and from the fuel, dangerous

only through direct radiation from the cloud, generally of small significance for accident
consequences,

• Iodine - released early from the gap, then - if the heating goes on -from the fuel, assimilated
by breathing, gives rise to thyroid cancer hazard, considered the most important under DBA
conditions.

• Cesium - released from the gap, then from the fuel, contaminates the ground and vegetation,
creates long-term hazards. Cesium was the main cause of relocation after Chernobyl
accident.

• Other fission products and actinides - released in small fractions only, which are of
negligible importance in the case of DBA and even after severe accidents are less important
than cesium releases. This is discussed further in section 2 .1.

This evaluation shows clearly, that in the case of DBA it is the iodine that should be
considered in most detail and that cesium deserves high attention as the radionuclide of the
highest potential importance for possible land contamination. Noble gas releases must be
calculated, but since no Engineered Safety Features (ESF) can remove them from the
containment atmosphere, their leakage outside the containment will depend only on the amount
of noble gas releases from the core and on containment effective leakage rates (for real
overpressures).

In recognition of this gradation of fission product importance, the international community
has organized research programmes and International Standard Problem (ISP) exercises focused
on iodine behaviour. The codes for calculations of fission product releases from the fuel include
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a wide range of tools. There are codes such as CORSOR based on experimentally observed
dependencies of fission product releases on temperature and covers release processes for all
fission products of importance and mechanistic codes such as FASTGRASS in the Western
countries or the relationships theoretically developed in Kurchatov Institute and experimentally
checked for WWER fuel in Russian Federation [Pavlenko, Antonov 79]. Presently the codes for
iodine calculations are most developed, and in a recent International Standard Problem (ISP-41)
workshop, several such codes have been compared and validated against the experimental data.
Among the most widely implemented are IODE, used in Switzerland, IMPAIR, and MELCOR,
which covers the whole set of phenomena after severe accident, from thermal hydraulic events to
source term determination.

In the course of ISP-41, several important coefficients were established and provided to the
participants as common reference values, which have been later on used in all calculations made
by teams from various countries within the context of this ISP. It is on such occasions that the
international consensus is worked out, which later on is reflected in the regulatory guidance or -
as in the US - in the standards used by the nuclear industry. It serves also for the improvement of
suites of codes or of codes such as MELCOR, used for complex calculations of thermal
hydraulic phenomena during severe accidents and for estimating fission product removal and
releases.

1.3. Brief characteristics of REFPAC code

The code REFPAC developed in the Institute of Atomic Energy in Poland is a tool for analysis
of fission products in the whole plant and in all accident phases. It does not include thermal
hydraulic analysis, relying in this respect on the results obtained from other codes, such as
RELAP for core analysis within DBA conditions or MELCOR for NPP analysis (including
containment leakages) in the case of DBAs and severe accidents. The results obtained with
REFPAC code are fed as initial data to radiological consequence codes such as MAACS, which
calculate radiation doses outside the containment. Basically, the results of REFPAC calculations
take into account the decay of radioactive isotopes. However, since some of radiological
consequence codes include calculations of fission product decay as an inherent part of the code,
REFPAC results can be arranged in such a way as to provide the data reduced to time zero, i.e.
neglecting the radioactive decay. Then the inclusion of this decay in the next code should not
lead to double consideration of natural decay.

Iodine and cesium parameters influencing source terms involve the largest uncertainties. In
view of the complexity of iodine chemistry, which involves more than 200 chemical reactions
influenced by iodine concentration, radiation dose rates, environment composition and
temperature and by other parameters, the results of calculations performed even by most modem
codes for simplified test cases can vary by orders of magnitude. Under accident conditions, in
complex environment and with incompletely known process parameters, the results of
calculations differ even more from the real conditions. However, using simplified formulae it is
possible to obtain results that will be conservative and yet represent the qualitative changes
characteristic for the studied after accident processes.

The equations used in the code represent iodine transfer among volumes and surfaces
involved in post-accident process, namely fuel elements, RCS, confinement atmosphere,
confinement sump, confinement walls, confinement sump floor, confinement spray system
(CSS) liquid volumes and CSS surfaces, Jet Vortex Condenser (JVQ volume, Filtered Venting
System (FVS) filters, and outside environment. Separate calculations determine gaseous leaks to
the outer reactor building and liquid leakages from recirculating CSS water. All forms of iodine
transfer are taken into account, including revolatilization from VC under flow conditions and
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from open tanks under no flow conditions. This provides a complex framework that allows
obtaining quantitative information on any aspect of post-accident iodine behaviour of interest.
However, the coefficients introduced into the equations have to be chosen carefully, as in many
cases the existing data include large uncertainty ranges.

There are several methods of calculating most of important parameters needed to describe
iodine removal from containment atmosphere, its behaviour in the liquid volumes and
adsorption/desorption processes on the surfaces in contact with radioactive media. In order to be
able to evaluate the importance of such assumptions, the code allows making calculations using
three different approaches briefly characterized below.

The oldest approach based on US experimental results obtained in 1960-ties and 70-ies was
described in WASH 1400, and some of its elements are established as the regulatory approach in
the US practice. The calculations of Russian specialists [Luzanova 97], [VNIIAES] is largely
based on coefficients similar to the US data. The behaviour of organic iodine is modified in
comparison with the traditional WASH 1400 approach. It is based on recent studies, including
extensive experimental investigations and analyses of organic iodine behaviour after TMI-2
accident. The approach basing on long established US and Russian calculations metods is
presented in the REFPAC-K3&4 code as "Model I".

A similar approach but using most conservative values of all coefficients that are subject to
evaluation is presented in the code as "Model 2. It is characterized by an arbitrary reduction of
iodine partition coefficient for the period of spray operation, because such a reduction was used
in a set of Russian calculations [VNIIAES], reduction of effectiveness of aerosol deposition on
the walls of confinement and equipment surfaces because of similar assumptions taken in
[WASH 1400], reduction of spray effectiveness for aerosol removal in keeping with UK practice
as described in EUR 19841 and introduction of thresholds for spray system effectiveness for
aerosol removal and molecular iodine removal in keeping with US Safety Review Plan [NUREG
0800] and [EUR 19841].

In Model 2 Single Failure Criterion (SFQ is applied to the source terms analysis. In the
previous case (Model 1) it was considered that SFC had been introduced in thennal hydraulic
analysis of LB LOCA and resulted in assuming that one of the Low Pressure Injection System
(LPIS) pumps is lost, as this was the assumption most adversely influencing the course of
calculations. Now in the conservative approach it is additionally assumed that one of the CSS
trains is lost due to SFC. This is the most adverse failure of any active element influencing the
fission product removal and retention in the confinement.
The results corresponding to this approach can be regarded as conservative.

The third model involves application of Western methodology to evaluation of confinement
spray effectiveness in removing aerosols. Although the spray effectiveness changes with the
mass of aerosols remaining airborne in the confinement and thus no thresholds of spray
effectiveness are required, the thresholds are nevertheless introduced similarly as in the other
two models to assure internal consistency among models and to keep conservative character of
results. It is presented in the code as "Model 3 and gives the results corresponding to the state-
of-the-art calculations.

The behaviour of cesium is comparatively easy to describe, as the various cesium species
have the fon-n of aerosols in the confinement atmosphere and are soluble in water. The
differences among the Models 1 2 and 3 consist only in the evaluation of effectiveness of
aerosol removal on the walls and by spray system. The relationships used for aerosol cesium are
the same as those used for aerosol iodine as described above.

Besides the activities released to the environment, the activities accumulated in the CSS,
confinement sump, on surfaces in contact with the active fluids, in the JVC water and in the FVS
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filters (in the case considering its future application) will be detennined. The calculations cover
the time till the steady state conditions are achieved, in principle 30 days after the accident. This
is in agreement with the prudent approach typical of contemporary safety analyses, in which no
analysis is considered complete until the steady state conditions have been reached and the plant
control fully recovered.

In general it can be stated, that the code REFPAC-K3&4 follows the philosophy of taking
into account all significant physical processes that influence fission product releases and
represents them as accurately as can be done in view of existing knowledge and practical
limitations. This corresponds to the best estimate approach. The constants and other parameters
are in each case carefully considered and compared. In Model 3 they correspond mostly to the
actual Western practice. In Model 2 in each case the coefficients used in calculations are
conservatively chosen and correspond to the most pessimistic assumptions in agreement with the
actual state of knowledge. Thus Model 2 represents conservative approach to actually occurring
processes after LB LOCA.

The recommended approach to calculations consists in performing calculations with all three
Models, and using the results obtained with Model 2 as the basis for further calculations of
radiological consequen ces outside the NPP.

In addition, a set of calculations demonstrating the influence of overly pessimistic
assumptions taken in Russian calculations [VNIIAES] will be performed and the results
discussed in the light of actual knowledge presented in this report.

The specific assumptions and calculation methods to be used in the analysis are described
and discussed below.

1.4. Scope and structure of the report

The scope of the report covers fission product releases from fel after LOCA, fission product
behaviour inside the containment and spray system, fission product retention in filters and other
engineered safety features. There are several version of the code, e.g applied specifically to
Kozloduy 34 units (REFPAC-K3&4) or to Bohunice Vl (REFPAC-Bl) and it can be easily
adapted to calculations of rectors with typical large dry containment. The code calculates also
fission product leakages from the spray system during circulation outside the contairunent In
view of the peculiar features of the confinement systems in WWER 440/230 reactors the time
point of fission product release plays an important role in determination of the fission product
source term to the atmosphere outside the confinement. Therefore, the section on fission product
releases from the fuel includes detailed considerations on fuel cladding strength, pressure and
temperature of fission gases in the fuel rod, formulae used in Western countries for
determination of the parameters of fuel cladding failure, the experimental values obtained for
WWER fuel and finally the conclusions on the timing and extent of fuel failures. The question of
spike activity - that is iodine released to the coolant due to power changes before or during the
accident - is discussed in the light of experimental evidence, relevant guidance of Western
authorities is quoted, and finally the conservative assumptions used in the REFPAC code are
described. The forms of iodine during release from the fel are discussed, the EU approach
compared with that in the US and in the Russian Federation and conservative assumptions
adopted in REFPAC are presented.

Then the changes of parameters during an accident intiated by LB LOCA are described on
the example of Kozloduy NPP. This includes a discussion of confinement leak rates, which
depend inherently on the overpressure inside the confinement and therefore change as a function
of time. In the long term the pressure inside the confinement becomes equal to that outside the
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confinement, so the pressure variations in the atmosphere are shown to play an important role in
the determination of confinement leakages.

Since iodine behaviour inside the confinement depends very much on water chemistry, an
extensive review is provided of the appropriate phenomena and correlations involved. The
systems assuring high pH of water in WWER 440/230 reactors are reviewed and shown to be
sufficiently redundant and reliable. On this basis the partitioning of iodine is discussed and the
expected volatility of iodine determined.

The following chapters deal with iodine and aerosol removal inside the containment, first
relying on natural phenomena without sprays, then taking credit for spray operation. Finally,
iodine desorption and revolatilization is analyzed, using EUR experimental results to determine
iodine desorption coefficients. The role of filters and other ESFs is reviewed and possibilities of
revolatilization from water tanks with free water surface in contact with outside atmosphere are
considered.

This provides the basis for formulation of general equations describing noble gas, iodine, and
aerosol releases from the core, their removal, transformations and escape outside the
confinement. The leakages from the recirculating spray system are also considered and the
appropriate coefficients to describe the iodine escape are taken from Western nuclear industry
practice.

The scope of the report does not include calculation of fission product inventory in the fuel
(which is usually calculated by means of dedicated codes, such as ORIGEN code), nor of the
fractions of fission products in the cladding-pellet gap during normal operation and released
under accident conditions. This division of fission products can be calculated by another code
RELEASE also developed in the Institute of Atomic Energy and validated by comparisons with
the experimental and calculational results for VIVVER 1000 fuel [RELEASE]. In this report the
inventory of fission products and the release fractions from the gap are assumed the same as in
VNIIAES calculations so as to have a comparable set of initial data for further calculations. It is
also assumed that Russian data on fission product inventory in the fuel pellet, the pellet cladding
gap and in the coolant, which have been checked against measured data from many WWER units
presently in operation, are the most reliable and should be given fall confidence.

1.5. Objectives of the report

The report aims to explain the set of assumptions underlying the formulae used in REFPAC code
calculations and to show how the coefficients and formulae of the code are related to the actual
state of the art in the field of fission product releases, removal and transport. The report aims to
show that REFPAC code considers all significant Processes and uses physically meaningful
parameters, which are as close to experimentally measured values as possible in view of the state
of our knowledge and code simplicity.

An example of the calculated results provides an illustration of the calculational possibilities
of REFPAC, and is used to indicate the influence of the most important assumptions underlying
the calculations.
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2. FISSION PRODUCT RELEASES AFTER LB LOCA

2. 1. Sources of Fission

According to the definition of Large Break Loss of Coolant Accident (LB LOCA) with the
scenario within the bounds of Design Basis Accident (DBA), the temperatures of the fuel
cladding

• initially briefly increase due to temperature equalization in the fuel and in the cladding
when the heat removal to the coolant is lost,

• drop down as the reactor is scrammed,
• then rise due to residual heating while the core is uncovered and
• finally drop down again as the core flooding is successfully realized.

An example of a simplified curve showing the temperatures of the cladding after LOCA is
shown in Fig. 2 . The temperatures depend on the fuel rating before the scram, but in
contemporary reactors do not exceed 1200 'C, and in most fuel rods are much lower. The
temperatures of the fuel pellets are lower than in normal operation, so that fission products from
the fuel are not released. These main releases come from the gap, therefore the determination of
gap inventory is an important initial parameter in any calculations. It should be observed that the
gap temperature generally remains within the limits of about 12000C, so that solid fission
products with high evaporation points, such as stronti=4 ruthenium, lanthanium etc are not
released.
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Fig. 21. Simplified curve of cladding temperature after LB LOCA.

2. 1. 1. Fuel inventory

Fission product inventory in WER fuel is calculated using ORIGEN code. The inventories of
those radioisotopes important for the radiological consequences of LB LOCA are shown in Table
2. 1. According to Western European practice, e.g. the approach used by NNC in UK and IPSN in
France, it is sufficient to retain a short list of radiologically important nuclides, with
a justification for the omission of the remainder [EUR 19841, pV-8]. As this report is aimed to
estimate the approximate magnitude of radiological hazards after LB LOCA, this approach will
be used. List of isotopes for which source term is computed includes Kr 85m, Kr 87, Kr 88,
Xe 133, Xe 135 I 131-135, Cs 134 and Cs 137. This is in agreement of guidance of EUR
documents [EUR 19841] and Russian practice [Luzanova 97, VNIUES]. The choice of these
radioisotopes is due to their comparatively low evaporation points and high radiological hazards
involved. As mentioned above, solid fission products are not released in the case of LOCA due
to their very low volatility in low temperatures.

In a recent international exercise on evaluation of radiological consequences of nuclear
accidents [EVATECH] organized within EC's 5h framework programme and based on an
assumed severe accident in Loviisa WWER 440/213 reactor with core melt and late containment
failure, the fractions of fission products assumed to have been released to the atmosphere outside
containment were as follows: noble gases 1.00, iodine, Cs, Rb 0.01, tellurium IE-6, other fission
products (alkaline earths, ruthenium and lanthanide group) I E-10 of core inventory. The
calculations showed that only noble gases, iodine and cesium contributed significantly to
radiological hazards, and the role of other solid fission products was negligible. In the case of
DBA, where the fuel does not melt and the releases are mainly those from the cladding pellet
gap, the importance of solid fission products is even smaller.

In calculations of radiological effects of LB LOCA in VPVVERs performed by Russian
specialists NHAESJ the release of fission products after the LB LOCA is determined by the
gap inventory,



Table 2 1. Activities in VVER 440/23 0 fuel and coolant (for 1 % of fuel with inicrodefects and 0 I% of
fuel with direct coolant-gap contact) [VNILkES], [SAR KNPP 03].

Isotope Affiel, [VNII Agap [VNIIAES] Apike Acoolant, normal operation

AES] rvniAEsi

Bq Bq % of Bq Operational WWER Operational
Afuel data, max design data data, Gl3q/t

values Bq Bg
oble gases

Kr-85m 2.9 E17 5.6 13+14 0.19 4.8 E12 6.1 El 1 1.04 E13 3.58

Kr-87 5.9 E17 1.2 13+15 0.20 1.1 E13 8.1 Ell 9.0 E12 4.76

Kr-88 8.5 E17 1.7 E15 0.20 1.7 E13 1.3 13+12 1.33 E13 7.64

Xe-133 2.6 E18 7.0 E15 0.27 1.9 E14 8.5 E 12 2.8 E14 50

Xe-135 7.8 E17 3.1 E15 0.40 1.7 E13 3.65 E12 1.3 E14 21.5

Iodine

I-131 1.3 E18 3.4 13+15 0.26 1.8 E13 1.15 E11 1.73 E13 0.68

I-132 1.9 13+18 3.4 E15 0.18 3.4 E13 1.07 E12 1.65 E13 6.29

1-133 2.6 E 1 8 3.7 E 1 5 0.14 2.8 E13 6.7 E12 5.2 E13 39.4

I-134 2.8 E18 3.7 E15 0.13 2.5 E13 1.86 E12 1.23 E13 10.9

1-135 2.4 E18 3.2 E15 0.13 2.3 E13 1.06 E12 3.45 E13 6.23

Cesium

Cs-134 1.9 E17 9.6 E 14 0.50 2.0 E1 1 ?

Cs-137 1.4 E17 8.9 13+14 0.63 3.3 El 1 1.3 E1 1 2.52 E 1 0 0.76 1

In the Russian calculations it was found that the gap inventory of noble gases is from 0 19%
for Kr-85m to 027% for Xe-133 and 04% for Xe-135, for iodine isotopes from 026% for I131
down to 013% for 1135, 0.5% for cesium Cs-134 and 063% for Cs-137. It was assumed that
after Double Ended Guillotine Break (DEGB) of the largest Reactor Coolant System (RCS) pipe
all fuel elements burst (I 00%) and fission products accumulated in the gap will be released to the
confinement.

In the calculations made for Safety Analysis Report (SAR) of WWER 440/230 units in
Bohunice V-1 the fraction of fuel elements that develop cladding failures after LB LOCA was
calculated, and shown to be much less than 100%, namely about %. However, for other WWER
440 and WWER I 00 Nuclear Power Plants (NPPs) the assumption of 1 00% fuel clad failures is
generally taken. Tis will be discussed in more detail in section 22.3.

Assumptions taken in REFPAC code calculations
Releases after LB LOCA are detennined by gap inventories.
The gap inventory is taken according to the data presented in WWER SAR.
The short list of radiologically important nuclides includes I 131, 132, 133, 134, 135, Cs 134,
137, Kr 85, 87, 88 and Xe 133, 135.
All fuel elements burst after LB LOCA with various time delays, determined below.

2.1.2. Coolant and spike activity

Coolant activity during transients sharply increases, as the temperature and pressure changes in
the fuel drive the gaseous and volatile fission products from fuel pellets into the pellet-cladding
gap and through microscopic cladding fissures into the coolant.
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An example of the increase of coolant activity in a BWR during reactor power drop is shown in
the Figure 2.2. Similar activity increases, especially for iodine, have been registered in many
reactors all over the world. According to US NRC guidance, during such a spike the rate of
iodine release from the fuel is increased up to 500 times (conservative estimate), or in other
words the activity of the coolant can increase up to 100 times its normal value.
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Fig. 2.2. Example of an iodine spike measured in a BWR reactor.
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If the RCS breaks after such a spike, the activity of the coolant leaking out of the primary
cicuit will be much higher than under normal operational conditions.

The contribution of this to the total release to the environment is estimated to be negligible in
the case of LB LOCA, but is very significant in the case of Primary to Secondary Coolant
System (PRISE) leakages. It is also included in the UK analysis of LOCA as a release, which
occurs before the containment has been isolated [EUR 14179].

In the conservative approach applied in Russian calculations for WWER NPPs [VNIIAES], it
is assumed that a transient event involving fission product spiking in the RCS has taken place
just before the accident occurrence. This results in high fission product inventory in the RCS
water. The increase of iodine activity in the coolant by two orders of magnitude was confirmed
in the experiments conducted in MR reactor with WWER fuel by Luzanova and Slavyagin
[1983], as shown in the drawing below (Fig.2.3).

The initial release of spike activity is of special importance in WWER 440/230 reactors,
because the philosophy of confinement operation in those NPPs consists in releasing the initial
portion of water steam into the environment, and containing the steam later on in the course of
the accident, when the rate of coolant release is lower and the activity much higher due to
releases of fission products from the core.

Although the upgraded NPPs with WWER 440/230 units in Kozloduy 3 and 4 and in Bohunice
VI have installed Engineered Safety Features (ESF) preventing such an uncontrolled release
even in the initial phase of the accident, in safety analysis it will be additionally assumed that the
ventilation system ducts at the confinement boundary are open during normal operation.
Therefore the blowdown of RCS water with high content of fission products due to spiking effect
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leads to fission product release through ventilation ducts in the initial stage of the accident. This
release will last until the ventilation duct valves get closed.
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Fig. 2.3. Iodine spike activity measured for WWER fuel.

It can be argued that the spike activity is released before the accident into the coolant from
the gaps of those fuel elements, which have microdefects, and so the gap activity in those fuel
elements should be reduced by the amount of activity released to the coolant. This is however
not evident, because the gap activity is in equilibrium with the activity in fuel pellets and in
central void, so any leaks outside the cladding are promptly replenished from inside the fuel
pellets. Thus the activity released from the gaps to the coolant say two hours before the accident
can have been already reconstituted in the fuel gaps by the moment of postulated RCS break.
Therefore the code REFPAC assumes conservatively that the gap activity level is independent
from the activity released as a spike activity to the coolant.

The superposition of iodine spike and LB LOCA is not commonly used. For example in
French documents we read:
"The initial state is chosen among normal steady state operational states of the NPP so that it is
most penalizing in view of the phenomenon considered. Transients or short time quasi-steady
state conditions, which are not prohibited by Tech Specs, are not to be assumed as the basis of
calculations unless their duration justifies such approach.
In practice, if the operational conditions and the initiating event are independent, analysis of
probabilities may lead to its exclusion or to adopting criteria from a higher category, e.g.
adoption of IV category criteria for an event including iodine spike in the coolant simultaneously
with a steam generator tube rupture. If the transient duration does not exceed 100 hours per
year, it will be analyzed with the initiating event according to the criteria of a higher category.
In the case of events of TV category there is NO superposition of such events with transient
initial conditions." [10-N-T-TH-95-092].

As LB LOCA is an event of IV category, no superposition of pre-existing iodine spike needs
to be assumed. This French assumption is in keeping with expressly stated American regulation
which says, that
"If the containment is routinely purged during power operations, releases via the purge system

prior to containment isolation should be analyzed and the resulting doses assumed with the
postulated doses from other release paths. The purge release evaluation should assume that
100% of the radionuclide inventory in the RCS liquid is released to the containment at the
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initiation of the LOCA. Yis inventory should be based on the technical specifications RCS
equilibrium activity. Iodine spikes need not he considered. [RG 1. 83]

Thus, inclusion of iodine spike existing before the very start of the accident is very
conservative. Nevertheless, it will be assumed in all calculation models.

The values of spike activities of fission products have been differently evaluated in the past.
In particular, in the BNPP SAR source term calculations dealing with PRISE leakages spike
activity consider two cases, namely Operational Limit of Fuel Damage (OLFD - 02% of fuel
elements with gas leak and 002% of fuel elements with direct coolant contact with the fuel, and
Limit for Safe Operation (LFSO) with the values of % and 0 I%, correspondingly.
In the case of WWER 440 units there is large amount of measured data, used by Russian
designers to develop correlations determining spiking effect. The set of Russian estimates of
spiking activity in WWER 440 fuel is provided in Table 2 .

Assumptions taken in REFPAC code calculations:
• Coolant activity release is considered together with spiking effect.
• Spiking effect is assumed to exist before the accident.
• Activity in the fuel gaps is assumed not to be diminished by spiking effect.
• The beginning of spike activity release is 'at the moment of RCS break.
• Spike activity of noble gases, iodine and cesium is assumed to be released together with the

RCS water. In the REFPAC the rate of flow out of the RCS is taken according to the results
of thermal hydraulic calculations.

• It is assumed that the activity of iodine released from the RCS is proportional to the fraction
of initial RCS inventory spilled out the RCS. The code calculates this fraction so that the
overall activity of iodine released from the RCS coolant does not exceed the initial spike
activity in the coolant. The activity from burst fuel rods is calculated independently.

• The rate of activity release is assumed proportional to the rate of coolant flow out of RCS.
• When the spike activity present in the coolant at the start of the accident has been released, it

is assumed that further activity is released from the fuel, but not from the coolant itself.

2.2. Fuel cladding failure criteria

Fuel cladding in water reactors is designed as self-standing, so that it can withstand full pressure
difference between the coolant (up to 16 MPa) and the volume inside the cladding (0.1 Mpa in
WWER 440 fuel, 2APa in WWER I 00 and PWR fuel) at norinal operating temperature (about
340 'C on the outer cladding surface). During a LOCA however, the heat removal from the
cladding is severely impaired, so that its temperature grows up to about 1200 T, and the
pressures rapidly change, with the drop of coolant pressure to 0.1 MPa and an increase of the
internal pressure to several MPa due to fuel temperature increase.
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Fig. 24. Fuel cladding failure parameters Williford 86].

As the cladding strength decreases with increasing temperature, the parameters of the fuel

during the accident can reach a point where the cladding strength is insufficient to withstand the
pressure difference at high temperature. Moreover, in high temperatures the cladding is
weakened due to zircaloy oxidation by water steam and by U02, so that the cladding strength
drops with time. Finally, at the moment of core reflood, the temperature gradient in the cladding
can be very high, which results in high thermal stresses and possibly in cladding failure. Several
sets of experimental results showing the parameters of PWR Zircaloy cladding failure due to
thermal shock are shown in Fig. 24, taken from [Williford 86]. It shows that for the peak

cladding temperature (PCT) permissible according to US, EU and Russian regulations 1200 Q

the cladding can withstand oxidation for more than 100 seconds without failing during reflood.
For a lower temperature the time to failure during reflood is longer, e.g. for 1000 C the time
without failure is more than 1000 seconds. In the case of Zr-Nb cladding used in WWER
reactors, the character of the curves is similar, but the specific values are different, as will be
shown below.

2.2. 1. General approach to thefailedfuelfraction

The failed fuel fraction is assumed in regulatory approach to be 100% in all countries with cold
leg injection. Only in Germany and Switzerland in the case of reactors with both cold and hot leg
injection it is assumed that 10% of fuel fails after LB LOCA. Both estimates are conservative.
Considering experiments and more realistic computations, it has been recommended to use
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a percentage of fuel that fails after LB LOCA equal to 33% for the design with cold leg injection
and equal to 3 for the design with injection into both legs [EUR 19841, p.11-3, also p VI-5].

For fuel elements with low fill pressure the failure threshold is high, e.g. in the study of
BWR fuel with burnup in the range of 030 MWd/kgU a high failure treshold corresponding to
the maximum linear heat generation rate HGR) of above 480 W/cm was predicted [EUR
19841, p.VI-2].

For a given design the internal pressure increases with the burnup. The threshold temperature
value of fuel failure decreases correspondingly. However, the expected peak linear power
decreases with burnup even faster, so that the time to fuel failure after LB LOCA increases
during the fuel cycle.

For best estimate calculations with best estimate failure criteria and maximum efficiency of
core cooling the evaluated clad temperatures are much lower than best estimate failure
temperatures. The calculations show no failed fuel.

Even with most conservative assumptions the fraction of failed fuel in BWRs (which have
low initial fill gas pressure) does not exceed 10% [EUR 19256].

No recommendations or requirements are stated in [EURD 95] with respect to the number of
failed fel rods in a DBA LOCA. The only requirement is that the designer should demonstrate
that the resulting release to the environment is within the prescribed targets.

Assumptions taken in REFPAC code calculations:
All fuel rods 100%) are assumed to fail.
The time of their failures is detennined as indicated below.

2.2.2. CladdingJailure criteria adopted in EU countries

An empirical criterion of fel failure after LOCA used by several EU countries was published
originally in [NUREG 0630]. It is

TR = 3960 - 20.4 Y/70/(l+R - 8.51 10'a/70 /[100(1+R) + 2790 a/70]

where
TR -rupture temperature in C

- hoop stress in kg/cm 2
R - ramp rate ratio (calculated as the ratio of actual temperature increase rate 'C/s to the

reference rate value of 28'C/s, so that O<R<I)
R is in best areement with German mechanistic models when the average value of ramp rate
over the whole period of temperature increase is taken, e.g. for a temperature increase by 500'C
over 60 seconds, R = 8.3'C/s)/(28'C/s = 0296

The hoop stress is determined by the formula

a= D AP/2t ft/cm,)

where
D - undefonned cladding mid-wall diameter (mm)

undeformed cladding thickness (mm)
AP - differential pressure across the cladding wall at the time of rupture (bar).

The comparison of failure thresholds shows that the empirical NREG-0630 clad failure
model is more conservative than the mechanistic models by approximately 40 W/cm.
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This formula can be used to compare the results obtained experimentally for WWER 1000
fuel with calculated values. Experimental data for WWER fuel elements with initial pressure Po

= 0.1 MPa indicate that the internal pressure grows with burnup and reaches 3 MPa at 30
MWd/kg U and at linear heating generation rate LHGR=42 kW/m [Fadin et al. 85]. Further
pressure increase is very small. Analysis provided in [Strupczewski, Marks 97] indicates that the
initial pressure increase from 0.1 to 0.25 MPa was due to the thermal load, and the remaining
pressure increase was due to fission gas releases. If the WWER fuel has the initial pressure of fill
gas 0.5 MPa, the maximum internal pressure under normal operation conditions would be 3.5
MPa at 42 kW/m.

The maximum pressure after accident depends on the heating of the fuel, and the volumes of
gas inside fuel at various temperatures. In PWRs the average fuel temperature tends to decrease
after accident so no significant gas pressure increase is expected. In the case of WWER fuel with
the central hole the average temperatures of gas will be higher.

According to [Strupczewski, Marks 97] the average gas temperature during normal operation
at LHGR max = 53.5 kW/m equals 654 °C= 927 K. After LOCA the average temperature for
such fuel would be around 1200 °C=1473 K, which means pressure increase by a factor of
1473/927=1.59.

Thus under accident conditions the maximum pressure in WWER fuel rods could reach
3.5 x 1.59 =5.56 MPa. Assuming the RCS pressure drop down to 1 MPa while the temperature
of the fuel rod is high (before reflooding), the failure temperature will be calculated for a
pressure difference of 4.5 MPa.

In Spanish calculations with conservative core model the fuel rods with LHGR up to
433 kW/m did not fail, although they reached Tc!ad = 1154 K = 881 °C. [EUR 19256, p. 42]

The conservative calculations show that average temperature after LB LOCA may reach as
high as 1000°C for a short period of time and the more realistic analysis shows temperatures only
exceeding 800°C. Even the fuel rods with the highest power generation do not exceed the
temperature of 1200°C, and the period of high temperature is short. For example, according to
the calculations presented recently for KNPP 3&4, the temperatures above 1150°C last for only
about 40 seconds, as seen in Fig. 2.5 [Ivanova 03]. Thus, the ECCS acceptance criteria are met.

SO 100 1S0 200 250 300 350 400

Fig. 2.5. Peak cladding temperatures calculated for the case of LB LOCA in KNPP 3&4 for fuel
rods with various thermal loads [Ivanova 03].
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In Switzerland, the Swiss HSK accepts the guidelines developed by the German Federal
Interior Ministry (BMI) that call for the assumption that 10% of the fuel rods will fail following
refill and reflood. ntil now, none of the Swiss operators has performed additional calculations
in order to prove that a smaller number of rods will fail [EUR 19256 p. 44] and the utilities in
Switzerland use the 1 0% requirements as in the BMI guidelines [BMI 3 .

Fuel rod gas pressure increases with burnup and HGR. In PWRs for HGR = I W/cm it is
initially 44 bar, going up to 70 bar at 517 W/cm, and at 45 MWd/kgU it reaches a maximum with
68 bar at 100 W/cm, 192 bar at 350 W/cm and 140 bar at 450 W/cm.

Gap heat transfer coefficient starts at bumup with 43 lO-' W/Kni' for LHGR = W/cm,
and goes up to 13.5 10-3 for HGR of 517 W/cm, slightly decreases at the bumup of
IO MWd/kgU, and then increases with burnup to about 12 10-3 W/Knil.

The correlation proposed for cladding rapture temperature in the report [EUR 19256,
p. 85 is

TR = constant - 20.4 Y/70/(I+R - 8.51 106 a /[100(1+R) + 2790,G/701
with the constant = 3900T for conservative approach or 3960T for best estimate approach.

In order to calculate residual heat generation the curve provided in ANS 79 is recommended
with the safety margin corresponding to two standard deviations q,,_, 2 a. [EUR 19256 p. 1091.
This curve is approximated by ANS 73 decay heat curve with a multiplier of 1.0. This approach
is used also in Appendix K to 10CFR50, describing heat transfer models used in ECCS
evaluation in US practice [App. K to 10 CFR50]. It is assumed that all contribution to decay
heating comes from U-235 isotope, which is conservative because residual heating from U-235
fission is the highest. Including the isotopes U-238, Pu 239 and Pu 241 in the decay heat will
always result in somewhat lower total decay heat, because the total nominal power of the reactor
is known, so inclusion of fissions due to those isotopes means that there are fewer fissions of
U-235, which give higher residual heating.

In BWR calculations for peak local power 480 W/cm. in fael rods of cladding diameter
11.17/9.75 mm, with fuel pellet outside diameter 9.55mm and free plenum volume 23.1 CM3,

with fill gas pressure 97 bar and fel density of 96.5%, no fuel failures were calculated.

The results of specific calculations for PWR ftiel rods are given in Table 22 taken from
[EUR 19256 p. 112]. Internal pressure at burst is in each case lower than the initial internal
pressure.

Table 22. Parameters of PVvR fuel failure calculated in EU countries according to [EUR 19256
p. 112].

Participant Siemens Siemens NNC GRS1 GRS2

Boundary Conservative Conservative Conservative Conservative Conservative
conditions
Rupture Model NUREG 630 Mechanistic NUREG 630 NUREG 630 Mechanistic
Initial internal 67 67 75.7 59 59
pressure, bar
internal 60 40 53.3 40 45
pressure at
burst, bar
Burst 800 860 821 850 900
temperature, 'C I I I I I
Burst time, s 140 159 1 35 155 1 65

Thus, in PWRs no pressure increase during LOCA need be considered. This is due to the fact
that the initial temperature peak decreases with time as the reflooding proceeds, and the clad
failure occurs when the fael temperature has decreased from the initial peak values. Another
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reason can be that the temperature of the free plenum volume is low, so the pressure in the fuel
stays low even though the fuel temperatures increase. In the case of WVVER fuel the situation
can be different due to different fuel geometry with a central hole in the fuel pellets, which
lowers the maximum fuel centre temperature, but also increases the volume of gas inside the fuel
rod.
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Fig. 26. Fuel cladding failure parameters after LB LOCA calculated by best estimate approach.

The drawing in Fig. 26 shows the parameters of fuel cladding failure after LB LOCA
calculated by various EU companies by best estimate approach. It is visible that even in the most
pessimistic case by KVVU according to NUREG approach the fel failure can be expected for
very high burnup of 50 GWd/tM only for very high HGR, above 380 W/cm [EUR 19841].
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Fig. 27. Fuel cladding failure parameters after LB LOCA calculated by conservative approach.

In the case of conservative approach shown in Fig. 27 the parameters of fuel failure are
lower, but still for the burnup of 50 GWd/tM the failure would occur at HGR above

290 W/cm [EUR 19841].

In the case of WWER 440 units the LHGR is 320 W/cm and the maximum burnup

40 GWd/tM. For such parameters the failure of PWR fuel could be expected at linear power
above 305 W/cm, but the initial fill pressure in WWER 440 is much lower than in PVVRs. The

data for WWER fuel will be discussed in the following section.

Assumptions taken in REFPAC code calculations:
Although NUREG 0630 criterion suggests that most of fuel rods in WWER NPPs would not fail

during LB LOCA, the decision to assume 100% failure of fuel is maintained.
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2.2.3. WERfuelfailure criteria

Experimental results of various investigations of WWER fuel elements described in
[Strupczewski, Marks 97] and shown in Fig. 28 together with the recent results obtained for
WWER fuel by [Smirnov 01] can be used to determine the fraction of fuel elements that fail
during LB LOCA. The curve used in Russian design calculations performed by means of the
code TECH-M shown in the Fig. 28 indicated that the failure of the cladding at 4 Mpa
overpressure is expected at the cladding temperature of about 880T. Similar values were
obtained in the experiments of [Solany 83]. The latest Russian publication Smirnov 011
indicated values slightly moved towards lower burst pressures in the range of temperatures from
800 to 950 C.

Parametres of Cladding Failure
in WWER Fuel after LB LOCA

8 -[Soiany 83]
7 -
6 [Smirnov 0 1]
5
4 - [Tech M 88]
3
2

0

700 800 900 1000 1100 1200
T clad, OC

Fig. 28. Parameters of VVVVER fuel cladding failure.

In the calculations performed for WWER units by the specialists of Kurchatov Institute of
Atomic Energy it was assumed that cladding burst would occur for those fuel elements, in which
there is
• a short term about 2 s) cladding temperature peak up to 1200 T or
• a long term temperature increase up to 800-850 'C.
Under such assumptions most of the fuel after LB LOCA could be shown to remain intact.

In that study [Luzanova 97 p. 1 1 ] the number of raptured fuel elements during LB LOCA
was assumed equal to 10%, and the Russian authors stated that this estimate is conservative.

However, the recent study made for WWER fuel with strongly conservative approach
[VNIIAES] assumes that the fuel will fail if any of the following criteria is not fulfilled:
• cladding temperature below 600T,
• heating duration shorter than 20 minutes,
• pressure difference across fuel cladding less than 4 Mpa,
• maximum burnup 50 MWd/kg U,
• heating rate below 40OC/s,
• cooling rate below 1C/s.

In particular the last criterion is always exceeded during core reflooding, so that practically
all fuel elements have to be assumed to fail.

In order to maintain comparability of results in this study with the conservative assumptions
taken by [VNIIAES], the present analysis assumes that all fuel rods fail. The time of failure is
chosen calculating the curve of cladding temperature versus pressure difference for the WWER
fuel rods of various thermal loads and comparing it with the curves shown in Fig. 28 For those
fuel elements with thermal loads below average, in which the cladding temperature remains
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below 600'C, it is assumed that the failure occurs at the moment of reflood, because at that time
the rate of cooling is higher than VC/s given as a failure criterion by [VNIIAES].

Such assumptions are very conservative.

Assumptions taken in REFPAC code calculations:
The time of failure of WWER fuel rods is assumed to be at the initial moment of LB LOCA In
the case of PRISE it is determined according to thermal hydraulic criteria.

For the rods in which the internal overpressure at the actual cladding temperature exceeds
cladding integrity criteria shown in Fig. 28 the moment of failure is determined to be the
moment when the curves cross each other.

For the fuel rods, in which the internal overpressure never exceeds the values shown to be
failure curves in Fig. 28 the moment of failure is assumed to be the moment of reflooding.

2.3. Release of fission products from failed fuel

2.3. 1. Releases assumed in European Union countries

At the time of the review presented in [EUR 19841], Belgium and Spain assumed 100% release
of noble gases and iodine core inventory, following the original US requirements given in
RG 14, at present no longer valid. According to the actual US NRC guidance published in [RG
1.183] the core inventory (CI) fractions released into the containment after LOCA with gap
release from PVY'R fuel are as follows:
• noble gases 0.05 CI,
• halogens 0.05 CI,
• alkali metals 0.05 Cl,
• Te, Ba, Sr, noble metals, Ce and La - gap release is assumed equal to .

If the ECCS fails to cool the core and the design basis accident turns into a severe accident
with further core damage beyond fuel cladding failures, then RG 1 183 specifies further releases
during early in-vessel damage phases for PVas as follows:
• noble gases 095 Cl,
• halogens 035 Cl,
• alkali metals 025 C1.

Most of Western Europe countries compute flrst the gap inventory. Then in France, Italy and
UK it is assumed that 100% of gap inventory is released, except for isotopes like Te and Sr, if
they are considered. The French and LTK gap inventory takes into account some additional
releases from the fuel matrix due to the fault transient. Germany assumes that only 10% of core
inventory of the noble gases and 1% of core inventory of halogens and alkalines are released
from the gap. It assumes further releases of % of core inventory of halogens and alkalines due
to leaching by the reflood water. The realistic approach [EUR 14179] considers partial releases
from the gap and some contribution due to fragmented fuel.

The recommendations identified in [EUR 14179] and taken as the basis for [EUR 19841]
estimates are as follows:

The release from the gap G expressed as a % of the core inventory is:
G = Go kR-0-5

The release from the fuel, expressed as a % of the core inventory, is:
F = Fo),Rbf

The total release from the gap is the sum of the above two components.
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In the above equations kR is the radioactive decay constant of the isotope concerned. The
values G F,, and the term bf are given in Tables 23 and 24 quoted after [EUR 19841] for best
estimate and conservative calculations. The maximum values G.,,,, and F.,, shown in the tables
correspond to the release of stable nuclides. Examples of the gap and fuel releases in modem
PVIR units are given in Table 25 also taken from [EUR 19841]. Other, lower values are also
used, as indicated below for the case of UK.

Table 23. Parameters for the release from the gap (Table 71 from [EUR 19841]).

Nuclide Best-estimate Conservative
G.% Gma, % G,,% GMaX%

Noble gases 2.5 10-4 1.0 1.0 2.0
Volatiles 2.5 10-4 1.0 1.0 2.0

Table 24. Parameters for the release from the fuel (Table 72 from [EUR 1984 

Nuclide Best-estimate Conservative
F,% bf F.% F,,% bf F %

Noble gases 4.0 10-1 -0.29 6.5 4.6 10-z -0.29 7.5
Volatiles 3.8 10-2 -0.17 1 4.8 10-" -0.17 1.3

Table 25. The release from the gap and fuel for radiologically significant nuclides (Table 73 from [EUR
19841]).

Best estimate Conservative
Nudide Gap release (G%) Fuel release (F%) Total release N Total release (%)
Kr-85 1.0 6.5 7.5 9.5
Xe 13 3 0.2 1.95 2.15 4.2
1-131 0.25 0.4 0.65 2.5
Cs-134 1.0 0.86 1.86 3.1
Cs-137 1.0 1.0 2.0 3.3

The approach adopted currently in Germany, France and UK is close to the recommendations
given above, as are the recommendations in the [EURD 95] document. In case of Belgium and
Spain it was recognized that a very large degree of conservatism was applied (since a degraded
core is essentially assumed for the source term). [EUR 19841] noted that the assumption of
100% release of the core inventory was very conservative, since it implied fuel damage
approaching melt conditions, inconsistent with the considered accidental sequence in the case of
operating ECCS.

For new licensing applications Belgium was proposing to adopt the conservative
recommendations from the [EUR 14179] study.

The releases are considered to follow in two stages, called "dry release" which occurs when
the core is uncovered after the initial blowdown of RCS fluid and before rewetting, and "wet
release" occurring after core reflooding. In case of noble gases it is assumed that all the release
occurs during the initial phase when the core is dry. For other uclides it is assumed that I % are
released in dry phase and 90% in the wet phase.

In UK the gap release of iodine is 00025 of core inventory and further leaching of
fragmented fuel provides 0004 of core inventory, together 00065 of core inventory. For cesium
Cs 134 the gap release is 0.01 of core inventory and leaching 00086, together 00186 of core
inventory, while for Cs 137 the fractions are 0.01 and 0.01, together 002 of core inventory. For
krypton 85 gap release is 0.01 and leaching release 0065 of core inventory, for X-133 0002
and 00195 of core inventory, respectively. In France, Germany and K no releases of Te, Sr,
Mo, Zr, N, Te, Ru, Sb, Ba, La, Ce, are considered for LB LOCA [EUR 19841].

23



The noble gases are released directly to the containment atmosphere. The treatment of iodine
depends on the countries. Belgium and Spain, according to RG 14 consider that 25% of iodine is
directly released to the containinent atmosphere and 50% into the sump. France, Italy and UK
assume that iodine is also directly and completely released in the containment atmosphere during
the dry phase. Germany assumes that iodine is partially released to the containment atmosphere
(0.01%). The realistic computation [EUR 14179] predicts a direct release to the containment
atmosphere of 0.22% for the cold leg injection and 002% for the other design.

For cesium, Italy and UK assume a direct release to the atmosphere in the dry phase,
Germany assumes a partial release.

French EDF study indicated that the maximum fraction of fuel pins to be raptured in case of
cold leg LOCA is 7. The authors pointed out that the international practice, in particular in
Germany, indicated that the fraction of raptured fuel does not exceed 10%. Therefore 10 of
ruptured fuel could be assumed as realistic estimate of the fraction of fuel ruptured after LOCA.
For radiological calculations EDF assumed that 33% of fuel is ruptured. This hypothesis was
considered the conservative envelope. Fractions of fission products released from the fuel taken
for radiological consequences calculations were 5% for Kr 85 and other noble gases, 2% for Br,
Ru, Iodine and cesium. Releases of other fission products were considered negligible [I O-N-T-
TH-95-092].

Common position proposals were formulated in [EUR 19841] on the basis of detailed code
calculations done in Germany, France and Spain. For the case of cold leg injection with
containment spray the studies performed showed that the dominant effects concerning the
concentration of iodine species in the containment atmosphere are:
• release of elemental iodine following in-vessel radiolysis during the wet phase,
• pH condition of spray droplets and sump water, leading to retention or release of iodine

dissolved in the water,
• adsorption of elemental iodine on the non-submerged contaimnent surfaces, leading to

elemental iodine retention and organic iodine formation and release.

2.3.2. Releases assumed in Russian methodology

The fraction of WWER fel that bursts after LB LOCA was assumed to be 10% in [Luzanova
97], but in the YPYVER 440/230 Safety Analysis Report it was assumed that 100% of fuel would
burst [VNIIAES]. In all radiological studies it was assumed that after the burst only gap activity
of fission products is released. The fraction of fission products released from the gap was
assumed both for YPvVER 440 [Luzanova 97] and for WWER 1000 units [VNIIAES] to be for
noble gases 1.0, for iodine 1.0 and for Cs 03.

All releases are assumed to occur instantaneously [VNIIAES].

For simplification and conservatism REFPAC also assumes that after fuel rod failure the
fission products are released instantaneously to the RCS.

Assumptions taken in REFPAC code calculations:
All gap inventory is assumed to be released (although Russian calculations assumed only 30%
release of cesium).

The release occurs instantaneously, without division into dry and wet phase.
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2.4. Form of fission products released into the confinement

2.4. 1. Form offission products releasedftom thefuel

In the case of iodine three forms are possible: elemental, particulate and organic. Large
discrepancies exist in this respect among various countries. UK assumes that no elemental iodine
will be present in the containinent atmosphere, while it is assumed to constitute 90% or more of
the release in Belgium and Spain. In France the earlier estimates were based on majority of
iodine released as elemental [EUR 141791, while the latest French practice considers release of
97.8% of iodine as aerosols [EUR 19841]. The model used for realistic estimation is very
complicated, taking into account the contributions of the dry and wet phases UR 141791.

If iodine is released mainly as CsI aerosols into the containment, it will form with the cesium
released at the same time a mixed aerosol, which will consist of Csl and CsOH solution droplets.
The small size of the droplets, around 10 �tni, might promote iodine release in the containment
atmosphere if volatile iodine species were generated by P, y irradiation of CsI solution
[Pavlenko, Antonov, 79].

In the Reactor Safety Study [WASH 1400] there was uncertainty about the chemical fon of
fission product iodine as released from fuel and as transported from the RCS into the
containment. Consequently, for conservatism, the Reactor Safety Study assumed the chemical
form to be elemental iodine, which was further assumed to transport as a noble gas (with the
exception of spray removal from the containment atmosphere).

As part of the TMI-2 evaluations it was observed that the low release of iodine compared
with the noble gases could be explained if the chemical form was assumed to be CsI rather than
elemental iodine. Consequently, as part of the NUREG 0772 exercise, chemical thermodynamic
calculations were made that showed that one should indeed expect the chemical form to be CsI
under most accident related ratios of H2/1120 [Kress 931.

Initial repository for iodine in the containment is the water accumulated from the blowdown.
In most calculations it is assumed that 99% of iodine is in CsI forin 09% is elemental iodine
and 0. 1 % HI [Kress, 93 .

In the case of large leakages the intensive flash evaporation will involve carryout of
significant quantity of moisture droplets. [Pavlenko, Antonov 79] assume that this process results
in release of about 50% of activity contained in the RCS coolant into the atmosphere of the
containment.

In ORNL study [Beahm 91] in most of the calculations the total amount of iodine released
into the containment was almost entirely in the form of CsI with very small contributions of
iodine or HI. In six of the sequences considered the overall percentage of iodine in the for of
iodine of HI was 0. 1 %.

Production of various species of iodine depends on the following factors.
When the air-steam mixture is cooled, steam becomes supersaturated and is condensed on the
aerosols. The ionizing radiation field is a strong source of ion creation (1 R = 2 109 pairs of ions
per cm 3) , and these ions serve as the centres of condensation. In the result, the number of finely
dispersed aerosols created in the atmosphere is hundred thousand times larger than that naturally
occurring in the containment atmosphere.

Radioactive atoms can reach aerosol surface due to diffusion or electrostatic attraction and
join aerosol particles. The period for free ion concentration to decrease e times may be no more
than a part of a second. Thus, the gaseous iodine will be attached to finely dispersed aerosols.

Experimental data show that the iodine may exist in the air as volatile and non-volatile
forms. Volatile species include elemental iodine 12), hydrogen iodide (HI), organic iodides
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(methyl iodide CH31, etc) and possibly hypoiodous acid (HIO). Ivolatile forms are anions, for
example the iodide (I-) and iodate 3-) ions, which can be completely dissolved in water in
a post-accident situation.

Under accident conditions a part of iodine can be released as methyl iodide. The assumption
on the fraction of methyl iodide in the overall iodine activity released from the core is important,
because methyl iodide is usually assumed to behave as a noble gas, and thus its retention on
filters and removal by spray system are very small. However, experimental data show that the
fraction of methyl iodide is very small, and the calculations made with advanced codes confirm
that the dominant form of iodine is CsI.

Referring to the overall equation of interest
CsI + H20 = CsOH HI

any process that reduces the concentration of CsOH tends to drive the reaction to the right
toward more volatile iodine species.

As to the effects of boric acid, it has been suggested that the reaction
1131103 CsOH = 01102 2 H20

could serve to reduce CsOH partial pressure and thereby shift the reaction in the above equation
to the right [Kress 93].

In addition, the direct reaction
1131103 CsI = 01102 + HI H20

could also convert the CsI to HI [Kress 93].

It is clear from the previous discussion that iodine most likely enters the containment as CsI
with some small fraction Of I2 and HI. Because of the hygroscopic nature of HI it is expected to
quickly absorb moisture in the containment atmosphere and to essentially become another
aerosol. Its behavior therefore should not be much different from that of CsI aerosol. In addition,
when either CsI or HI dissolves in water, the iodine almost imediately becomes 
Consequently, whether iodine enters the containment as CsI or HI probably doses not make
a significant difference in its subsequent chemical and transport behavior [Kress 93].

According to the latest US NRC guidance, out of the radioiodine released from the RCS to
the containment in a postulated accident, 95% of the iodine should be assumed to be cesium
iodide (Csl) 485% elemental iodine and 0.15% organic iodide. This includes releases from the
gap and the fuel pellets [RG 1183]. With the exception of elemental and organic iodine and
noble gases, fission products should be assumed to be in particulate form [RG 1. 1 83].

The radioactivity released from the fuel should be assumed to mix instantaneously and
homogeneously throughout the free air volume of the primary containment in PrRs as it is
released [RG 1183].

Concerning chemical form of source term [EURD 95 Chapt 1, App A subsection 13] states:
"In the absence of specific evaluations of the behaviour of substances by appropriate computer
codes, assuming basic pH conditions in the containment water pool as required, the chemical
form can be assumed as thefollowing:
Noble gases - no chemical or physical changes
Particulate iodine 95% (mostly CsI)
Elemental iodine and as HI 485%
Organic iodine 0.15%
Other isotopes 100%particulate"

Western analyses of the last years assume that the main form of iodine released from the
RCS is CsI transferred with water to confinement sump and forming aerosol on the surface of
water droplets in the containment atmosphere. In [Petit 99] "based on the results of the PHEB US
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FP tests, which are definitely the most representative, it is assumed that the release of iodine in
the containment is 95% under soluble aerosols and 5% under gaseous form (organic and
inorganic together). In [Herrero 99] describing results of iodine behaviour modeling with IODE
code, it is stated that "according to the chemical modelling followed by MAAP, iodine can be
found in containment in the form of cesium iodine (01) aerosols, both suspended in the
atmosphere and deposited on surfaces". Further [Herrero 99] assumed that 103 created in the gas
phase due to reaction of iodine with ozone 212 403 = 4103) is in particulate forin and a
transfer rate from the atmosphere into the sump is included into the code, corresponding to
particles of a medium diameter of 0.3 microns.

In a study performed for NPP Dukovany it was assumed that the radioiodine would be
released from the RCS to the containment primarily in the form of CsI on aerosol particles. Upon
contact with water in the containment CsI will dissolve in this water to form a non-volatile -
anion [Rydl 99]. Similar statements are to be found in many other studies.

Thus, the assumptions proposed by [EURD 95] and [RG 1183] will be also assumed in
REFPAC code, although the Russian approach was different.

Assumptions taken in REFPAC code calculations:
Iodine activity is released as aerosol iodine 95%, elemental iodine 485% and organic iodine
0.15%.
Cesium is released in aerosol form.
Kr and Xe are noble gases and are ally released into the confinement free volume.

2.4.2. Form offission products released during the dry phase

The non-condensable noble gases are assumed to be released completely during the dry phase
into the contaim-nent atmosphere.

The iodine in the gap between the fuel and the cladding is in the form of caesium iodide
(CsI). When it is released from the failed fuel to the steam filled core it will exist as Cs1 vapour.
At temperatures higher than 1275K CsI dissociates to iodide anion r) and the cesium cation
(Cs+). However, this temperature is reached only by a small percentage of the fuel rods
(approximately less than 2 for PWRs). The presence of anion F is a potential source for the
formation of elemental iodine 12. It is considered that only a maximum of 2% of the total mass of
released iodine escapes from the RCS in form of elemental iodine during dry phase:
Approximately 10% of the cesium released from the fuel is expected to be in the form of cesium
iodide, while the remaining 90% will be in the form of CsOH.

Except for noble gases, the release in the dry phase is a 10% of the total quantity released for
every element. Although the fuel temperatures during the dry phase are greater than during the
wet phase, wet phase is much longer than dry phase.

Concerning the form of iodine release, the assumptions are very different from one approach
to another. Some approaches consider that most is released as elemental form (Belgium 91%,
Spain 95%) and other approaches consider release as particulate form (UK 99.8% and France
97.8%) [ELJR 19841].

According to EUR proposal, in the stage of dry phase release, 2% of the total iodine release
to the primary containment atmosphere is taken to be I2. The rest of the dry release (10% of the
total release from the fuel in all phases) is taken to be released as CsI to the primary containment
atmosphere [EUR 19841].
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Assumptions taken in REFPAC code calculations:
As the whole release from fuel gaps is assumed to occur instantaneously, no distinction beteen
dry and wet phases is made in the code.

2.4.3. Form offission products released during the wet phase

According to the considerations presented in [EUR 19841], during wet release phase the iodine
is initially in the form of I- and is converted to I2 and HOI by radiolysis. The oxidation process is
not easy at low temperatures 500 K) so the quantity of I2 that can be generated is very small. In
particular, it is necessary to take into account the oxidation of I- in 12 as the result of the reaction
of r with products of the water radiolysis [EUR 19841, p IX-2].

Theoretical and experimental studies reviewed in [EUR 14179] show that the reaction rate
reaches a stationary value at temperatures of 400 K, which implies a fraction of vaporisation of
10-' [EUR 19841 p. VIIIA-10]. The volatile products are then partially transferred from the
liquid to the gas phase, transported by steam generated due to annular boiling of the coolant
around the fael rods. The transferred fraction (the partitioning coefficient between the liquid and
gas phase) depends on the bubbles size distribution, which is difficult to calculate.

For this reason, as well as to simplify the calculation model, it is supposed that equilibrium is
reached between the iodine concentration in the liquid and in the steam phase. Different studies
have shown the strength of such an approach.

The CsI released to the coolant is dissociated into I- anion and Cs+ cation. The I- anion is not
volatile, that is why it is retained in the coolant. However, it can oxidize and form two stable and
very volatile products: elemental iodine (I2) and hypoiodous acid (HOI), which will reach the
containment atmosphere.

Any other fission products released during the wet phase are entirely retained in the reactor
vessel pool.

According to the actual US NRC approach, there is no distinction of iodine releases in dry
and wet phases. For the whole process the fraction of iodine released as aerosol is 95%, while the
fractions of elemental and organic iodine are 485% and 015%, respectively [RG 1183].

In the calculations with code REFPAC it is assumed that the gap inventory is entirely
released immediately after fuel burst. The dry and wet phases are not distinguished and no
additional release from the fel matrix is assumed to take place. This is a conservative
assumption as far as the time sequence is concerned, because the earlier the activity is released
from fuel, the more severe the radiological consequences will be. What concerns the overall
value of activity released from fuel, it is taken the same as in Russian analysis on the assumption
that Russian experimental data for WWER fuel reflect best the WWER fel behaviour under
accident conditions.

Assumptions taken in REFPAC code calculations:
The fractions of aerosol, elemental and organic iodine are taken the same for the whole process,
similar as in the US NRC Guide RG 1. 1 83, namely 95% 485% and 0. 1 5%, respectively. They
are maintained for all initial three stages of the accident, i.e. till the releases from the fuel are
completed.

2.4.4. Retention offission products in the RCS during the dry phase

The retention of fission products used to be not credited in the determination of the source term
in case of DBA. [EUR 19841 p. VIIIA-9] shows that this was a very conservative approach.
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The steam generated in the core during the first stage of the dry phase lies in a temperature
interval of 600-800 K, i.e. it is not supersaturated and considering the existence of vapours such
as CsI, the potential exists for the fission products retention on the cold walls of the RCS.

The vapours of the fission products move through the RCS legs before escaping to the
containment atmosphere. In case of cold leg break the fission products move through the steam
generator tubes (1 5 m long, ID 16 mm) as well as through U pipe of the pumps, probably water
filled. Computer codes estimate that about 70-90% of Csl mass is retained in the RCS [ELTR
141791. In case of hot leg break the retention is smaller.

Nevertheless, in order to remain within the approved regulatory practice of Western Europe,
no fission product retention is assumed in REFPAC code.

Assumptions taken in REFPA C code calculations:
Zero retention in te RCS is assumed for all fission products.

2.5. Changes of parameters during the accident

In order to clarify the sequence of events that is represented in te code, this section presents the
scenario of fission product releases and removal after LB LOCA in a WYVER 440/230 NPP. The
time limits have been chosen those for Kozlooduy 34 units, but the approach will be also valid
for other WWERs of this type.

2.5. 1. Phase 1: R CS blowdown, ventilation ducts open (time to )

During the nonnal operation of te plant, there is some activity in the reactor coolant system
coming from the activation of the structural materials. In addition, and more radiologically
significant than activation products, there is also activity present in the coolant as a result of the
leakage of fission products through defective fuel cladding. This activity will be released within
the primary coolant during the blowdown phase. Although this activity will be associated with
deposition of aerosols on the structures of the reactor coolant system, the partial evaporation or
flashing of the primary coolant will produce a sufficient shock wave for its resuspension.
Nevertheless, this release (activation plus leakage) is small compared to the release during
heating of the fuel. The spike activity is included in the release.

It is assumed that at the initial moment of the accident the ventilation ducts are open. The
corresponding flow rate througli the ventilation ducts is to be determined in separate thermal
hydraulic calculations of containment behaviour after accident and provided as the input data to
the REFPAC code.

The efficiency of filters in the exhaust ventilation system and the filtration coefficients for
flow across JVC water are assumed to be zero in the period of initial blowdown, which is
strongly conservative. The flow rate through the JVC is determined with code MELCOR. The
purification coefficients in VC for molecular iodine and aerosol flows have been experimentally
studied, but there are no data for such high steam-air mixture flows as in the first blowdown
period. Therefore, in REFPAC calculations it will be assumed for conservatism that in this initial
phase of blowdown leakage there is no filtration in the JVC and all fission products entering JVC
water are released to the envirom-nent. The leakage across the walls and leaks of the confinement
is also calculated by MELCOR and no purification due to deposition of aerosols in narrow leak
passages is assumed. Organic iodine is assumed not be retained in the JVC water throughout the
course of the whole accident. These assumptions are conservative.

At the signal of accident the valves in the ducts are getting closed and after time Cl seconds
they are closed. For conservatism we shall assume that the leakage area through the ducts is
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constant and equal to that with fully open valves until the valves get closed. This phase of the
accident will be called phase 1.

It is assumed that the removal of aerosols and elemental iodine follows by deposition on the
walls and in the confinement sump. The leakages out of confinement are due to the leaks through
the confinement walls and penetrations, shown as "leaks out" in Fig. 2.9, through open
ventilation ducts and through JVC. Fig. 2.10 shows as an example of input data the rate of
leakages from the confinement of KNPP 3&4 in the initial phases of the accident scenario as
calculated by MELCOR [Sartmadjiev 03].
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Fig. 2.9. Example of processes considered in the first period of accident after LB LOCA in KNPP
3&4 to determine the iodine balance in the confinement atmosphere.
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Fig. 2.10. Early leakages from KNPP 3&4 confinement after LB LOCA calculated with MELCOR
code in [Sartmadjiev 03] (air and steam integral leakages and air leakages through JVC shown as
integral values from the start of the accident to time T).

Assumptions taken in REFPAC-K3&4 code calculations:
The leak rate through open ventilation ducts is assumed to be constant throughout the whole
phase 1, until complete closing of ventilation duct valves.
The leakages through Jet Vortex Condenser and through confinement untightness are taken
constant during the first stage and equal to the value calculated by MELCOR code under
conservative assumptions.
Aerosol and molecular iodine deposition constants in phase 1 are taken from literature as for
long term processes, without increasing them due to intensive condensation of steam on the cold
walls.
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Division of iodine and cesium into airborne fraction and fraction dissolved in water is assumed
to occur instantaneously for each portion of RCS coolant flowing out of the break.
Latent heat of evaporation of water is chosen for initial conditions in the confinement, i.e.
0 I MPa pressure, and is assumed unchanged during all process of RCS coolant blowdown.
Chemistry of sump water corresponds to that of RCS water, with pH about 5.5 and iodine
partition coefficient IPCI = 00.

2.5.2. Phase 2 RCS blowdown continued, core wet, no sprays (timer, to 2)

After time l, which is conservatively assumed to be 10 seconds, the ventilation duct valves are
closed, so this way of fission product escape to the environment is closed. The RCS
depressurization continues, but the core is still effectively cooled by the steam-water mixture
blown out of the RCS. The temperatures of the fuel decrease and as shown in Fig. 25 remain
low until 40 seconds, then start to increase, but to the end of phase 2 they remain below
600 'C and no fuel failures occur. The spike activity is further released with water inventory
blown out from the RCS into the confinement. The overpressure in the confinement quickly
decreases due to air-steam flow out of the VC and actuation of Confinement Spray System
(CSS). At the end of phase 2 the pressure in the confinement falls below the atmospheric
pressure 0 I MPa.

The water blown from the RCS is partially evaporated, but the liquid fraction falls on the
confinement walls and accumulates in the confinement sump. The chemistry of water is
approximately the same as it was in the RCS, so that pH remains at the level of pH = .5.

The rate of steam condensation on the walls changes within the range of 0012 to
0.016 kg/m2/s wich is not far from the rate in phase 1. In the code REFPAC-K3&4 it is
assumed that the rates of aerosol and elemental iodine deposition on the walls and in the sump
are the same in both phases and 2.

Assumptions taken in REFPAC-K3&4 code calculations:
Deposition rates on the walls are assumed the same for phases I and 2.
The leak rates through Jet Vortex Condenser and confinement untightness are taken from
MELCOR calculations and assumed constant for the duration of phase 2 (less than a minute).
Chemistry of sump water remains the same as in phase 1, with pH about 5.5 and iodine partition
coefficient IPC I = 00.

2.5.3. Phase 3 (core dry, sprays on) (time r2 to r3, approximately 60-360 seconds)

In this period the RCS pressure is down and the RCS blowdown is over. Further release of water
and steam from the RCS occurs, kept up by ECCS water evaporation in the core. However, as it
is assumed that all spike activity has been released during the RCS blowdown, no further
releases of spike activity is calculated by the code once the amount of RCS coolant blown out
equals the original RCS inventory.

After the depressurization of the RCS, the coolant is lost from the reactor pressure vessel and
the fuel is uncovered ("dry phase"). The cooling of the fuel is not effective in this short period of
time, because the injected coolant from the ECCS evaporates when it comes into contact with the
hot fael cladding. It is necessary to take into account that the injection into the broken cold leg is
completely lost due to the bypass, while the injection into the other legs is partly lost because
water will partly go through the downcomer in the direction of the break. The fuel cladding
temperature rises, which eventually results in the loss of fuel integrity. Then the gap fission
product inventory of the failed fuel is released (gap release). As seen in Fig. 25, in WWER
440/230 unit of KNPP 34 type this phase takes place in the period from 140 to 360 seconds,
i.e. until the re-flood of the core is completed.
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As the ECCS injection in WWER 440/230 is only into the cold legs, the re-flood of the core
occurs from the bottom of the RPV. The water in contact with the heated fuel evaporates and
creates a flow of vapour that circulates through the higher part of the RPV. The radioactive
material that has been released from the failed cladding incorporates in that flow. This
radioactive material moves through the RCS and finally escapes through the break.

During phase 3 the pressure inside confinement is initially below zero, then increases due to
coolant evaporation during core flooding. As seen in Fig. 2 0, an overpressure is built in the
confinement at about 200 seconds and lasts to the end of phase 3 This results in significant
fission product releases to the environment.

The water from the RCS and the CSS gets into the confinement and falls down into the
sump. Aerosols getting in contact with wall surfaces remain on them. Elemental iodine is divided
between the confinement air and the water according to Iodine Partition Coefficient (IPC). The
time to equilibrium is very short, so that the process is practically instantaneous.

In this phase the iodine from sump water is adsorbed by the confinement floor, and desorbed
back into the water. As the sump water is sucked down to the LPIS tank, the piping and heat
exchangers become contaminated with iodine.

The ECCS water is recirculated. The HPIS and LPIS pumps take suction from the borated
water storage tank, to which the sump water is continually delivered. The value of the pH in CSS
water is high due to the use of additive elements in the CSS. Since the pH of the containment
water sump is higher than pH of the coolant, the pH of the coolant increases from to the value
of 9. This restricts the release of volatile iodine because it is a function of the pH of the water.

The main processes of iodine removal in the phase 3 are shown below in Fig. 2 1 1. Filtered
Venting System (FVS) does not work in phase 3 but can be switched on later on in phase .

FVS

Spray system

A A A A A
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Fig. 211. Main processes of iodine removal in phase 3 of LB LOCA accident on the example of
KNPP 34 units. Symbols in the drawing are asfollows:
ATCNAE, ATCAMO, ATCNOR- activity of iodine in aerosol, molecular or organicform in containment
atmosphere, ATCONF- Activity releasedftom RCS and core into the confinement, ATWALL activio)
deposited on the walls, ATWCSS- activity in CSS water, FS -Filtered venting system, HX - Heat
exchanger, JVC - Jet Vortex Condenser, LPIS - Low pressure injection system, P - pump, Rev, og-
revolatilization rate for organic iodine, Sno,, S, S, - sources of molecular, aerosol and organic iodine
releasedftom the break into the confinement, Depmol - deposition of molecular iodine in sump water,
qD,,,, deposition rate ofaerosols, i1DEp(gp) deposition rate of iodine from the gas phase onto painted walls,
qDEs(pg)- Desorption rateftom painted walls to the gas phase, qpr,,a.,.rg- spray removal ratefor iodine
in aerosol, molecular and organicform.

32



Assumptions taken in REFPAC-K3&4 code calculations:
Confinement Spray System (CSS) is actuated so that it operates at full capacity from the start of
phase 3.
The recirculation is assumed to start simultaneously with the actuation of the CSS.
With the actuation of CSS, the pH of the water in the sump changes. It is assumed to reach
pH= 7 at which IPC2=1 0000 at the beginning of phase 3 (see discussion in section 32.2).
In Model 2 (conservative) IPC2 is assumed to be 5000.
The division of elemental iodine between confinement air and sump water according to the water
evaporation fraction and iodine partition coefficient is assumed to occur instantaneously.
CSS flow rate corresponds to the operation of CSS with three trains. In the case of Model 2 the
failure of one train due to SFC is assumed with a corresponding reduction of the CSS flow rate.
Activity from ruptured fuel rods is released instantaneously to the RCS and to the confinement,
without any retention in RCS and without any delays.
All activity is assumed to be released from fuel before the end of phase 3 Leaks from the
confinement are averaged over the phase 3 according to the data calculated by MELCOR as
shown in Fig. 26 [Sartmadjiev 031.
Possible leakages from recirculating CSS water are taken into account.

2.5.4. Phase 4 - Core reflooded, sprays on, underpressure in the confinement (time t3 -t4, in the
case ofKNPP 3&4from 360 seconds till 4 hours)

In this phase the reflooding of the core is complete. Fission products continue to be released
from the fuel, but the code assumes conservatively that all fission products to be released from
fuel were released immediately after cladding failure. This assumption has been used in several
codes, including Russian calculations for KNPP 34 [VNIIAES, Luzanova 97]. Thus the code
will assume that there are no releases from the fel in the phase 4.

There is no more steam generation, although some ECCS water will continue to flow out of
the RCS break. As the sprays are on, the inner surfaces in the sprayed rooms of the confinement
remain wet. On the other hand the surfaces of rooms that are not sprayed become dry and
desorption of iodine from the walls starts, but the adsorption process is far more effective, so that
the walls act to decrease iodine concentration in confinement atmosphere.

The concentration of iodine in sprayed rooms falls down faster than that in non-sprayed
areas. There is no leakage out of confinement, as the pressure in the confinement is below the
atmospheric pressure. The underpressure within the confinement gradually disappears due to
leakage of air from outside and release of steam from the RCS and water layers inside the
confinement. In the case of KNPP 34 confinement with the leakage rate reduced after plant
upgrading the equalization of pressures inside and outside the confinement occurs after about
4 hours.

While the iodine is removed from the confinement atmosphere by sprays and transferred with
spray droplets to the sump, there is the reverse process going on, namely the revolatilization of
iodine from sump water and from the spray system. After significant reduction of airborne iodine
(elemental, aerosol and organic), this process together with desorption of iodine from dry
surfaces will keep up concentration of airborne iodine species in the confinement atmosphere in
equilibrium with the concentration in the sump. The equilibrium point is determined by the
partition coefficient of iodine, as discussed below in the section 31 on chemistry of coolant and
iodine.

Assumptions taken in REFPAC-K3&4 code calculations:
No more activity releases from RCS or the fuel occur in phase 4.
Underpressure in the confinement prevents any leakage outside confinement.
CSS and ECCS operation is continued successfiffly in phase 4.
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All processes including desorption from the walls and revolatilization are taken into account for
iodine. In the case of aerosols no revolatilization is assumed. Activity removal from sump water
to the CSS is considered. Effectiveness of sprays decreases with reduction of aerosol and
elemental iodine concentration as described in detail below.
Possible leakages from recirculating CSS water are taken into account.

2.5.5. Phase 5. Sprays on, pressure oscillations in the environment, possible operation Of
Filtered Ventilation System

The flow of air into the confinement occurring during the phase 4 through confinement
untightness results in gradual reduction of underpressure. Finally, after 4 hours the underpressure
within the confinement disappears. There are no physical processes that would determine the
value of overpressure inside the confinement in the following period, because all the residual
heating generated in the core is removed by ECCS and the heat evolving outside the core in the
confinement is removed by the CSS. In turn, both ECCS and CSS are cooled by CSS heat
exchangers transferring residual heat to the Essential Service Water System. Thus, the
temperature inside the confinement does not increase, and there is no physical reason for
confinement pressure to grow.

However, in view of the comparatively low leaktightness of the confinement, it must be
taken into account that the changes of external atmospheric pressure will result in leakage into
and out of confinement so that the pressure inside the confinement will change in accordance
with the changes of external pressure.

Other variations of the pressure balance between the inside of confinement and the outside
environment can be due to other external reasons such as strong winds. The influence of winds
has been shown to be comparatively small, but the environment pressure changes do occur and
will involve significant leakages from the confinement.

In order to avoid uncontrolled leakages from the confinement it is planned to install in KNPP
3&4 a Filtered Venting System (FVS) with filters of high efficiency. It assures slight
underpressure in the confinement and provides excellent purification in the filters. Both cases -
of leakages due to oscillations of external pressure and of FVS in operation - should be
considered.

In the case of FVS operation the code REFPAC-K3&4 assumes that the system is switched
on before phase and decreases pressure in the confinement enough to prevent any further
leakage out through the jet vortex condenser or through confinement leakages in
phase 5. Operation of the FVS is continuous and the phase covers the time till the steady state
conditions are achieved, i.e. one month.

There is also another option in the code, namely to calculate fission product releases to the
environment without taking into account FVS operation. This option permits to check whether
the operation of FVS is necessary after LB LOCA to maintain the outside doses below
acceptable values.

Assumptions taken in REFPAC-K3&4 code calculations:
All processes considered in phase 4 are considered also in phase .
Due to loss of underpressure, leakage outside confinement is considered through confinement
untightness. The leakages through JVC are equal to zero, because the pressure differences
between the confinement atmosphere and environment do not exceed 0. 1 bar, which is the
minimum overpressure at which the steam-air mixture flows across the VC. This assumption is
conservative, because in case of flow across JVC the aerosols and iodine are retained in JVC
water, while during the flow across confinement untightness no filtration effect is assumed.
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The code provides possibility of calculating the effects of Filtered Venting System or assuming
leakages in the absence of FVS operation.
The leakages without FVS correspond to the case of most unfavorable changes in outside
atmospheric pressure, which result in leakages from the confinement.

3. FISSION PRODUCT BEHAVIOUR IN THE CONFINEMENT

The processes of fission product release from the primary coolant system into the confinement,
their chemical and physical transformations, removal and leakages out of confinement into the
enviromnent are very complex. The simplest situation is in the case of noble gases, which are not
removed from the confinement atmosphere by any processes except leakage out into the
environment and natural decay. Each increment of time during which noble gases are retained in
the confinement means that their activity is decreased due to radioactive dcay. The influence of
radioactive decay is considered for all other radioisoptoes as well.

On the other hand, the behaviour of iodine is very complex and depends on many factors,
one of which is the pH of the coolant. The iodine is released under several forms, generally
grouped into elemental 02), aerosol (CsI) and organic species. Other fission products are released
in the form of aerosols. Their further behaviour depends on the confinement layout and
leaktightness, spray system, set of filters etc. It is most complicated in the case of confinement
concept that was built in WWER 440/230 units, where the leakage in the first short period of
overpressure is very high. Then the pressure drops down and leakages stops due to the influence
of confinement sprays, which condense steam, while a part of the air originally present in the
confinement has been lost due to the leakage in the first accident period. During that time fission
products are deposited on the confinement walls and floor, washed out from the atmosphere by
spray system, get into the confinement sump and are circulated in the ECCS, partly outside the
reactor confinement.

In the case of iodine, complex processes of chemical transformations take place, with strong
impact on iodine volatility and its resulting concentration in the confinement atmosphere. As the
fission products circulate with ECCS water, part of them is deposited on the walls. Some small
quantity can leak outside the confinement due to ever-possible leakages from the ECCS system.
Simultaneously, the volatile fission products penetrate through the confinement leakages and to
filters and other Engineered Safety Features, where part of them is retained.

In Kozloduy NPP a water Jet Vortex Condenser was installed to prevent unfiltered releases
of fission products from confinement directly to the atmosphere. The fact that the releases from
confinement of that type are very high initially and become much smaller in later phases of the
accident imposes high requirements on the accuracy of modelling of the accident scenario in the
code. Thus, for example, in the case of a large dry containment it is not important, whether
fission products are released from fuel at the very onset of the accident, or after several minutes,
because the leakage rate is practically constant over many hours. In the confinement of KNPP
3&4 the timing of fission product releases is of basic importance, because the releases are quite
different depending on the pressure in the confinement at the time of fission product release from
the RCS.

Since the requirements for modelling accuracy are the highest for such a type of
confinement, the text below will deal with this case. Initially, the chemistry of coolant and of
fission products inside the confinement will be considered and the resulting partitioning of iodine
between the coolant and confinement atmosphere. Then the processes of natural fission product
deposition on confinement inner surfaces, of interaction of confinement sprays with fission
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products until the status of equilibrium is reached, of iodine sorption from liquid phase onto the
walls and finally of iodine desorption from confinement and equipment walls and revolatilization
from sump water are considered.

The system of differential equations describing all these processes makes it possible to
determine the distribution of iodine and aerosol fission products among the reactor confinement
surfaces and Engineered Safety Features and calculate the activity released to the environment
directly through confinement leakages and indirectly through NPP buildings.

Since the chemistry of coolant inside the confinement is of decisive importance for the
course of most iodine removal processes, the discussion of phenomena inside the confinement
will begin with the consideration of coolant chemistry and resulting iodine chemistry in WWER
440/230 reactors.

3.1. Chemistry of fission products after accident [NUREG 07721

3. 1. 1. Introduction

Cesium and iodine can be released from the fuel at approximately equal fractional rates or the
iodine may be released as cesium iodide (CsI). In water the soluble fission products are ionized.
In the vapor state the fission products are present as atoms or molecules and when reacted with
other vapors they form atomic or molecular species. As the chemical nature of the ionized fission
products in water is quite different than the chemical nature of molecular or atomic species in
vapor, the two chemistries will be discussed in separate sections of this chapter.

3.1.2. Fission Product Chemistry in the Vapor State [NUREG 07721

Once the cesium and iodine have been separated from the fuel and cladding at high temperature
in the vapor state they will first mix with steam and the hydrogen produced by reaction of the
steam with metals. Interactions will occur among these fission product vapors and their
environment. All of these species may physically condense on structural surfaces or on surfaces
of suspended particles (aerosols) or they may begin to form their own aerosols. The interaction
may not be just a physical condensation; some vapor species may chemically react with nearby
surfaces, both structural and aerosol.

Four simple vapor systems that will be reviewed are believed to contain the important
chemical reactions and to illustrate the state-of-the-art for vapor-phase chemistry in steam. The
four systems considered are:
• iodine in the presence of steam and hydrogen or oxygen (1-H-0),
• cesium in the presence of steam and hydrogen or oxygen (Cs-H-0),
• tellurium in the presence of steam and hydrogen or oxygen (Te-H-0),
• cesium and iodine in the presence of steam and hydrogen or oxygen (Cs-1-H-O).

The species depend on the conditions that exist during a reactor accident. These conditions
are 
• Temperature from 600 'C to 2300 T, but in the case of LB LOCA with ECCS operation the

temperature range will be from 600C to 1300T.
• Pressure bar to 150 bar.
• Fission product (FP) concentrations in the steam.
• FP (moles) to water (moles) ratio 2 10-7 to 2 10-'
• Oxidizing, inert and reducing atmosphere.
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A steam environment with excess oxygen such as in an air filled containment building is
a chemically 22� �dzin �atmosphere A steam environment with excess hydrogen such as in the
primary cooling system is a chemically reducing atmosphere. These atmospheres could be
characterized by hydrogen to steam ratio and oxygen to steam ratio, but a convenient shorthand
combining these ratios is the ratio of hydrogen to oxygen (H/O in moles/mole). As H/O ranges
from greater than 2 through 2 to less than 2 the atmosphere ranges from steam with hydrogen
(reducing) to pure steam (inert) to steam with oxygen (oxidizing).

3.1.2. 1. Iodine Hydrogen Oxygen (I-H-0) systems NUREG 0772]
Although I2 is normal form of iodine vapor at its boiling point (I 84 'Q, this species dissociates
to nionatomic iodine
12 = F -
in pure steam (H/0=2) at high temperatures and low concentrations. Even at high concentrations
(2 10-3) F dominates at temperatures greater than about 600 'C. In high temperatures, oxidizing
environments (H/O 2) F is the sole species at all but the highest concentrations and pressures
where some 12 persists. In reducing environments (H/0>2) HI (boiling point 127 ' is the
dominant species at lower temperatures. But as the temperature increases, the HI concentration
decreases because it also begins to dissociate. Nearly complete dissociation to F has occurred by
1700 C.

For a given /H20 ratio, increased system pressure (and thus increased partial pressure)
promotes the formation of I2 and HI at the expense of r . The formation of iodine containing
species other than I2 and HI may occur from the reaction of iodine and steam. The species HOI
has been postulated, but there is no thermodynamic data available for HOI or any other iodine
vapor compounds [NUREG 0772].

As with all vapor species, HI and 12 will physically adsorb onto surfaces. The aount
adsorbed per unit area depends on temperature, vapor pressure and surface properties. A very

simplistic measure of when the condensation should begin to be considered is the boiling point at
one atmosphere [NUREG 0772].

Several percent of the total iodine continues to be produced after the accident because of the
radioactive decay of tellurium to iodine.

3.1.2.2. Tellurium-Hydrogen-Oxygen systems [NUREG 0772]
The distribution of tellurium among its vapor species is a sensitive function of the system

parameters. Small amounts of oxygen shift the distribution so that TeO2 is a major tellurium
containing species. However TeO can become important_ at high temperatures or when the
tellurium concentration becomes very low (Te/H20 < 6 Conversely, a small amount of
hydrogen shifts the distribution so that Te2 and Te are the predominant species. High tellurium
concentrations and/or low temperatures favor Te2 while high temperatures and low tellurium
concentrations promote the formation of Te [NUREG 0772].

The compounds CS2Te, TeI4 and TeI2 are known only as solids.

3.1.2.3. Cesium-Hydrogen-Oxygen System
CsOH is the dominant cesium containing species in oxidizing and inert environments (H/O ratio
between 1.5 and 2 at all temperatures investigated.

In reducing environments CsOH is the major species at lower temperatures. However, as the

temperature is increased above 10000C, there is an increase in concentration of Cs vapor. The
concentration of Cs vapor is markedly enhanced when there is a large excess of hydrogen present
(H/O >3) [NUREG 0772].
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3.1.2.4. Cesium-Iodine-Hydrogen-Oxygen System
Equilibrium calculations have identified the major fission product species existing in
a predominantly steam environment for the cesium-iodine-hydrogen-oxygen system. The amount
of cesium in the fuel is much larger than that of iodine, because of very long lifetime of cesium
(30 years for Cs 137) and comparatively very short lifetime of iodine (8 days for I131 and much
shorter lifetimes for other radioisotopes). Three iodine containing species are dominant - 1, CsI
and HI. Monatomic iodine dominates in oxidizing conditions, especially at high temperatures. In
reducing atmosphere and at lower temperatures CsI dominates. As temperature is increased CsI
begins to dissociate with the iodine transforming to I and HI [NLTREG 0772].

The major cesium containing species are CsOH, CsI and Cs (monatomic cesium vapor). The
relative amounts depend on the system parameters. The CsOH molecule is stable at all
temperatures and pressures in oxidizing environments (H/O less than 2 However in the
reducing conditions expected in the core of the reactor during reactor accidents Cs vapor can
become an important species at higher temperatures. The abundance of Cs is greatly enhanced

when large excesses of hydrogen (H/O greater than 10) are present. Reducing environments and
lower temperatures also favor the presence of CsI as discussed above [NUREG 0772].

The effect on the abundance of iodine and cesium containing species resulting from changes
in the system parameters can be summarized as follows:

• an increase in system pressure thus an increase in partial pressure) increases the relative

stability (abundance) of the molecular species CsI, HI, and CsOH for a given fission product
to water ratio,

• an increase in fission product concentration increases the relative stability (abundance) of CsI
but has little effect on the stability of CsOH,

• an increase in the H/O ratio that is toward more reducing environments) increases the
relative stability of CsI but decreases the stability of CsOH,

• a decrease in temperature increases the relative stability (abundance) of both CsI and CsOH

[NUREG 0772].

3.1.3. Liquidlodine Chemistry

3,13. 1. Introduction
Elemental iodine I2 in pure form or in solution is very reactive; it reacts with water, organic
materials, metal alloys and even noble metals. An important characteristic of elemental or pure
iodine I2 is that it does not stay around; it prefers other states, usually iodide and iodate. It is
soluble in water and reacts to produce at least four different iodine species, whose relative

concentrations depend on temperature, acidity etc. [NLJREG 0772].

3.1.3.2. Chemical conditions
In PWRs the coolant is buffered by boric acid with a small amount of lithium hydroxide. Post
accident responses generally add boric acid-sodium hydroxide solutions of moderately high pH.

Total iodine concentration in the liquid system following a reactor accident is limited by the
amount of iodine in the core and by the amount of water in RCS + ECCS. Iodine concentration
will be expressed herein as moles of iodine atoms per liter. The sum of concentrations of iodine

species will be _1+ [HOI + [CH311-
D = 2[I21 + RA + R3

The most important chemical reactions occurring in the gas and water phases are shown in
Table 31. It should be observed, that iodate I03- and iodide I' remain completely dissolved in
water, while elemental iodine I2 and methyl iodide CH3I have appreciable vapour pressures.
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Table 3 1. Most important chemical reactions of iodine.

In the gas phase
1) Oxidation (by ozone) 2 I2 + 403= 4IO3

2) Organic Iodide formation 12+ 2CH3R = 2CH3I R-R
In the liquid phase - H+
3) 12Hydrolysis I2 + H20= HOI I
4) H01 Dissociation HOI = OI + H+
5) HOI Disproportion 3HOI= 103 +2I- + 3H+
6) I- Oxidation by oxygen 2F + VI, 02 2H+= 12+ H20

7) Radiolytic F Oxidation 2I- + hv = 2 +2e-
8) Organic Iodide formation I2 2 CH3R = 2 CH3I + R-R
9) Organic Radiolytic Decomposition 2CH31+ hv* = 2CH3 12

10) AgI Radiolytic Decomposition 2Agl + hv = Ag + I2
1 1) AgI Formation I- Ag = AgI
12) CH31 Hydrolysis CH3I + H20 F CH30H + H+
13) CH3I Hydrolysis with OH' CH3I O I- + CH30H
14) Radiolytic I03- Reduction 2IO3 + hV* 12+ 302+2e-
* hv - symbol of radiation energy absorbed by iodine particles.

3.1.3.3. Organic Iodides in Liguid Systems
The formation of organic iodides is recognized as having a crucial impact on the volatility of
iodine under nuclear reactor accidents. Measurements at TMI-2 after the 1979 March accident
showed that organic iodides were the principal iodine species in the reactor containment
atmosphere, although the aounts of radioiodine detected as airborne species were very small
(less than 003% of the original core inventory). The origin of these organic iodides has not been
established. The organic iodides forms have not been definitely determined either, although it is
widely believed that CH3I is the predominant organic iodide species.

This belief is based on an early British study, in which 85% of airborne organic iodides were
identified as CH3I. However, in that experiment elemental iodine was vaporized inside the
PLUTO rector shell under conditions atypical of reactor accidents, in terms of ambient
temperature and low humidity, very low iodine concentration, low radiation level and relatively
clean environment. Under LB LOCA conditions many other organic iodides can be also formed.

Organic iodides can be fort-ned in a containment building by various mechanisms including
homogenous and surface reactions in the presence or absence of radiation. Organic iodides are
highly unlikely to be formed within the fuel or in the RCS. Thermodynamic and kinetic
calculations have shown that the high temperatures and radiation field will prevent the formation
or buildup of any significant quantities of methyl iodide. Subsequent to release from the fuel and
the RCS, iodine will be found on various surfaces and in gaseous and liquid phases. Therefore,
reactions of iodine with organic impurities or other carbon sources in these media are
conceivable.

According to [NUREG 0772], most of the organic iodide associated with a reactor incident is
methyl iodide, which is also most volatile organic and hence most likely to cause iodine release
from containment.

Methyl iodide reacts with water as follows:
CH31 H0 = CH30H HI

The available information suggests that methyl iodide in a liquid system eventually would
convert to methanol and iodide. However, the very low gaseous methyl iodide concentration in
the TMI containment remained constant until the atmosphere was released and renewed.

Then the methyl iodide concentration in that containment increased almost to the previous
level and appears to again maintain a steady state. This suggests that a process to produce methyl
iodide is generating CH31 at a rate equal to the rate of reaction shown above.
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Volatile species, 12 and organic iodides, will form in water and then will be rapidly
transferred to the atmosphere according to their respective partition coefficients. In the new
IODE code the same value has been used for the average partition coefficient of all the organic
iodides as for the elemental iodine [Wren 99]. For the formation of the organic iodides a constant
sump water concentration of the organic matter (of the order of 10-6) was assumed in a recent
WWER analysis [Rydl 99].

[Beahm 85] deals in detail with organic iodide formation in water and stresses that in view of
the low partition coefficient IPC for organic iodide (IPC = 3 for CH31, while it is 86 for I at
25'Q organic iodide will be transported out of liquid phase.

The transport of organic iodide to and from liquid pools can be estimated using standard
mass transfer equations for water and gas two-layer film system. Organic gas in the main body of
water and gas is assumed to be well mixed and the main resistance to gas transport comes from
the gas and liquid interfacial layers.

The total mass transfer coefficient on the liquid phase basis is given by
I/KT = I/K + IPC/Kg

where
KT the total mass transfer coefficient based on liquid phase, MA
KL mass transfer coefficient for the liquid film, m/s
Kg mass transfer coefficient for the gas film, m/s
IPC iodine partition coefficient for the vaporizing species, CH3I or I2 (concentration in the
liquid phase/concentration in gas phase).

The mass flux across the gas-liquid boundary can be expressed as
Ji = KLW (CL 0 - Cg () *IPC)

where
Ji - the mass flux Of Secie i MoleS/M2 SS/M3

CL - liquid concentration of species 1, mole
Cg (i) - gas concentration of species. moleS/M3

The mass flux equation can be integrated, if it is assumed that there is no other method of
lossto give

dCL (i)/dt-- -KL (i) (CL ( - Cg ()*IPC)/L
where L is the depth of the pool, in, and

CL(i = g (i)*IPC (CL (i - Cg (i)*IPC)*exp(-KL (i)/L)

If the concentration in the gas is negligibly low, then the concentration in water is
CL 0 = CL(i) exp(-KL (i)/L)

The half life T1/2 for organic iodide vaporization may be defined as the time necessary for
the liquid concentration to drop to one-half of its original value by vaporization. Thus,

T Y = 0693 L/KL (i)

[Beahm 851 calculated for CH31 KL(CH3D = 3 0-5 m/s

This gives T1/2 (CH31 = 23 10-4 L.

For a pool of L=1 m in depth the time needed to vaporize one half of its CH31 is 23 104 (6.4 h).
[B eahm 8 5, p I .

Early studies on organic iodide formation were focused mainly on CH3I because of its high
volatility and because methane or other low -molecular weight alkanes were believed to be the
major organic impurities in the containment atmosphere following an accident. However, RTF
tests performed in organic painted vessels have found that many organic iodides formed from
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containment paint impurities are less volatile than CHA In later stages of the test the
concentration of organic iodides in the gas phase was orders of magnitude lower than that
observed in the liquid phase.

If CH31 were the predominant organic iodide, the gas phase concentration would be expected
to be only times less than that in the liquid phase (based on a partition coefficient of 48 as
given in [Wren 2000, Table 1). Although some of the organic iodides such as CH31 are Mre
volatile than I2, very few highly volatile species are generated under the conditions just described
[Rydl 99, p. 31 1]. Many other higher molecular weight organic iodides with volatilities that are
lower than 12 are produced. Therefore providing the correct pH input and making the assumption
that all gas-phase iodine is in the form of 12 gives a reasonable estimate of the total volatile
iodine present in the gas phase [Wren 20001.

A low value of HOI partition coefficient, that was reported by Lin, has been used in some
studies estimating iodine volatility, but subsequent studies showed that Lin's value is too
conservative and the partition coefficient of HOI is now considered to be > 104 [Wren 2000].

3.1.3.4 A Less Conservative Assessment of Organic Iodide Formation
In their review of organic iodide formation Postma and Zavadowski [Postma 72] summarized the
literature at the time and drew conclusions about the extent of conversion Of 12 t organic iodide
following a nuclear accident. The study was directed towards licensing and a very conservative
approach was taken, leading to upper bounds estimates.

According to Postnia and Zawadoski the conversion of elemental iodine to organic iodides
(which were assumed to be probably CH3I) ranged from 10-2% to 10%, strongly depending on
the iodine concentration. The following linear least squares relation fits to the data within
a factor of 10:

Log lo(% conversion Of 12 t .rg) 0.726 0.26log,0[121
where, [I2] is the elemental iodine concentration in Mg/M3.

In the case of WWER 440/230 post LB LOCA conditions, where the iodine concentration in
mg/m3 would be 5.5 106*0.26 10-2/1000 = 14.3 Mg/M3 , assuming that the fraction of elemental
iodine is 485% we would get the concentration of elemental iodine equal to
0.69 Mg/M3 and the formula above would yield
Log lo(% conversion of 12 to ,g) = - 0758
Conversion (of 12 to CH31 = 017%
And the fraction of total iodine turned to organic iodide would be
Organic iodide fraction = (Fraction of 12 in iodine)* Conversion (Of 12 t CH31)
0.0485*0.17 = 82 10-3%

However, the conversion varied by more than a factor of 10 among the various laboratories.
Moreover, conversion to organic appeared to decrease with the increasing size of the test
vessel. The large variations in the conversion factors were probably due to difficulties in
separating organic and inorganic forms of iodine.

According to [Beahm 85], the largest amount of organic material in containment building is
in the form of electrical cable insulation and jacketing, which is made of ethylene propylene
rubber, hypohalon and neoprene. [Beahm 85] estimated that 2 h after the accident radiation
effects could result in a release of organic gases in the containment atmosphere at a rate of
0.48 mol*m-3 S-1. However, even if it were postulated that the total amount of iodine released
into the containment was in the form of I2, its conversion to organic iodide would be only 038%
based on the formula above. Since most of the iodine is expected to be in the form of CsI, the
percentage converted to organic iodide will be considerably less than this. Thermal
conversion of 12 to organic iodides in the gas phase is considered to be of little importance [Wren
2000].
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In NUREG 0772 the report of [Postma 72] was reevaluated in a manner to be more realistic
and less conservative.

Organic iodide formation was divided into two parts, one that is observed in the absence of
radiation and the other resulting from radiation effects. The first was estimated using a statistical
treatment of a number of experiments in various containment vessel models at Oak Ridge, Idaho,
Battelle Northwest and in the UK. In WASH 1233 the upper bounds for all this data was used,
giving a clearly unrealistic estimate of organic iodide of "less than 1%" at the anticipated iodine
concentration of 0 Mg/M3 (exactly it would be 062%). The "realistic" estimate derived in
NUREG 0772 was made by moving a line of the same slope down to represent the experimental
data for the larger experimental vessels and the conversion to organic iodide is 002%; some 50-
fold smaller. This is, however, true in the absence of radiation.

The second part, that from radiation was estimated in WASH 1233 by interpolation between
two sets of data, one in methane-iodine-water mixtures and the other in mixtures also containing
air or oxygen, with iodine concentration as an independent variable, and applying the resulting
value to the expected accident conditions. The conversion to organic iodide was "no more than
2.2%19.

The estimates made in NUREG 0772 were based on extrapolation of data in methane-iodine-
water-air or oxygen mixtures with the 02112 ratio being the independent variable, and of data in
methane-iodine mixtures with CH4/I2 being the independent variable. The former would be
appropriate for a reaction of methyl free radicals with either 02 or 12, the two in competition. The
resulting values were less than 0.015 under projected post accident conditions. A maximum
equilibrium concentration can also be estimated from the suggested values for formation and
decomposition, <0.004 vs. 20 giving <0.02% A very approximate estimate of 0.01 is
suggested.

Based on these considerations, NUREG 0772 concluded that the conversion Of 12 t organic
iodide be estimated to be in the vicinity of 003% under conditions in the range of interest. This
is a factor of 100 lower than the conservative estimate in WASH 1233. To the extent that the
iodine source is iodide rather than 12, even this small value should be Rirther reduced.

In this situation the assumption of organic iodine fraction equal to 0. 1 5 % as recommended by
RG 1. 1 3 and EURD 9 is clearly conservative enough.

Assumptions taken in RFPAC code calculations:
The discussion of physical processes presented above confirins that the distribution of iodine
released from the core and RCS to the confinement free volume assumed in the REFPAC code
as 95% aerosol, 485% elemental and 0. 1 5% organic iodine is conservative enough.

3.2. Chemical form of iodine released into the confinement

3.2. 1. Iodine concentration and water chemistry

3.2. 1. 1. Iodine concentration
The partition coefficient of iodine depends most on iodine concentration and on the pH of the
coolant. Let us therefore start with calculating the concentration of iodine in sump water and
then in CSS water after LB LOCA.

Iodine concentration for the stage and 2 in WWER 440 in the sump water is assumed to be
the same as in the RCS coolant. The weight of iodine in the fuel-cladding gaps in the core is
equal to:
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igap 5.5 kg (typical for WWER 440 core) 00026 (fraction of 1131 in the gap, taken
conservatively as typical for all isotopes of iodine) = 00143 kg = 14.3 grams,
which in case of I (molar weight about 131 g) is equal to 14.3/13 = I mol.

The aount of iodine in the RCS coolant can be calculated considering the ratio of the spike
activity of 1131 to that of the gap.
Then

Icoo1ant=1gap*(Apik,/Ag.p =0.11 mol*(1.8 10+"/3.4 10"' =5.8 10' moles.

This amount is dissolved in RCS coolant, which after release through the break and cooling to

100 T will have the volume of approximately 17 10+5 litres. The concentration of iodide in the

sump water CWAT will then be in the end of phase 2 (before CSS is actuated)

CWAT (end of phase 2 = 5810-4/1.7 10+5 = 34 10-9 moles/litres = 34 10-9 M.

The ratio of elemental iodine to iodide decreases with increasing temperature, with increasing

pH and with increasing iodide concentration. As this ratio is of primary importance for the

division of iodine between liquid and gas phase, the conditions in the confinement should be

considered separately for each stage of the accident.

At the end of phase 3 when all iodine has been released from the fuel gaps and the recirculation
of CSS is under way, the concentration of iodine in CSS water can be found assuming that the
total water inventory of CSS, ECCS and RCS in a WWER 440/230 unit is about 1040 m 3. Then

the iodine concentration will be

CwAT(end of phase 3 = .1 1 mol 1040 1 0+' liter = 1.05 10-7 M.

Assumptions taken in REFPAC code calculations:
The maximum iodine concentration in sump water occurs at the end of phase 2 equals about 34
10-9 M and at the end of phase 3 it is 1.05 10-7 M.
These values are of importance for calculations of elemental iodine production in the sump water
and for detennination of iodine revolatilization rates.

3.2.1.2. Water pH
In the initial phase of RCS blowdown, the value of pH = .5 can be assigned to the sump water.
This is the value, which corresponds to the borated water used as a refrigerant [Herrero 99] In
later phases, as the hydrazine and sodium hydroxide are injected into CSS water, the value of pH
will increase.

Evaluation of pH according to [Beahm 85, p.301 can be done according to fon-nula

pH = 1192 loglo ([hydroxide]/[boric acid]+ 9021

In WWER 440/230 units, as the solution will be added to the water from Low Pressure
Injection System PIS) tank of 800 M3 called Borated Water Storage Tank (BWST), which
already has a 12 g/l content of boric acid, the resulting content of boric acid will be higher than

that of hydroxide.

In case of capacity of the CSS pumps of 600 m 3/h and chemical control system pumps
injecting KOH and hydrazine solution with the capacity of 25 m 3/h the composition of the

solution will be as follows.

Boric acid concentration in CSS water: 600 xl2g/1 + 25 x. 150 gl)/602.5 = 12.57 g/l.

Hydroxide concentration in CSS water: 25 140+15)/(600 25 = 064 g/1.
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This results in pH in spray water
pH = 1192 logio(O.64/12.57) + 9021 = 748

As the time goes on and the injection of sodium hydroxide is continued, the pH will increase.
In view of the large capacity of CSS ( 3x6OO m 3/h) and LPIS pumps (2x3OO M3 /h assuming
single failure in LPIS system) compared to the overall ECCS and RCS volume 1040 M) the
time needed for total recirculation of the whole ECCS and RCS volume is about 1040/2400 
0.43 h. After that period the concentration of hydroxides will increase. The corresponding pH
will increase to about after hour and to about 8.5 after 4 hours of CSS operation.

Assumptions taken in REFPAC code calculations:
In the initial phase of RCS blowdown pH of water is 5.5, and at the start of CSS operation it
increases to 75.
Later on pH increases ftirther to about after I hour and 8.5 after 4 hours of CSS operation.

3.2.2. Partitioning of iodine species between liquid and gaseous phases

3.2.2. 1. Data from NUREG 0772
The equilibrium concentration of a species in solution divided by that in the gas phase is the
species partition coefficient called in the case of iodine EC - Iodine Partition Coefficient.
IPC = mol iodine /litre solution) (mol iodine I litre vapor)

This coefficient has different values for different iodine species. Ionic iodine species I- and
I03- in liquid solution have essentially zero vapor pressure or infinite partition coefficient. On the
other hand, molecular species I2 and CH3I and possibly HOI have appreciable vapor pressures
and account for most vapor phase iodine.

The total partition coefficient when more than one species coexist will be the ratio of the sum
of the liquid phase concentrations to the gas phase concentrations i.e.:

IPC = -[11 liq.id 1Y[11 v.p., = ={ff-h + 103-1. [H011. [12J.+[CH311aJ/JJH0IJ, [121, [CH311,1

Most liquid systems in reactor accidents will be in contact with a gaseous volume that
contains low levels of methyl. iodide. That methyl iodide will approach a steady state level as the
generation and loss rates equalize. Therefore, the effect of the gaseous methyl iodide
concentration on the total partition coefficient will be the direct addition of that concentration to
the corresponding gas phase concentrations Of 12 and HOI.

The partition coefficient calculated in NUREG 0772 was obtained assuming that the initial
source of iodine is elemental iodine 12 dissolved in water and reacted with water to produce the
equilibrium concentrations of iodine species. It is obvious that solutions where the only iodine
species is iodide I- will have essentially infinite partition coefficient.

In calculations made in NUREG 0772 the partition coefficient for HOI was assumed to be
only 2 times that for 12 (the real coefficient for HOI could be > 10 times that for 12). These data
indicate that a liquid iodine solution at 25'C with pH of 7 and total iodine of 10-6 M would be at
equilibrium with gaseous iodine concentration of 112 M. At 100 the gaseous iodine
concentration corresponding to the above solution would be only 2 10-12, i.e. increasing
temperature does not greatly increase the total iodine partition coefficient. This is because
greater fractions of the total iodine at O'C exist as the nonvolatile ionic species.

The fraction of total iodine that exists as 12 when an elemental iodine I2 source reacts with
water is shown in Fig. 3, taken from NUREG 0722.

In the left hand drawing, Fig. 3 (a), the fraction of iodine present in water as 12 is shown for
the case when the reaction producing iodate is taken into account. Since iodate 103- is practically
involatile, the fraction of iodine present as I2 is very low, e.g. for pH 7 and the iodine
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concentration of interest to LB LOCA in WVY'ER 440/230 (1.1 10-7 M it will be about 4 10-6.

The partition coefficient for 12 is about 8, so if only I2 were volatile, the IPC for iodine would be
above 106. Since in reality there is also organic iodine, the IPC is lower. The experience of TMI
accident shows that te concentration of niethyl iodide was IO-' M above a liquid system of 10-6

M iodine at 25'C. For this situation the value of EPC would be 105.
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Partition coefficients were also calculated for a hypothetical static iodine solution where only
the reaction fonning iodate is not considered. These hypothetical values are shown in Fig. 31 (b)
[NUREG 0772] and should be considered the highest possible iodine partition coefficients for
liquid iodine systems.

IPC depends on pH, temperature and iodine concentration. For high temperatures (above
1000C) and diluted solutions (10-4 to -5 Ml/litre) even at pH<7 iodine is fully bonded, degree
of hydrolysis is about unity, and iodine transforms into vapor as HIO. And so at
P=1.2 k g/CM2, iodine concentration 10-4 mol/litre, pH = 78, the IPC between water and gas is
W.

Strong radiation field increases iodine volatility. The presence of chemical additives to water
leads to hydrolysis and iodine bonding and prevents its release to vapor. Thereby iodine in the
break flow will be in bonded form, and will be released to the atmosphere of the containinent as
aerosol, formed by droplets of liquid iodine and other materials present in the RCS water.

3.2.2.2. Results of recent studies
Influence of irradiation on iodine volatility was studied by [Taghipour 02]. He showed that
iodine volatility increases significantly with irradiation due to the oxidation of non-volatile
I- to volatile elemental iodine 12 and iodine atoms I* by the primary water radiolysis product,
*OH

l- OH* = * + OH-
and

1* + = 7

Iodine solutions (as CsI) ranging from 10-6 to 10-4 M were examined. Iodine volatilization is
strongly dependent on the initial iodine concentration. For instance at pH the volatilization rate
increased ten times when the iodine concentration was raised from 10- to 10-5 M.

The results were as expected since iodine volatility depends greatly on the oxidation of
nonvolatile F by OH* to volatile forms. At low I- concentrations competition between F and
other molecules and radicals for OH* inhibits the production Of I2. For example, H202 Can
compete withrfor OH*. Therefore, for higher F concentrations, the opportunity for this reaction
with OH* is greater, thereby producing more volatile I2 [Taghipour, 02].

The trend of increasing volatility with decreasing pH was also shown in [Taghi 9our 02] As
an example, for a 10-5M I- solution, the volatilization rate decreased from 12 10-1 mol/min at
pH to 10-12 mol/min at pH 9 For the 10-6M iodine solution, which is most interesting for
WWER 440/230 accident conditions, [Taghipour 021 showed that the increase of pH from 6 to 9
resulted in the reduction of volatilization rate by a factor of 20. For pH 9 the reduction of CsI
concentration from I 0 -4 to 10-6 M resulted in reduction of iodine volatilization rate by more
than a 100.

The effect of pH on iodine volatility can be largely attributed to the pH dependency of the
reduction Of 12 by H202 and the hydrolysis Of 2

12 + H202 = 2I- + 2H + 02
12 H20 = HOI + I- + H+

Thus, after an accident pH should be kept high to reduce iodine volatility [Taghipour, 02].

The study of [Evans 96] showed strong relationship of IPC to pH at high CsI concentrations,
which can be expected after major releases corresponding to total core melt. As seen in Fig. 32,
at CsI solution concentration of 1E-5M the increase of pH from to 7 corresponds to an increase
in IPC by two orders of magnitude. It should be also observed, that experimentally measured
values of JPC are much higher than the values determined in US standard [ANSI/ANS 56.5],
which is in force for any concentration of CsI.
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Fig. 3.2. IPC defined in US standards and experimentally measured for high Csl concentration.

At lower Csl concentrations the dependence of IPC on pH is less pronounced, as seen in Fig.
3.3, but all experimental data are much higher than the values prescribed by the US standard.

The [Evans 96] study was aimed not only at measuring the effects of pH, but also of iodine
concentration under irradiation conditions. His results indicate that the effect of total liquid
iodine concentration on the IPC for solutions irradiated for 18 hours at 0.25 kGy/h is as shown in
the Table 3.2.
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Fig. 3.3. IPC defined in US standards and experimentally measured for low Csl concentration.
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Table 32. IPC for solutions irradiated for I hours at 025 kGy/h [Evans 96].

CSI pH pH 7 pH 9
concentration acidic neutral basic Comment
(M) conditions conditions conditions

10+4 -T
lo-,, 5 7 10 1.2 10+' Strong dependence on pH
lo-, 5 10+ 8 10+' 1.7 15'- Strong dependence on pH
10-6 2 10+4 �O � 4-1--OT' Above 10" a strong decrease in IPC for

increasing concentration of CsI seen for
acidic conditions

lo-, 1.5 10 +2 i lo+, 2 10+/ Measured values can be 34 times lower

'-I-, 075- - 107, for pH 7 and pH 9
10-4 i 10+2 Measured values can be 23 times lower

for pH 7

The partition of the volatile species can be treated separately for each species by two
different temperature correlations [Herranz, Polo, 94]:

1PQ12 = 231.385 exp[0.000165017*(T-571.243) * (T-273.15)]
IPC(CH31)= exp -6.97 + 2641.0/T)

with temperature in K. This would give for T= 100 C or 373.15 K the values of
IPC(12)= 231.385*0.038 = .8
IPC(CH31)= exp(O. 1 = 1.1 I

For pH 5.5, T 20 to 80 T, radiation dose rate 36 Gy/h, IPC = 10+6 , and predominant
gaseous species is elemental iodine.

The initial value of total IPC for iodine under accident conditions according to IODE code is
4 10 +8, and after 21 days it falls down to 6 0+5 . This reveals a low volatility of the system
[Herranz, Polo, 94].

In Russian studies for I 0 mm break in WVAVR 440 [Luzanova 97] the value of IPC at
P = 12 k g/CM2, iodine concentration 10-4mol/litre, pH =7, was assumed as IPC >1 14.
According to Luzanova statement, " Volumetric IPC (Henry coefficient) for iodine depends on
temperature. In water solutions, iodine is present as I2 and products of its chemical reactions
with water (hydrolysis). The degree of hydrolysis increases with increasing temperature and pH
of the solution and with decrease of iodine concentration in the solution. At high temperatures
(above 100 Q and low concentrations (I 10-4 _ 10-3 mollliter) even at pH <7 iodine is fully
bonded" [Luzanova 97].

The increased solubility of iodine in solutions is mainly due to chemical reactions of 12with
chemical additives. As soon as I2 has undergone reaction it can no longer exert a partial pressure
so the major effect of liquids, which chemically react with iodine, is to change the partition very
much in favour of the liquid phase and also to increase the mass transfer rate. Thus, partition at
any pH is a function of the pH. The amount Of 12hydrolyzed at a particular pH is a constant
fraction of its concentration in the liquid phase.

Assumptions taken in REFPAC code calculations:
In the code REFPAC the initial iodine partition coefficient IPC for borated water flowing into
confinement is taken as IPCI=500, the same for all Models. The partition coefficient for CSS
and sump water in the recirculation phase is IPC = 0000 for Models and 3 and for
conservative Model 2 the value of IPC2 is set equal to 5000.
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3.2.3. Elemental iodine production in the sump

Numerous studies have indicated that the formation Of I2 in water solutions is strongly dependent
on pH and only weakly on temperature [Kress 93]. Consequently, the equilibrium fraction F(I2)
defined as

FQ2)= R21 / W21 [1-1)
was expressed approximately as a finiction of only te pH. The data for 12 concentration
dependent on the pH for several initial concentrations in solutions that had been irradiated for I h
at 45 Mrad/h was best fit (via least squares) to provide the analytical correlation finiction

F(12) = [1+ exp(l.72pH - 608)1-'

The results obtained using this formula are shown in Table 33 and in Fig. 34.

Table 33. Radiolytic conversion of Ito 12 ace. to formula ftom [Kress 93].

PH I 2 3 4 1 5 6 7 8 9
F(12) 0.987 1 0933 1 0715 1 0310 1 0075 1 00142 000257 1 0000462 1 0000083

1 -4 .. ....... .. ............ .... .... ........ ... ................ .. .... ..... ... ---- ----I

0.1

0.01

0

0.001

LL 0.0001 --- Radlol�c conve�ion of I- Intl. 12 [Kres. 93]

0.00001 -
1 2 3 4 5 6 7 8 9

pH of the soluttion

Fig. 34. Radiolytic conversion of I- to 12 according to formula of [Kress 931.

To estimate the potential for the I2 to become airborne in the containinent the equilibrium
partitioning of I2 between the liquid and the gas space was expressed as

10910 IPC(12 = 629 - 00149 T
which for T = 3 3 3 K yields H(12 = 21.3

If the pH is controlled at a level of -7 and not allowed to decrease through natural processes,
then revolatilization is not significant. Table 34 (Table V from [Kress 93]) shows the results for
the seven sequences in which the pH of the containinent water was held arbitrarily at 7.

Table 34. Distribution of Iodine Species for pH held at 7 (Table V from [Kress 931)*.

Plant Fraction of total iodine assuming an quilibrium time 1 h %)
Type of I2(gas) 12 (liquid) 1-(liquid) CH3I (gas)
accident"

Grand Gulf TCy 0.05 0.03 99.92 0.001
TQUVy 0.01 0.03 99.96 0.0003

Peach Bottom AEy 0.002 0.03 99.97 0.0001
TC2y 0.002 0.03 99.95 0.0004

Sequoyah TBA 0.21 0.03 99.75 0.004
Surry TMLB'y 1.9 0.03 98.0 0.03

A.By 2.4 0.03 97.5 00 3-
Assuming an equilibration time of At = 1 h.
* Accident symbols according to the classification in Reactor Safety Study [WASH 1400], .

A-Intermediate to large LOCA, B-Failure of electric power to ESF, B-Failure to recover either onsite or offsite
electric power within about I to 3 hoursfollowing an initiating transient which is a loss of offsite A Cpower C-
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Failure of CSS, E-break in recirculation line, L-Failure of the secondary system SG R V and AFWS, M-Failure of the
secondary system SG R V and the power conversion system, Q-Failure ofPRZ S V, R V to reclose after opening, T-
Transient event, V-LPIS check valvejailure, y- Containmentfailure due to overpressurization due to hydrogen
combustion.

Radiolytic oxidation of iodide in the sump leads to elemental iodine production. A study of
[Dickinson 96] showed that for an irradiated iodide solution under representative conditions, if 2

is completely removed, the time required to re-establish equilibrium is in the order of a few
minutes. Therefore [Petit 99] concluded that for practical application it is adequate to assume
that the equilibrium is reached instantaneously, because typical times for mass transfer are much
longer than that required to reach equilibrium.

A correlation to estimate the steady state concentrations of elemental iodine was established
by [Petit 99] and verified to give results consistent with experimental results. It is the following

[121 = 104 ([1110-5 exp(3.46 - 45 104 T2) exp [0.016(pH 3 - 46')]
with T being the temperature in C. This correlation is considered to be valid for iodide
concentrations between 10-3 and 10-6 mol/litre and for pH value between 3 and 6.

To be within the bound of validity of this formula, let us assume that the whole gap activity
has been released (end of phase 3 and dissolved in the RCS water. The iodine concentration in

the sump water would then be equal to 105 10-11,05 10-7 M
[I = . 11.7 = 65 6.5

and the concentration of elemental iodine would be
[I' = *.8 10-3 0.35*0.15 4.2 10-'M

The ratio of elemental iodine to iodide would be then
[i2y[r = 42 10-9/6.5 10-7 = 00065

The formula shows that the ratio of elemental to iodide decreases with increasing
temperature, with increasing pH and with increasing iodide concentration. Therefore the
conditions in the confinement should be considered separately for each stage of the accident.

Applying [Petit 99] formula to KNPP conditions after LB LOCA, and assuming
I = 10-6 M we get the values shown in Table 35.

Table 35. Fraction of elemental iodine in the sump water of KNPP 34 after LB LOCA.

T C/pH 3 4 5 6 7 8
60 0.39 0.0945 0.012 0.00081
80 0.548 0.302 0.114 0.0267 0.00356 0.00023

100 0.108 0.06 0.022 0.0053 0.0007 0.000046

The values Of 12/1 for T = 60 C and low pH are above 1, so evidently they are out of the
range of validity of the formula. However, if we compare the data for 80 C with the formula
discussed above from the work of [Kress 93] the agreement is reasonably good as seen in
Fig. 35 below.

According to [Petit 99] formula, both the decrease of temperature and of pH results in an
increase of the fraction Of 12 in the sump. For alkaline solution with pH above 7 and T > 60C the
fraction Of I2 will be small. As the CSS water is initially kept at about 60 T and the sump water
is initially the condensed RCS inventory at 100 C, we shall assume in the code that the average
temperature of the sump solution is 80T. As the [Petit 99] formula can be used only within
narrow range of iodine concentration and pH, we shall use more general [Kress 93] formula.

Fraction of I- converted into 12 for pH about 9 is 10-4 according to [Kress 93]. The rate of
production of organic iodine in sump water depends on pH, radiation intensity and 
concentration. According to Postma and Zawadowski formula, the fraction Of 12 converted to
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organic iodide is 3.8 1CP\ Thus in the formulae for organic iodide there will be contribution from
revolatilization from the sump and from the walls of 1% of h converted to CH3I.
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Fig. 3.5. Radiolytic conversion of I" to I2 in the sump according to different formulae.

Assumptions taken in REFPAC code calculations:
The amount of I2 released to the gas phase is proportional to the amount of I2 dissolved in the
water. Also the production of organic iodide is proportional to the amount of I2 in the water.
In the code calculations it is assumed that the fraction of iodides converted into h in the sump
and CSS water is 10~3.
Since Fig. 3.5 shows the values about 10"4, this assumption is conservative.

3.3. Fission product removal without sprays

Different removal mechanisms take place in the containment after the accident: plate-out,
condensation on the cold walls, transfer at air/water interfaces and spray actions. The
radioactivity inside the containment will also decrease by radioactive decay and by the leakage
from the containment. If a spray exists, it is considered as the main factor of abatement.
However, before discussing the effects of spray system operation, let us review the main
processes in a confinement without sprays. This situation - fission product removal without
sprays - is the initial stage of every accident, before the spray system is actuated. In large dry
containments with constant leakage rates this phase could be considered as of little importance,
but in the case of WWER 440/230 units with very high initial leakages it is important to be able
to determine fission product behaviour before the sprays start their operation. The removal
processes depend mainly on the form of the iodine, with very little removal for organic iodine
[EUR 14179].

3.3.1. Aerosol removal from gas phase

In saturated steam conditions in the containment a droplet fog is quickly formed. Both Csl and
CsOH dry particles are very hygroscopic and become liquid droplets in steam atmosphere.
Calculations show that for initial dry particle size ranging between 0.1 and
1.2 urn the droplet size varies from 1 to 20 um [Lucas 83].
The behaviour of non-gaseous fission products depends on natural circulation processes within
the containment, characterized by Grasshof number value
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where g - ravity acceleration, M/S2 h - containment height, m, AT- temperature difference

between the wall and the bulk mass of gas, K, gg - gas viscosity, kg/m/s, P thermal expansion

factor, I K, p gas density, kg/M3.

Estimates show that for compartments of the height more than a few meters the Grasshof
number is above IO' 0, while for Gr = 109 the movements of gas have a turbulent character, which
means that the gas medium is intensively mixed and the concentration of fission gases is
uniform. Therefore, a turbulent movement of gas is assumed for WWER 440/230 confinement.

According to WASH 1400 the rate of natural deposition of aerosols 11da should be calculated
from the formula

11da = Udepa SN s-1
where
71d - the fraction of aerosol deposited per unit of time, s-1
Udepa -. deposition velocity for aerosols, equal 1 0 -4 m/s
S - the floor area m2

V - containment volume, m 3 [WASH 1400 App VI, p. 32].

The same formula is assumed in Russian calculations, but the area is understood as the
total area of inner surfaces in the containment, including not only the floor but also the walls and
equipment surfaces [Pavlenko, Antonov 79], [VNIIAES]. Deposition velocity for aerosols is
assumed as Udp,, = 104 m/s in [Luzanova 97]. The same value is used in [Pavlenko, Antonov
79] and in [VNIIAES]. This value will be taken in the code REFPAC as the reference value for
calculations made in the basic variant called Model I case.

This estimate can be compared with EUR guidance. According to [EUR 15721] immediately
after blow down under LOCA conditions the aerosols grow due to steam condensation on
particles. In parallel, gravity settling and diffasiophoresis should be taken into account.

In the case with spray off, the mass median radius of aerosol increases from the initial value
of 0.5 gm to a maximum value of 7 and 9 m for CsI and CS2CO3 aerosols respectively. The
removal mechanisms are more efficient if condensational growth phenomenon is considered.
The condensational growth leads in the case of spray off to a reduction of the mass of an
airborne fission product aerosol by approximately a factor 2 after h. However, in the initial
period the rate of aerosol removal is much higher. In the case of PVY'R containment, it was about
4.3 /hr or 12 10-3/S [EUR 19841, Fig. 93] for at least the first 6 minutes. Then the aerosol
removal rate goes down and at I hour is about /h and after IO hours about 0.4/h.

If the WWER confinement parameters are taken into account, the same removal rates can be
calculated using aerosol deposition velocity of 134 10-3 M/s for the first 6 minutes, 31 10 -4 M/s

in the period from 6 minutes to 10 hours and 12 10-4 m/s afterwards. These values are assumed
in Model 3 but for conservatism the reductions in the deposition rates are assumed to occur
earlier, namely after 240 seconds (end of phase 3 and after 4 hours (end of phase 4. We see that
even in the late period the value of deposition rate found according to EUR approach is higher
than the value used in Russian calculations and adopted in Model I in REFPAC code.

As to the assumption taken in WASH 1400 limiting the deposition area to the containment
floor, it is no longer taken in EUR methodology. After about 120 seconds, the condensation rate
on the walls is close to 0, so the rate of deposition on the walls is strongly diminished. However,
the walls remain wet due to the action of the Confinement Spray System, which is actuated in
phase 3 This results in intensive spraying of the whole confinement volume including the walls,
so that aerosols getting in touch with the walls are deposited on the thin layer of water there.
Thus, the deposition of aerosols on all inner surfaces cannot be neglected.
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Therefore; in the conservative approach in the REFPAC code Model 2 the deposition on the
walls will be credited. The initial values - till the end of blowdov'rn - will be taken as in Russian
calculations, then at the beginning of phase 3 the deposition rate will be arbitrarily reduced to
50% of its initial value. This is very conservative, because the Russian coefficient was already
conservatively chosen taking into account the geometry of W`WER, and the coefficients used in
ELTR documents are higher than the Russian value even for a long time after the accident.

The results of experiments in Radioiodine Test Facility, which were taken as the
experimental basis for the International Standard Problem No 41 " Computer Code Comparison
Exercise on lodine Behaviour under Severe Accident Conditions" showed that the threshold of
wall saturation with iodine was not reached at iodine surface concentration up to 1 1 V mol/m'
[Ball 99]. The table of [Wren 2000] shows that the saturation threshold in case of epoxy resin
paint corresponds to 006 Mol/M2 . As in WWER 440 the iodine concentrations on the walls will
be much lower, no threshold is assumed to exist.

Assumptions taken in REFPAC code calculations:
In Model the deposition velocity for aerosols is taken as 10-4 M/S.

In Model 2 the deposition velocity is 10-4 M/S till 1 minute, then reduced to 25 10-4 MIS.

In Model 3 the values obtained through conservative evaluation of data from EUR 19841 are
taken, namely 134 10-3 m/s for the first 4 minutes, 31 10-4 m/s till 4 hours and 12 10-4 M/S

afterwards.

In all approaches (Models 1 2 and 3 it is assumed that after reducing aerosol concentration
in the confinement by a factor of 1 0000 the deposition rate is reduced to zero. This assumption is
based on the guidance of US NRC as to the effectiveness of sprays for aerosol removal described
in Chapter 65.2 of SRP [NUREG 0800] and is therefore introduced into all Models to provide
consistent approach to both processes.

3.3.2. Elemental iodine removalfrom gas phase without spray

Elemental iodine in the phase without sprays is removed from confinement atmosphere to the
liquid in the confinement sump by interfacial mass transport and to the walls and equipment in
the confinement by surface adsorption.

3.3.2. 1. Mass transport to confinement sump
The mass transport across the gas-liquid interface is modeled in most contemporary codes using
the model for diffusion through a stagnant film:

dCL /dt KT *SL/VL (IPC*Cg - CL)
dCg /dt KT *SLIVg (CL - IPC*Cg)

where CL and Cg are the liquid and gas phase concentration of a given species mol/clm'), KT is

the total (or interfacial) mass transfer coefficient dm/s (i.e. XT = /K + IPC/Kg), SL is the
gas/liquid phase interfacial area din), VL and V. are the liquid and gas volumes (dm. 3) and IPC
is the iodine partition coefficient, the ratio of the liquid to gas phase concentration of the species
at equilibrium (unitless).
Writing the value of

KT = 1/(l/KL +IPC/Kg) = I/IPC *l/(I/KL*IPC + 1/Kg)),
for the case when KL > Kg and IPC >>I we get

KT = I/IPC * Kg = Kg JPC
And then the formula for dCL and dC. will be

dCL /dt Kg *SLNL (C9 - CL JPQ
dC9 /dt I<Z *SLNg (CL /IPC- Co
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Assumptions taken in REFPAC code calculations:
The formulae above are included in the REFPAC code.
The value of Kg is assumed equal to interfacial mass transfer coefficient for elemental iodine
discussed in section 33.2.3.

3.3.2.2. Surface adsorption of elemental iodin 12

Surface adsorption is treated as a reversible adsorption-desorption process. For example, in
LIRIC code, which was one of leading Western codes validated in ISP 41 exercise [Ball 99] the
formulation for adsorption/desorption on gas phase surfaces is:

d[12]g /dt = - UD�p.. *S gs/Vg * [121g * NR21.4171so + 1D.s*Sg.Ng*[121,

where [I2]. and J21, are the elemental iodine concentrations in the gas phase mol/CIM3 ) and on
the surface (mol/dM2 ) respectively, UDep,,-, is the deposition velocity of elemental iodine from gas
phase dm/s) , IDe, is the desorption rate constant (s-1), Sg, and Vg are the gas phase surface area
(Chn2 ) and volume (dM3 ), respectively, and 12],' is the saturation capacity of the surface for 12

(mol/din).

Literature data show that the value of saturation capacity of the surface for I2 is much higher

than the values expected in the case of LB LOCA in WWERs [Ball 99] [WREN 2000] In

particular for epoxy resin the amount adsorbed at saturation is for I2 equal to 082 mg/CM2 , and

for CH31 it i 0025 mg/cm 2 [Wren 2000]. The concentrations expected in KNPP 34

confinement walls after LB LOCA are several orders of magnitude lower, so for the case of

KNPP 34 calculations the formula above will be simplified to the following form:

d[12]g /dt = - UDp,,,, *S 9SIV * [121g + 7lD.*Sgs/Vg*[12h

Assumptions taken in REFPAC code calculations:

The formula above is included in REFPAC code.

The values of coefficients are dicussed in section 33.2.3.

3.3.2.3. Constants used in the formulae

The US NRC guide [NUREG 0800, section 65.2] recommends the formula for removal of

elementary iodine by deposition on the walls in the for of

11w'M � Udpm *SN,

where i,,m is the first order removal coefficient by wall deposition, is the wetted surface area,

V is the containment building free volume and Udp,,,, is a mass transfer coefficient. According to

[NUREG 0800, section 65.2] "all available experimental data are conservatively enveloped if

Udp,. is taken to be 49 meters per hour" Thus the mass transfer coefficient U&p,. for

containment building walls - which are usually painted - can be assumed equal t Udep,", (P)

4.9 m/h = 1. 3 6 1 0' m/s.

The coefficient of elemental iodine deposition on stainless steel walls was determined in the

course of the International Standard Problem ISP 41 organized in Canada in 1999. As the

participants initially used various coefficients, it turned out after the initial round of calculations

that it was necessary to provide the same coefficient values to all the participants so that their

results could be comparable. Based on experimental results, the value of iodine deposition

velocity from gas volume on stainless steel walls was established to be equal t Udp,. (SS)

9 0-4 m/s and recommended to be used in all codes tested [Ball 99].

It should be mentioned here that in Russian calculations for WWER 440 units [VNIIAES]

a much lower value for elemental deposition on walls was taken, namely 10 -4 M/s. This

significantly reduces iodine deposition on the walls. Although such an approach is conservative,

it is not taken in any of the models in the code, because the Western practice and experimental

data from ISP 41 show that such a low value would lead to misleading results.
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However, the value of 10-4 m/s will be taken in an additional calculation aimed to
simulate the Russian approach, together with other values used in Russian calculations as known
from [VNIIAES]. While not endorsing Russian methodology used in that study, which was
overly simplified, additional calculation will be focused on demonstrating the effects of various
Russian assumptions on the final results of the calculations.

The other constants used in the ISP 41 were:
• Interfacial mass transfer rate coefficient: UINTn = 5 10-5 M/S for 2.

• Desorption rate of I2 from stainless steel to the gas volume: QD,, (SS-9 = 9 10-7 S-1.

[Ball 99].

An important finding of ISP 41 was that after 250 hours from the time of introducing CsI in
liquid solution into a stainless steel vessel, the fraction of iodine in the liquid was about 13% in
gas volume below 002% and the bulk of iodine - 87% - was deposited on stainless steel walls
around the gas volume.

In calculations of a Spanish PVVR where it was assumed that in the long term the dominating
species is gaseous organic iodide [Herrero 991, the values of coefficients were lower
for deposition from gas phase on stainless steel surface I 0-1 M/S
for deposition from gas phase on painted surface 7.1 10-4 M/S.

The values of interfacial mass transfer rates were assumed to be the same for I2 and for CH31 and
equal 1. 1 10-4 M/S [Herrero 99]

In another study for PWRs the deposition Velocity Of (I2) onto surfaces was assumed
5 10--5 m/s. [Herranz, Polo 94]

Recently the adsorption Velocity Of 12 in the gas phase was studied for various paints in

French PWRs. It was shown that the adsorption rate depends on the temperature of the carrying
gas and the preconditioning temperature of the paint. hi [Petit 97] the following relation is given
for elemental iodine:

UD.p,., (-P = 7.68 104 T 175 10- T., - 0084

With UDepM, (-P) the adsorption velocity in drn/s and T resp T,,,,,) the temperature (resp. the
maximum temperature) of the gas in C. This relation is valid in the 90-1300C temperature range
only.

For T = Ta = 1 00 T, the value Of UDp,,,,, (g-p)will be
UDep,., (-P = 7.68 10-2 1.75 10-1 0084 = 0014 dm/s = 14 10-3 MA

If we consider the gas temperature T = 90 C, while T .. a., = I I 0 T, then we get
UDep,., (-P = 177 10-3 M/S

Each of these values is much higher than what was assumed by Pavlenko, and higher than the
assumptions taken in ISP 41 or in 10DE code.

A full set of data on sorption rates from gas phase was determined by [Wren 20001 for

elemental iodine and organic iodide. The results are shown in Table 36.

Table 36. Summary of gas-phase adsorption data for reactive surfaces [Wren 2000].

Sorption Of 2 Sorption of CH31
Coating Udepos, m/s Amount Irreversibly Udepos, M/S Amount Irreversibly

adsorbed at Adsorbed, adsorbed at Adsorbed, 
saturation saturation
(Mg/ern) (Mg/cm)

Vinyl 5.9 10-5 0.048 78 8.2 10-5 0.0085 79
Acrylic 6.1 10-4 0.21 33 9.8 10-6 0.001 78
Epoxy 2.8 10-3 0.82 60 1.8 10-4 0.025 100
Phenolic 1.3 10-3 0.52 82 5.1 10-5 0.0077 97
Zinc primer 6.2 10-3 9.46 99 1.4 10-4 0.0014 8
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For 12 adsorption and desorption on the gas-phase surfaces the reversible physical model with
deposition velocity of 9 10-4 m/s and desorption rate of 9 10-7 S-1 was used in LIRIC code [Wren
2000].

It should be observed that the deposition coefficient for elemental iodine on epoxy coating is
twice higher than the value given in NUREG 0800.

Assumptions taken in REFPAC code alculations:
In REFPAC code the velocity of elemental iodine sorption from gas phase on painted surface is
taken equal to 136 10-3 and on stainless steel surface 9 10-4 m/s.
What concerns organic iodide, although the results of [Wren 2000] indicate that it is also
adsorbed on the walls, the code REFPAC conservatively assumes that this sorption is negligible.
These assumptions are conservative so they are the same in all three models in the code.
Interfacial masss transfer rate, important for the transfer of elemental iodine from the gas volume
to the containment sump, is assumed to be 10-5 m/s, as was established in ISP 41.

3.3.3. Iodine sorption from liquidphase

Iodine sorption from water is potentially of high importance in view of high activity that
eventually accumulates in the recirculating fluid in the CSS. However, the fraction of iodine that
exists in water in the form of elemental iodine is small. As seen in Fig. 35, at pH above 75 the
fraction Of I2 is below 10-3.

On the basis of experiments with elemental iodine adsorption on paints used in French NPP
[Petit 97] developed the following relation to determine the adsorption velocity Of I2 from the
liquid phase to a painted surface

UDep,., (L-p = 1 0 (0.0267T - 523)

where UD�pni, (L-p) is measured in dm/s and T - the liquid temperature in 'C.

For parameters of WVVTR 440/230 confinement, with T = 00 'C for the walls on which
steam is being condensed,

UD�p^ (L-p = 10 2.67 - 523) = 275 10-3 dm/s = 275 10-4 m/s.
and for the walls of CSS recirculation system, where the long term average temperature will be
around 60'C

UDep,., (L-p = 235 10-4 M/S.

This is the value for elemental iodine, so in calculations the ratio Of 12 t total iodine
concentration in the liquid (It) must be additionally introduced. The value of sorption coefficient
on painted surfaces from liquid phase for total iodine assumed in the code is

UDep,., (L-P = 235 10-4*10-3 = 23 C m/s

The rate of sorption Of 12 into stainless steel walls will be lower, as seen from the results for
sorption from the gas phase shown above in section 33.2.3 A Russian study assumed the overall
sorption coefficient of iodine in the water into steel equal to 3 10-' cm/s = 3 0-' m/s [Pavlenko,
Antonov 79]. Let us check the order of magnitude that would be obtained from an extrapolation
of [Petit 97] formula to stainless steel surfaces.

If the ratio of absorption rates on painted and stainless steel surfaces determined above for
gas volume insection 33.2.3 is kept for liquid volumes, and the fraction Of 12 to total iodine It is
taken as equal to 10-3, then the effective sorption rate in stainless steel walls for iodine as
a whole based on extrapolation of [Petit 97] formula will be

UIDp,., (L-SS = UNp^ (L-p) * [UDp(9-SS)/UDep(9- PA TAO *SCSS/VECCS=
2.35 10-4*(1/9)*10-3 SCSSIVECCS = 26 1 0-' m/s SCSS/VECCS
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This is similar to the value quoted by [Pavlenko Antonov 79]. The value of 3 10-8 m/s is
assumed for total iodine absorption on stainless steel surfaces in model of the REFPAC code.

According to the recent KVTU results, a surface reduction of I2 to I- takes place and there is
no netto elemental iodine deposition on stainless steel surfaces. Hence, deposition rate on
immersed steel surfaces is taken zero in I1\4PAIR 3 code. [IMPAIR-3, 02].

Assumptions taken in REFPAC code calculations: 10-7

The value of sorption coefficient from water on painted surface is taken as 23 m/s on the
basis of Petit formula and the ratio of elemental iodine to total iodine in the water.
The rate of iodine deposition on stainless steel surface is taken in Model I according to
[Pavlenko Antonov 798] as 3 10-8 M/S.

In Model 3 in which actual EUR practice is reflected as far as possible, the value of this rate
is taken equal to zero. Since the assumption of zero deposition on steel surfaces results in larger
iodine inventory in the CSS water, and consequently in larger iodine inventory in gas space and
larger releases, it is also included in Model 2.

3.4. Iodine removal by spray system

3.4. 1. Removal of aerosols by spray system

The efficiency of the spray system can be determined considering that the proportion of the
aerosol removed per second by water drops is

11spraya ` (2r Dw2/4) N UwE
where
Dw - mean diameter of water drops, cm
N - number of water drops /CM3 air
Uw - terminal velocity of water drops, cm/s
E - single drop dimensionless collection efficiency, called also efficiency of impaction

In the case of a spray, N is a function of the mass flow of liquid MF [gm/sec/m 2of floor area]
and the tenninal velocity of the water drops, which depends on the drop diameter.

N=6 104 MF/(Uw c D W)

and Tispraya is given by
71spray = 1.5 104 E NIF/Dw.

Then the effectiveness of spray system lispray,. in removing aerosols from confinement
volume can be calculated according to the formula

Tlspray = 3 FRcss E H 2 VCONF D,,
where
FRCs - spray flow rate provided by CSS, m 3/S

H - fall height of the spray drops, n
VCONF - confinement building net free volume, m 3

This formula was used in the US analyses [Hilliard 71] [WASH 1400], in UK calculations
[Grist 82] and in Russian calculations for WWERs [Pavlenko, Antonov 79], [Luzanova 97]
[VNIIAES] and is also proposed in US regulatory documents [NUREG 0800 section 65.2].
NUREG 800 points out that the removal of particulate material depends markedly upon the
relative sizes of the particles and the spray drops. It states "it is conservative to assume (EID. to
be IO per meter initially (i.e. I% efficiency for spray drops of one millimeter in diameter),
changing abruptly to one per meter after the aerosol mass has been depleted by a factor of 50
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(i.e., 98 of the suspended mass is ten times more readily removed than the remaining 2%)"
[NUREG 0800 section 65.2].

Spray flow rate, confinement height and volume are readily obtainable from VVWER 440/230
Technical Specifications. In the case of spray flow rate in Model I and 3 the rate corresponding
to operation of all CSS pumps will be assumed (0.5 in 3/S) , because the Single Failure Criterion is
applied in the analysis elsewhere, namely in thermal hydraulic analysis of Low Pressure
Injection System. However, in Model 2 (conservative) it will be assumed that one of the CSS
trains is lost due to SFC, independently from the assumption of SFC in LPIS system.

The value of single drop collection efficiency E depends on aerosol size and other factors.
Russian authors proposed E = 001 - as a conservative approach [Luzanova 97].

An early analysis of the value of E was made by Hilliard on the basis of the results from
experiments in Containment Systems Experiment (CSE) [Hilliard 71]. He found that the
minimum single drop collection efficiency measured in CSE was E0.01. The theoretical curve
shown in discussion of the results suggests that E mii,,, = 62 10-3 . According to his statement
"No lower estimate can be made from the CSE washout data". Thus the assumption of
Luzanova E = .0 1 seems reasonable.

In WASH 1400 the value of E was determined as a ftinction of (FRcss*teNCONF) where t -
the time of falling of a spray droplet in the confininent. For WWER 440/230 this time is 35
seconds and the value of (FRcss*teNCONF = 0.5 in 3/S *3.5 s/14000 M = 1.25 10-'.

In Russian calculations the values of E were taken from Table 37 quoted after WASH 1400
p.VII 1 95 [Pavlenko, Antonov 791.

Table 37 Efficiency of aerosol removal due to sprays [WASH 1400].

FRcss %NCONF E
0-0.002 _15.825* FRcss *tt/VCONF + 0.055
0.002-0.0193 0.04125-(0.08626+42.68 (FRcss *teNCONF )**1.2/21.34
>0.0193 0.0015

So in WWER 440
E = 15.825* FRcss *t,/VCONF + 0.05 = 0053

As this value is much higher than that used by Luzanova and proposed by Hilliard as the
minimum, the value of E= 0. 0 1 will be taken in the REFPAC code. This is conservative.

Another value that is not evident is the average diameter of the droplets in the sprays. The
larger this size, the lower the aerosols removal rate is. The size of the droplets from CSS nozzles
in Y�TER 440/230 was assumed 0.001 m in [Bakalov 01, p.14]. Substitution of this diameter to
the calculations of [Luzanova 97] shows excellent agreement with the results of those
calculations. Therefore, this value will be used in Model I and 3 Following the statement in
NUREG 800, in the conservative approach of Model 2 the value of E/D will be assumed to be
I O/m in the intial phase, and then to change to 1 /n.

The requirement of US NRC guideline that the particulate iodine removal rate should be
reduced by a factor of 10 when a DF of 50 is reached is not applicable if the removal rate is
based on the calculated time dependent airborne aerosol mass. Therefore in Model 3 where the
spray removal rate is calculated relative to the aerosol concentration reduction, no such stepwise
reduction is introduced.

According to the methodology recommended by [EUR 19841] a strong dependence of the
aerosol collection effectiveness versus time during the first minutes following a LOCA should be
considered. This is the consequence of the changes of aerosol size distribution, with large size
particles being removed much more quickly than the small ones. The effectiveness of spray
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system as a function of aerosol radius is illustrated in Fig. 36 based on the analysis performed in
[EUR 15721].

Spray removal coefficient
in function of aerosol particle radius [EUR 1721]
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Attention: there is a change of X-axis scale
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Fig. 36. Spray removal coefficient in function of aerosol particle radius, [EUR 157211.

As the spray is more effective when the aerosol particles are large, the efficiency of the spray
system changes in time. Since higher radius aerosols are removed at the beginning of the
accident, the removal effectiveness is higher at this time. Another aspect to be considered is the
aerosol size growing by steam condensation, leading also to higher removal efficiency at the
beginning of the accident (higher radius aerosol grows quickly up to a size of 4 gm for which the
spray effectiveness increases strongly).

A simplified model was presented in order to estimate aerosol removal by spray without the
necessity of using detailed system codes such as CONTAIN. The model relates the removal
effectiveness to two variables, that affect aerosol capture by water droplets, namely Q - spray
water flux into the containment, cm-3/cm� sec, and H the total fall height of spray droplets, cm.

The simplified expressions given in [EUR 19841] for the spray decontamination coefficient
are

)L(h-' = uaf =0.9) [X(mf)/X(rnf = 09)]
and

In m1=101.9 = A + B*InQ +CH + DQ'H EQW FQ

)L(mf)/X(mj=0.9 = [a blogioQ] [I - mf/0.9)'] + [mW0.9)'

where
• X(mf =0.9) is taken to be indicative of the initial rate of decontamination when aerosol is first

exposed to the spray action,
• Mf is the mass fraction remaining in the containment atmosphere,
• and coefficients ABCDEF, a, b, and c are determined from experimental data.

According to EU documents [EUR 19841], the value for median values of parameters is
given by

Ink(mf=0.9 = 683707 + 1.0074lnQ 4.1731 10-3 Q2 H - 12478 Q - 24045 10 -5 H 9006 10-8 Q H 2
and

)L(mf)/X(mf =0.9)= (0.181 - 0.01153logoQ) [1 _MWO.9)0,5843, +(Mwo.9)0.5843

Inserting the values for IWER 440/230 would yield
Q = 10-2 CM3/CM2 
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H = 520 cm
Ink(mf = 09 = 375
2, (mf=0.9 = 42.65
X(mf = 42.65 0.1965 08545 8.36 36.36 (mf)"

The resulting changes of aerosol removal efficiency in WWER 440/230 are shown in Table
3.8 and Fig. 37.

Fig. Aerosol removal efficiencybyspraysystem in KNPP U4
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Fig. 37. Aerosol removal efficiency by spray system in VVVVER 440/230.

Table 38. Aerosol removal efficiency by spray system in NVWER 440/230.

nif I 07 10.5 10.3 10.1 0.01 0.001
X(mo If' 1 42.5 .1 37.9 1 32.6 1 26.4 1 17.8 10.8 9.00

So in the initial stage of the accident, during RCS blowdown, the removal rate due to spray
system in WWER 440/230 would be 42.5/h (or 0012 s-) and would decrease to about 9/h (or
2.5 10-3 s-) when the aerosol concentration decreases to 0 I% of the maximum value.

In the code in Model 3 it -will be assumed that the value of X(mf) is the peak value
corresponding to the maximum aerosol activity in the confinement and decreases according to
the formulae given above. The value of mf will be determined in the code as the ratio of the
actual activity of the aerosols at a given time step to the maximum activity of this aerosol. This
neglects natural decay of the radionuclides, which tends to decrease faster than the real rate of
aerosol mass reduction and is thus conservative.

The effectiveness of the spra-i system is lowered due to the fact, that free volume of the
confinement system is 14 000 m, but the spray system operates only in the Steam Generator
compartment of 10 468 m. According to [ELJR 19841] this can be taken into account by
dividing the aerosol removal rate by the expression

[1 + (1-VFRSPR)/VFRSPRI
where VFRsPR is the volumetric fraction of rooms sprayed by CSS.
This approach is realized in the code.

Assumptions taken in REFPAC code calculations:
The effectiveness of spray system is calculated in the Model I according to Hillard's formula,
recommended also by NUREG 0800 and used in Russian calculations.
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Tispray = 3 FRcss E H 2 VCONF D,
as discussed above.

The value of E =0.01 is taken, and the size of droplets D,= 0.001 in.
CSS flow rate is assumed to correspond to the flow through all 3 trains of the CSS.

In Model 2 the value of E/D is assumed to be 10/m, changing to 1/m after the aerosol mass
has been depleted by a factor of 50, as required in NUREG 0800.
CSS flow rate is assumed to correspond to 2 trains operating in parallel.

In Model 3 the effectiveness of the spray system is determined according to EUR 19841
formula, taking into account the time dependent airborne aerosol mass.

When the aerosol mass concentration in the WWER 440/230 confinement is reduced to 10-4

of the maximum concentration, the spray effectiveness in removing aerosols is assumed to be
reduced to zero in all three models.

The reduction of spray effectiveness due to unsprayed volume fraction is treated in all three
models in the same way as recommended in EUR 19841.

3.4.2. Removal of elemental iodine by spray system

The expression describing the removal of elemental iodine (except for organic compounds) by
spray has been used for a long time in the form developed by [Griffiths 63] and [Grist 82,
p. 16]:

,rlp,,,y, = FR*IPC*ll - exp[-6 Kg t /(Dw/(IPC+Kg/KL))Il N
where
FR - flow rate of spraying water in 3/h,

PC = l/C9 volume equilibrium iodine partition coefficient between liquid and gas phase,
Cg' el iodine concentrations in gaseous and liquid phases, correspondingly, mol/m3
Dw - diameter of water spray droplets, in,
Kg, K - mass transfer coefficients for gas and liquid phase, m/s
t, - time of flight of a droplet of water in the containment, s, that may be estimated by the ratio of
the average fall height to the terminal velocity of the mass-mean drop.

The forinulae to calculate values of mass transfer coefficients between liquid drops and the
air are given in [Grist 82]. The same formulae are presented in Russian reports [Pavlenko
Antonov 791, [VNILAES]. In the latter report the expression in brackets I is replaced by
a parameter E - the absorption efficiency, introduced and calculated by [Griffiths 63] and by
[Grist 82] for several combinations of spray system parameters.

E = 11 - exp[-6 Kg t /Dw/(IPC+Kg/KL))])

Using the tables provided by [Grist 82] and introducing the parameters of the spray system
corresponding to VIATR 440/230 conditions the value of E can be determined.
A similar approach is proposed in NUREG 0800, where the formula for spray removal
coefficient X, has the form

Ilspraym = 6 Kg *Ite *FPCSS/(VCONF *Dw)

The above expression represents a first order approximation if a well-mixed droplet model is
used for the spray efficiency. Since the values obtained in this way are quite high, NUREG 0800

observes that sprayni has to be limited to 20 per hour to prevent extrapolation beyond existing
data.

In French calculations the removal rate of elemental iodine with spray starts from

TIspraym = 20 h-1 and is gradually reduced in time. [10-N-T-TH-95-092]. Other calculation
methods listed in EUR 19841 involve initial removal rates of elemental iodine equal to 20 h-1
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(Sweden), 12 h-1 ( Italy), and 10 h7l (Belgium), and in Switzerland the rate of removal of
elemental iodine is such that its concentration falls down to 0.5% of the initial concentration
after 4 hours [EUR 19841, Table 91]. However, EUR recommendations based on recent
experiments suggest much lower rates. In particular, according to [EUR 19841] the values for
elemental iodine spray removal constant are proposed depending on pH conditions of the spray
water as follows:

llspraym� 02 h-1 for acidic spray droplet water,
11spraym = 27 h-1 in the case of alkaline spray droplet water.

These rates are to be maintained until an overall reduction of elemental iodine concentration
equal to decontamination factor DF is achieved. No ftu-ther reduction is to be assumed thereafter.
It is assumed that 10-4 of the activity of the sump water is persistently airborne in the form of fine
droplets [EUR 19841].

All EU nuclear companies participating in the preparation of EU guidance agreed with this

proposal [EUR 19841].

The SRP sets forth a maximum decontamination factor (DF) for elemental iodine based on

the maximum iodine activity in the primary containment atmosphere when the sprays actuate,
divided by the activity of iodine remaining at some time after decontamination [NUREG 08001.

The value of DF is calculated from the formula:

DF = 1 + VECCS*IPCIVCONIF-

where
VECCS is the total volume of liquid in containment sump and sump overflow, and

VCONF is the containment building free net volume. This method of determination of DF is used
in REFPAC code. As the values of IPC assumed for models and 3 are higher than in model 2,

the DF values will be also different.
Assumptions taken in REFPAC code calculations:
In REFPAC code the method proposed in EUR 19841 and agreed by all participants will be
used, namely assuming that spray removal rate of elemental iodine is at the beginning

Tlspraym = 75 10-4 s-1 and drops to zero when the the threshold value for the maximum
decontamination factor is reached.

3.4.3. Removal of organic iodine by spray system

Organic compounds of iodine are removed from the containment atmosphere at a much slower

rate than the elemental iodine.

According to British data, the rate of methyl iodide removal by spray with hydrazine addition
is 0. 1/hr for the first two hours and 0.05 /h thereafter [Grist 82, p. 39]

The value of Em depends on hydrodynamic behaviour of the droplet and reaction rate.

In French calculations, noble gases and organic iodine are assumed not to be retained nor
removed in containment atmosphere.

In the report of [Pavlenko, Antonov 79] the solubility of methyl iodide in water and in
chemical solutions is compared with that of elemental iodine. It is observed, that although the
solubility of methyl iodide increases nearly by an order of magnitude when chemical additives
are added to the water, still the effectiveness of removal of methyl iodide is about 100 times less

than that of iodine, as seen in Table 39

62



Table 39. Removal constants for various species of iodine and spray solutions, s-l (According to
[Pavlenko, Antonov 79].

Water 0.61/oNaOH I I/oNa2S203 11/oNa2S203 0 0 1 /N2H +
Conditions +0.3%B* +0.3%B +0.3%B + 0.04%NaOH

0.60/oNaOH
I2 -Air 30 C, 2.3 10-3 1.2 10-2 2.3 10-2
Solution 30 C
12 Air 14 5 'C solution I Y 1 �0- � 1.4 10-2 2.3 1(-2

30 C
CH31 -Air 30 C, - From 1.5 10-4 to -
Solution 3 C 6.6 104
CH3I Air 145 C 1. 1 1-5 2.1 10-4 1.9 10-4

solution 30 C
* Concentration of chemical additives given in weight

Thus, both U-K and Russian reports indicate that organic iodide can be removed by sprays.
Similarly, the results of [Wren 2000] shown above in Table 36 indicate that organic iodide is
absorbed by painted walls.

Assumptions taken in RFPAC code calculations:
For the sake of conservatism, the code REFPAC assumes consistently that organic iodide
behaves as a noble gas and is not removed from the confinement atmosphere by any processes
except leakage outside.

3.5. Iodine desorption and revolatilization

3.5. LRussian approach

According to [Pavlenko, Antonov 79], the value of iodine desorption coefficient depends on its
surface concentration. Experimental data showed that the iodine desorption coefficient is
inversely proportional to the surface concentration of iodine raised to 027 power.

Using experimental data Pavlenko and Antonov developed the formula to determine the
desorption coefficient value TID,, for iodine in function of local surface contamination, namely:

11D. = 5 1 0- / (IjO.27' S-1
2where I, - surface concentration of iodine, Ci/cm.

If the expected maximum concentrations of iodine on stainless steel surfaces equal
approximately 2 10-3 Ci/M2 are introduced into this f6mula, the coefficient

IlDe, = 27 10-8 s-1
For surfaces of lower contamination the desorption rate is higher.

3.5.2. Elemental iodine desorption - EUR approach

Recent experiments showed that the process of surface contamination with iodine is largely
irreversible. According to the data of [Wren 2000] shown in Table 36 the fraction of irreversibly
adsorbed elemental iodine I2 is from 33% to 99%, and of CH3I from 78 to 100%. In particular,
for epoxy resin the fraction of irreversibly absorbed elemental iodine is 60%, and of CH31 100%-

These results will be adopted in Model I and 3 of the code. In Model 2 of REFPAC code it is
conservatively assumed that all iodine absorbed on painted or stainless steel surfaces is available
for desorption.

The desorption rate constants recently used in PYrR calculations with IODE code are shown
in Table 3 1 0.
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For I2 desorption on the gas-phase surfaces the reversible physical model with desorption rate
of 9 10-7 s-1 was used in IRIC code [Wren 2000].

Table 3 10. Desorption rate constants used in calculations of a Spanish PWR with code IODE [Herrero
99].

Surface Gas Phase Liquid phase
Desorption constant Ss 10-6 S-1 10- I S-1

Desorption constant Painted 6 10-'s-' 2 10-" s-'

In International Standard Problem ISP No 41 [Ball 99] all participants were recommended to

use the assumption that surface adsorption is a reversible adsorption-desorption process with the

same rate of desorption to the gas volume -7 1

'qD,, (P-9) 9 0
This rate is much higher than the one obtained from Russian formula.

Assumptions taken in REFPAC code calculations:
Since high desorption rate increases releases to the envirom-nent, the value of

IlDes (P-9) = 9 10-7 S-1

is used in REFPAC in all three models.

The desorption constant for stainless steel surfaces IID,, (SS-9) is taken similarly as in code IODE
equal 10-7 S_1.

3.5.3. Desorption of iodine in theform of organic iodide

Surface reactions of iodine have been extensively studied. It was shown that up to 50% of the

resuspended iodine was in the form of organic iodide under high humidity and ambient

temperature conditions. [Hemphill, Pelletier, 78)].

According to a recent report on European Union research activities [Dickinson 991, organic

iodide production rate from painted surfaces can be described by a formula consisting of two

components Khe,,,, and Kad, describing thermal and radiation induced organic iodide production,

respectively. The influence of temperature and radiation dose rate on these components can be

expressed as follows:

1"theAhf' = 446 104 exp (-9434/T) I,-0'5

K,.d[hr-ll= 5.18 10-3 exp (-2365/T) %, 1,-""

where DR is dose rate in kGy/hr, T is the temperature in K and 1, is the concentration of iodine

absorbed onto the painted surface in MO,/M2.

In order to use this formula it is necessary to estimate the value of radiation dose rate in

WWER 440/230 confinement. This can be done in the first approximation by comparing the

results available for other PWRs. [Beahm 851 quotes two results, one for a containment

atmosphere immediately following an accident in which 100% of noble ases and 025 of iodine

are released from the core into a containment of volume equal 2 105 rn�. In that event the dose

rate was equal 16 Mrad/h. Another calculation of gamma doses yielded 499 Mrad/h after I hour

and 17 Mrad/h after I day at mid radius of a 628 10 4 In3 containment vessel. Another

calculation was done for the case of a severe accident, where the entire core inventory of cesium

and iodine entered the suppression pool 30 minutes after the accident. The resultant gamma dose

rate was 07 Mrad/h. [Beahm 85, p 16].

Those doses can be recalculated for the case of LB LOCA with the release of 02% of core

activity, which is of interest for WWER 440/230 LB LOCA analysis. Let us assume that the

releases will be 200 times lower. This is justified since the release of noble gases, which give the

dominating contribution to the dose rate soon after the accident, is in LB LOCA about 400 times
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lower than was assumed in US analyses. This assumption is conservative. If we assume that the
smaller size of confinement in WWER 440/230 than in US reactors will result in higher dose
rates, proportional to the reduction in containment volume, then the highest dose rate after the
accident in WWER 440/230 will not exceed 125 krad/h or 125 kGy/h.

For comparison, the data calculated for EDF PWR 900 MWe units are shown in Table 31 .

Table 31 1. Radiation dose rates calculated by EDF for containment zones in PWR 900 MWe after LB
LOCA.

Region Dose rate DR300 seconds after LOCA, Gy/h
Gamma Beta

Upper region (cupola) 400 .2000
Annular space 100 2000
Sump area, in water, 1000 200
at water surface 500 1000

We see that the highest dose rates calculated by EDF are about 12 kGy/h, including beta
radiation. The dose rates in WWER 440/230 will be lower than for 900 MWe units. Therefore
the estimate made above seems to provide the right order of magnitude of radiation dose rate at
the beginning of the accident.

The reduction of radiation intensity with time should be taken into account. It will be due not
only to natural decay, but also to the transfer of radioisotopes from the confinement to the
recirculation system and their leakage from the confinement to environment. The
decontamination factor of 10 000 is reached for iodine after about 2 hours, for Cs after 7 hours,
and for four of the analysed noble gases within the period from 10 (Xe 135) to 52 hours (Kr
85m). Only in the case of Xe 133 the activity falls down much more slowly. Clearly, the
radiation dose rate will fall quickly down.

In order to get an idea of the rate of organic iodine production at the beginning of the
accident (end of phase 3 let us make the calculations assuming that the dose rate in WWER
440/230 is I kGy/h and T = 25 T = 298 K, I, = I 0-' mol/m'.

The rates of organic iodine production due to thermal and radiation components of
Dickinson's model are.

Kthermlh-' = 446 104 exp -9434/T) 1,-O'- = 446 104 exp -9434/298) (IO-)-0.5 � 25 10-'[h-']
or 7 1 0-11 s- , so it is negligible.

Knd= 5.18 10-3exp -23651298) 1.0* 10-5)-0.57= 1.3 10-3 /h = 36 10-7 S-1

The Dickinson's formula is the latest one published. Let us compare it now with the formula
published earlier in the paper of [Funke 99]

d(CoRG)/dt = KtImm, F*I,*SN
where
CORG - organic iodide concentration in the gas phase, MO,/M3

KthrmF - rate constant for thermal formation of organic iodide in Funke's formula, s-1
I,- iodine deposition on paint, mol/m2
S - painted surface area, rn2
V - gaseous volume, M3

At temperature 25 T the fit to the data according to the Arrhenius model gives
kthrmF = 759 1 0 13 S-1

and for the case of WWER 440/230 we would get
d(CORG)/dt 7.59 10-13 S-1 * 10-5 mol/m2 9000/14000 = 488 10-11MOt/M3/S.
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The total amount of organic iodine released to the confinment volume would be
4.8 8 1 0- " 14 000 3 600 = 246 1 0- 1 0 moles/hour, or
2.46 1 0-1 0/0 I I = 223 0-9 o f gap activity p er hour. Over 1 0 hours this would yi eld
2.23 1 O- * IO = 22 10-8 of gap activity.

Thus, in any case the release due to thermal production would be very small.

Radiation induced production in tests with radiation (at 25 C) was described by Funke with
a similar equation

d(CORG)/dt = K,-adF* DR* VSN
where

CORG - organic iodide concentration in the gas phase, MOI/M3

KadF - rate constant for radiolytic formation of organic iodide in Funke's formula, s-1
L- iodine deposition on paint, MOI/M2

S - painted surface area, in 2
V - gaseous volume, in 3
DR - dose rate, kGy/h.

However, during the tests, organic iodides are also decomposed by radiation at nthe rate
K-de, and 12 is forined. The corresponding equation is

d(CORG)/dt Kd,* D,
Funke quotes the value of Kd, = 164 10-4 s-1(kGy/h)-1
After solving both equations, Funke proposed the set of formulae, which with coefficients valid
for 25 T would yield:

K,.d = 52 10-11 (1")-0.574

Kther.,F = 22 10-13 UJ -0.5

and for iodine deposition on paint the same as in Dickinson's formula (1 10-5 Mol/M 2

K ,,dF = 52 10-1 12.11 = 368 10-7 S-1 1.32 0 /h
K themF = 22 10-13 10 25 = 7 102 1 0_1' 7 IO-" s- = 25 10-7 h

So the results are very close to those obtained from the latest formula presented by
[Dickinson 99]. This confirms good agreement of both sets of formulae at least in one point.

In WWER 440/230 the iodine concentration will be different ftom the value of
I, = 15 Mol/ M2. In scoping calculations the highest concentration of 1131 on the wall surface
was 17 1011 B/M2. Since the amount of moles released from the gap is 0.11 moles which
corresponds to the activity of 1131 342 1015 Bq we can expect the iodine density at the wall to
be below 0 I moles 17 1 01' B/m� 3.4 10" Bq = 5.5 10-6 moles/m2.

We shall use the formula quoted by [Dickinson 99] as more exact one, since it provides
relationship not only with iodine concentration but also with surface temperature. Assuming
T= 333 K, D = .0 kGy/h and I, = 5.5 10-6 Mol/M2 we obtain

Kad = 5.18 10-3 *8.23 10-4*1. * 995 =4.2 10-3 h-1 or 12 10-6 S-1.

K,,,, = 446 104 *4.97 10-13 102 *25.8 = 572 1 O' h-1 = 16 10-8 S-1.

The rate of radiation term release of organic iodide is significant. If it were kept up for 30

days, the whole activity of iodine on the walls would be released. However, a rapid decrease of

radiation intensity reduces the rate of this process very much, 10 times within the first 10 hours

and I 0 times and more within 5 0 hours.

It has been decided to use conservatively the rate of organic iodine production equal to that

observed in TMI-2 reactor building. The rate of revolatilization. of organic iodine from the sump

water was determined based on TMI-2 data to be 0.01% of containment activity per day. This

estimate was based on observation that after venting when the concentration of organic iodine

decreased 50 times, it then returned to 0 16% of containt-nent iodine inventory after 20 days.

This means the rate of organic iodine production equal
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REVORG = I IO4 ay= 1. 1 10-9 s-1

Assumptions taken in RFPAC code calculations:
The rate REVoRG found above from the data for TMI-2 accident is introduced into the REFPAC
code as the default value for all three models. It is very conservative, because the intensity of
radiation dose after release of gap activity in WWER 440/230 must be much lower than the
radiation dose rate was in TNff-2.

3.5.4. Iodine revolatilization ftom water pools

According to US NRC requirements, analyses should consider iodine re-evolution from
suppression pools if the suppression pool liquid pH is not maintained greater than 7 RG 1 183].

This statement is important in view of the fact, that the water pools in Jet Vortex Condenser
in KNPP 34 or in Emergency Storage Water Tank in Bohunice VI WVTER 440 units are kept

at pH above 8, so the revolatilization from the pools can be neglected.

Assumptions taken in REFPAC code calculations:

In the REFPAC code it is assumed that the revolatilization coefficient for water pools with pH

above is equal to zero.

Spray aer. Spray mol.

Spray org.

REVORG REVSLIM

Dep.aer. Dep.mol

"�o a, n t
M_,� P

01

CSS flow out

file: Sumpba.ds4

Fig. 38. Balance of iodine flows into the sump and from the sump taking into account all significant
processes: Deposition of molecular ad aerosol iodine. rmoval of aerosol, molecular ad orgpilc odine
by sprays, revolatilization of iodine i olecular ad org-anic orm, sorption on painted surfaces ad

desorption Euations decribing these processes are presented below in sectio 36.0

3.6. General equations describing iodine behaviour in WWER 440/230 confinement

3.6 1. Generalform of equations

The equations describing the processes of iodine release and removal are as follows:

For elemental-iodine-
Idecay +�4eaks VC l ,,f + vD) *Am,,

dA./dt (71dep-wAni A al, X

11spraym *V,:..e (Cc.f - Ccss/IPC2 - jdepfl.". V,..e(Cc..f - C.p/IPC2) + l,�.,,p_

wal]*Aw.n. + Sm.,

where

Tldp,.H, m - (for deposition from gas phase on painted surfaces of confinement walls)
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fldep-lloorm - (for deposition from gas phase on confinement floor covered with sump water)
11spraym - (only in stage 3 and later)
4D - leakage through ventilation ducts (in phase I of the accident)
IPC - (only in stage 3 ad later)
Ildesorp-wall - (from painted surface to gas phase)
S. - source term for elemental iodine released from the RCS and fel, in phases I and 2
determined by spike activity being released together with RCS coolant, in phase 3 by fuel
failures. In determining S.,,, it is assumed that the iodine fraction going into confinement gas

volume corresponds to the fraction of RCS coolant that flash evaporates on leaving the RCS It
is equal to the difference of enthalpies of RCS water and water in the confinement sump divided
by evaporation enthalpy i, It is finther assumed as the first approximation that the pressure
inside the confinement can be taken as 0.1 MPa for the need of deten-nination of water enthalpy
and evaporation enthalpy.

E) = ORCS - iOO.C)/ie-,

The fractions of elemental, aerosol and organic iodine are taken according to RG 1183 as
described above.

This equation considers difference of iodine concentrations in liquid and gas phase, and takes
into account the difference of iodine concentrations in CSS spray water and in sump water.

For aerosol iodine:
dA,,,/dt = - 11&p-walla + 71dep-floora kdecay 9 spraya Aleaks VC A leaks conf AVD) *Aaer + Saer
with the symbols similar to those used for elemental iodine. The difference between the
equations for elemental and aersosol forms of iodine consists in the omission of relationship to
the iodine concentration in the spray water and in the sump, as it is assumed that any aerosol
particle getting in contact with the liquid will be removed from the gas phase. There is also no
revolatilization, because all revolatilization is assumed to occur in the form of elemental or
organic iodine. This results in reduction of aerosol iodine to a level lower than that of elemental
iodine concentration in the gas phase.

For organic iodine:
dA.,,g/dt = -(7jspr.y,.,g + Xdecay+AIeaks conf AJVC + XVD)*Arg +S.rg (As..p+ Awall) *tJREVORG
where the symbols have meaning similar to that in previous two equations. Revolatilization from

the sump water and the walls is taken into account by revolatilization coefficient'rlREvORG chosen
as the same that was found in TMI-2 accident.

For Jet Vortex Condenser (JVQ installed in WWER 440/230 in Kozloduy, assuming that
revolatilization is significant only during steam-gas flow through the VC, negligible when there

is no flow, the equation describing mass balance of iodine is as follows:

dAjvc/dt = Xle.ks VC*(IJPURJCA*Aaer + IPURJCM*A. - ((ilrevolatm *AjvCm +
11revolat,01 *Ajvccs1) kderay*Ajvc)
where �-1eaksJVC*TjPURJCA*Aaer represents the fraction of confinement gas activity of aerosols Aaer

leaking across JVC �-Iak,.JVC that is retained in the VC due to water retention 11PURJCA. The

expression kleaksJVC*11PURJCM*Am presents analogical fraction for elemental iodine.

Since the pH of JVC water is above 8, the elemental iodine removed by JVC water from the
leaking steam-gas mixture undergoes chemical reactions and turns into soluble species, so that
the remaining elemental iodine fraction is very small. Therefore the expression

(T1'evolatm *-A"Cm +IlrevolatCsl *Awccsj) is reduced to OlrevolatCa *Ajvc) and the equation above
becomes

dAjvc/dt = leaks JVC*(nPURJCA*Aae, + TPURJCM*A. - revolatCsl *AJVC Ad,'-'ay*AjVc)
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For confinement walls:
dA,,.Ils/dt = Ild.pos-wall, a*A a 7depos-wall, m A mol- (TIdes + )vdecay)*Awalls

For sump water, starting in phase 3 when the CSS operation begins, the increase of activity is
due to sprays removing aerosol and elemental iodine from confinement atmosphere, natural
deposition of aerosols and elemental iodine on confinement floor covered with sump water, and
desorption from confinement floor. On the other hand, the decrease of activity in the sump water
is due to iodine decay, iodine adsorption on confinement floor and revolatiliation of elemental
and organic iodine. In the case of elemental iodine removal by spray the rate of removal is
proportional to the difference between elemental iodine concentration in the confinement air and
in the CSS water divided by C. In the case of aerosol we assume that any aerosol hitting CSS
droplets of any iodine concentration will be absorbed in the water.
dAsump/dt = 01sorp-floor + ),decay )*A sump + 1Des-floor *Afloor + 71depos-floorm *VconACConfrn

Csump/IPC2) Ilspr,,y,. *Vconf*(CConfr - Ccss/IPC2) + (Idep-noora 7jspraya)*A - Csump-

Ccss)*FRcss - As..p*71RFVORG

For CSS water (from the sump to the spray nozzles) the activity is that carried from the sump
water with the suction flow to the CSS recirculations system diminished by radioactive and
sorption on stainless steel surfaces of CSS.

dAcss/dt = FRcss *(Cs..p - Ccss - Acss *X&c.y + 1sorp) + ASCS*IlDes
where

Ascs- activity deposited on the stainless steel walls of CSS.

For internal surfaces of tanks, piping and heat exchangers in contact with the CSS solution:

dAscs/dt =rl,,.,,p *A css - XD. + )d..y)*Ascs

Releases to the environment in phase occur through 3 leakage ways VC, confinement leaks
and open ventilation ducts), then in later phases through the first two ways:

dA,,,,/dt = A.,,,*( jvc (1-71PUR.JCM)+Xleaks conf) + Aaer(%Ieaks JVC *1-T1PUR.JCA)+k leaks conf) +

k1eaksVD%1-1jPURVDA)*A a., +(I-'nPUPVDM)*A.ol) +
Tirevolat *Ajvc
where 11PURVD - purification efficiency of filters in ventilation ducts for elemental or aerosol

iodine. Actually the REFPAC code assumes conservatively that the llpuRvD = and so the
equation modelled in the code is

dA..,,/dt = A..,*( kle.ks VC 1-1jPUR.JCM)+kleaks conf) + Aaero'leaks JVC *1-7jPUR.JCA)+k leaks co.f) +
Xleaks VD*(A aer Amoi) +1 revolat *Ajvc

Activity released to the reactor building,
In addition, the code calculates at each step the activity released to the reactor building, assuming
conservatively that it is equal to the whole activity going out through the confinement leaks.

dAb.ild/dt = (A..,+ Aaer) *(k leaks conf + Xe.ks VD)

Assumptions taken in REFPAC code calculations:
The equations above are fully implemented in the code.

3.62. Recirculating water leaks outside confinement

The liquid leakage for example via CCS recirculation is considered to be negligibly small

compared to the direct releases in the approach used in LTK, but France, Germany, Belgium 

Spain, Finland, Italy assume some ECCS leakages. In Italy the assumed leakage rate is 76 1/h. fn

Switzerland it is considered only for SB LOCA.
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Fig. 3.9. CSS leakage according to French approach.

According to French approach, it is assumed that the ECCS recirculation system develops leaks
outside confinement. By convention, the beginning of leakage coincides with the start of CSS
recirculation. The French documents recommend to consider two types of leaks:
• Point leakages (local) of 200 liters /minute, isolable within 30 minutes.
• Later global leaks due to system operation with the rate of 7 liters/minute, which are assumed

to continue after 0.5 hours. Elimination of such leaks is possible due to switch to the other
branch or by intervention of the personnel. Therefore it is allowed to take credit for stopping
such a leak if the justification for it is presented [10-N-T-TH-95-092].

It is assumed by convention that the quantity of water due to leakages on the floor and into
sumps corresponds to the constant volume of I M3 starting I day after the accident, taking into
account the measures designed to direct this leakage to treatment systems. However, during the
first day after the accident the loss of off-site power is assumed involving loss of pumping to the
sumps and accumulation of leaked water on the floors.

ESF systems that recirculate sump water outside the containment are assumed to leak during
their intended operation. This release source includes leakage through valve packing glands,
pumps shaft seals, flanged connections and other similar components. This release source may
also include leakage through valves isolating interfacing systems. The radiological consequences
from the postulated leakage should be analyzed and combined with the consequences postulated
for other fission product paths to determine the total calculated radiological consequences from
the LOCA. For evaluating the consequences of leakage from ESF outside the containment for
PWRs the following assumptions are acceptable [10-N-T-TH-95-092]:

With the exception of noble gases, all fission products released from the fuel to the
containment should be assumed to instantaneously and homogenously mix in the
confinement sump water at the time of release from the core. In lieu of this deterministic
approach, suitably conservative models for the transport of airborne activity in containment
to the sump water may be used. It should noted that many of the parameters that make spray
and deposition models conservative with regard to containment airborne leakage are
nonconservative with regard to the buildup of sump activity.
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• The leakage should be taken as two times the sum of the simultaneous leakage from all
components in the ESF recirculation systems above which the technical specifications would
require declaring such systems inoperable.

• With the exception of iodine, all radioactive materials in the recirculating liquid should be
assumed to be retained in the liquid phase.

• If the temperature of the leakage is less than 100T the amount of iodine that becomes
airborne should be assumed to be 10% of the total iodine activity in the leaked fluid, unless
a smaller amount can be justified based on the actual sump pH history and area ventilation
rates.

• The radioiodine that is postulated to be available for release to the environment is assumed to
be 97% elemental and 3 organic. Reduction in release activity by dilution or holdup within
buildings, or by ESF ventilation filtration systems may be credited where applicable [RG
1.183]

During the accident two processes are considered:
• Originally after a leak, there is a release into the air of the room concerned of the total of

noble gases and of a fraction of other fission products contained in the liquid phase. This
process is assumed to occur instantaneously.

• Then evaporation of the liquid spilled on the surfaces takes place. This is a comparatively
slow process.

Depending on the temperature of the liquid, the first process leads to the release of a fraction of
activity F,,, defined as follows:
F,1 = Global activity in the gas phase/Global activity in liquid phase.
The values of Fel used in French practice are shown in Table 312.

Table 312. Fraction of activity released to the air from leaked fluid in function of fluid temperature
[10-N-T-TH-95-092].

Fe) value in fnction of leaking water te erature
Tempffission products 60-100 OC 100 1 50 C >150 Oc
Elemental iodine lo--, 10-2 lo-,

10-2Cesium 0 10
Other fission products, icluding paiticuk. -z,� 0 10-4

For temperature below 60 T F,, = 0 [ 1 O-N-T-TH-95-092].

Independent from the temperature of water spilled on the floor due to the leaks, it is assumed
that all noble gases are released instantaneously, and among the other fission products only
elemental iodine is transferred to the gaseous phase in the rooms. To determine the rate of
transfer R(Bq/s) the following formula is used
R(elemental)(Bq/s = K�ak(tonS/M2/S) S (m) A (Bq/ton)
where:

• K1,ak is expressed in tonS/M2/S , with 10-'< KA < 10-7 according to the conservatism margin

required.

• A, in Bq per ton, represents the concentration of radioactive elemental iodine present in

water at the time t after the start of the accident, taking into account the natural decay and

instantaneous degassing immediately after the fission product release.

• S - corresponds to the total surface covered by the spill in m 2 [10-N-T-TH-95-092].

Assumptions taken in REFPAC code calculations:
The leakage of iodine from CSS outside confinement is calculated according to French

methodology presented above. The resulting activity released outside confinement is kept apart

from the term describing activity due to gas leakage through confinement untightness. This
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makes it possible to determine what is the activity released to reactor building rooms, so that it
can be considered later in relationship to the filters and effectiveness of ventilation systems
installed in the plant.

4. EXAMPLE OF RESULTS ACHIEVABLE WITH REFPAC CODE

The code REFPAC has been used for source terms calculations after LB LOCA in KNPP 3&4.
The details of calculations will be presented in another IEA report [Strupczewski 04b], but here
just one drawing (Fig. 4.1) will be discussed, showing the distribution of activities of various
species of iodine inside the confinement of KNPP 3&4.

ATWCSS

1.0E+7

1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+S 1.0E+6 1.0E+7
Time, seconds ACHOI

Fig. 4.1. Activities of 1-131 in KNPP systems after LB LOCA 2x500 mm cold leg break calculated
with REFPAC-K3&4, Model 1, no FVS, X™, considered.

ATCNAE - aerosol iodine activity in the confinement atmosphere, Bq.
ATCNMO - molecular (=elemental) iodine activity in the confinement atmosphere, Bq.
ATCNOR - organic iodine activity in the confinement atmosphere, Bq.
ATWALL - iodine activity deposited on the confinement walls, Bq
ATWCSS - iodine activity in the sump water and confinement spray system, Bq

The initial forms of iodine are assumed to be 95% aerosols, 4.85% molecular and 0.15%
organic iodide, as discussed above in chapter 2. As seen in Fig. 4.1 presenting the results of
calculations performed with code REFPAC-K3&4 according to Model 1, this initial distribution
is approximately reflected in the activities of iodine in the confinement free volume during the
first three phases of the accident, that is to the end of iodine releases from fuel elements. The
differences between the activities released from RCS and those in the confinement atmosphere
are due to the fact, that organic iodine is fully released into the gas volume, while both aerosol
and elemental Iodine are largely dissolved in the sump water. After the beginning of spray
operation, the activity of aerosol iodine in the gas volume falls quickly down, and that of
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elemental iodine is effectively reduced too. Since organic iodine is treated as a noble gas and
hence assumed not to be removed by sprays, at the end of the phase 4 the activity of aerosol
iodine falls down below that of organic iodides.

Due to the limitation of spray effectiveness in removing aerosol iodine, the inclination of the
curve showing its activity versus time changes after about 4200 seconds and the rate of depletion
of aerosols in the confinement free volume becomes very slow. This is enhanced in the
REFPAC-K3&4 code calculations by the conservative assumption taken in all Models that at the
time when sprays become ineffective, the deposition of aerosols on the walls is also reduced to
zero.

Before that moment however, and especially in the first stage of the accident, aerosol iodine
is the main form of iodine and gives the largest contribution to iodine leakages to the
environment.

The rate of removal of elemental iodine is slower. Moreover, in view of the large amount of
iodine in the sump and CSS water, the concentration of iodine in water after about 3200 seconds
reaches the level where further reduction in gas concentration of elemental iodine is
compensated by elemental iodine released from the water to the gas. After further reduction of
elemental iodine concentration in the gas phase, the revolatilization of iodine from CSS and
sump water becomes sufficient to compensate the leakage outside and the deposition of
elemental iodine on the walls. Owing to this mechanism, the activity of elemental iodine is kept
up throughout the considered period although that of aerosols falls down due to leakages outside
the confinement. The radioactive decay has some influence on all forms of iodine, but in the case
of I- 3 is role is minor compared to other processes.

Iodine dissolved in the water flowing out of RCS is assumed to stay in the water - subject to
iodine partition determined by iodine partition coefficient IPC - unless the water evaporates, in
which case all iodine is assumed to turn into aerosols or elemental forms. Therefore, the activity
of iodine in sump water increases quickly in the first three stages of the accident, i.e. till the end
of releases from the fuel rods. With the beginning of CSS recirculation, the water containing
dissolved iodine flows from the sump into the CSS water storage tank and then into the CSS
pipes, heat exchangers, pumps and other equipment.

Eventually the contaminated water returns to the confinement as spray droplets and removes
iodine from the gas space until the equilibrium state is reached between iodine concentrations in
the gas and in the droplets. Fig. 41 shows how the curve of total iodine activity in sump and
CSS water (ATWCSS) gradually falls down and how at the end of the month after the accident it
gets close to the activity deposited on the confinement walls.

The activity deposited on the walls (ATWALL) is initially very low, but increases quickly
due to depositions of both aerosol and molecular forms of iodine. Intensive condensation of the
steam in the initial phase of the accident enhances the process of deposition, and even later,
when the condensation is very low, the coefficient of deposition is comparatively high. As
indicated in section 33.2.3 the values of deposition rates of iodine on the walls have been
extensively studied in experiments including International Standard Problem ISP 41, and all code
users participating in ISP 41 agreed on the same values of these deposition rates.

Actually, although the pH of water in the ISP was above 75 and for a large part of the time
oscillated between and 10, the results showed that most of iodine activity initially dissolved in
the water was released to the gas phase and deposited on the walls, so that at the end of
experiment (after 300 hours or 13 days) more than 80% of iodine was deposited on the walls
surrounding the gas space.

In the REFPAC-K3&4 code the rate of deposition is taken according to ISP 41 results. In
effect, the deposition of iodine on the walls is significant and at the end of one month the iodine
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activity on the walls ATWALL equals the activity still in the sump water and CSS. This result is
in good agreement with the conclusions of ISP 41. It demonstrates also that all processes of
deposition and revolatilization. must be considered if the results are to be credible.

The curves in Fig. 41 show the ability of the code to differentiate among various forras of
iodine, to take into account all processes influencing iodine behaviour during the accident and to
reflect changing leakages from the confinement versus time. Similar curves can be obtained for
each iodine radioisotope, for aerosols such as cesium, and of course for noble gases, which are
not subject to deposition so that the relationships in the code are simpler than those for iodine.
The efficiency of Engineered Safety Features such as filters, Jet Vortex Condenser, Filtered
Venting System in KNPP 34 or Jet Condensers in the Borated Water Storage Tank in Bohunice
V1 can be also represented and some examples of such results are given in a forthcoming IEA
report [Strupezewski 04b].

5 CONCLUSIONS

The approach described above takes into account the main processes influencing the source term
characterization. Their brief characteristics are presented in Table 5.1 below. Taking into account
specific features of WWER 440 NPPs, in particular low leaktightness of their confinements and
rapid pressure decrease due to intensive spray action, the source term depends very much on
taking into consideration those plant specific features that influence time sequence of accident
scenario. These are:
• instantaneous versus delayed release of FP from fuel,
• reduction of confinement pressure due to the action of engineered safety features (Jet Vortex

Condenser in KNPP and other upgraded WWER 440/230 plants, jet condensers in BWST in
EBO-Vl, flap valves in original WWER 440/230 NPPs),

• effectiveness of spray system in bringing the confinement pressure down below atmospheric,
and

• confinement leak rates determining the time during which this pressure can be kept below
environment pressure.

The influence of these features on the overall releases is very strong, much more pronounced
than in large dry PWR containment, where the overpressure created at the beginning of the
accident changes slowly and the leak rate form the containment can be taken constant over many
hours. Therefore, a simplified assumption of the instantaneous release of fission products from
the fuel at time zero in the accident sequence could be admissible for large dry PWR
containment calculations, but it would be very misleading in the case of WVsTER 440 NPPs.
REFPAC code takes all these plant specific features into consideration. Input data for the code
must include plant specific values obtained from other specialized thermal hydraulic codes
calculations confinement behaviour.

Further items important for the determination of the release from fuel include:
• Number of failed fuel element claddings.
• Released activity fraction (gap activity vs CI, release coeff).
• Iodine species (molecular vs aerosol, organic fraction .

Here the assumptions in REFPAC are based on Russian data as far as the number of failed
fuel and gap activity are concerned, because it is understood that the Russian data are the best to
describe the behaviour of WWER fuel elements. However, a correction of the fraction of
released cesium is introduced, this fraction being assumed 100% and not 30% as in Russian
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reports, to be in agreement with actal approach used in Western reactor safrety calculations.
Similarly, iodine species are taken in accordance with the actual US and EUR guidance.

In the phase of fission product transport and removal in containment, the code REFPAC is
characterized by the following features:
• Consideration of all iodine transport mechanisms.
• Changing aerosol removal effectiveness of sprays.
• Limits of effectiveness of removal processes (threshold values).

For each of these processes the best available experimental coefficients are applied, and if
they are not known, then the values recommended in regulatory documents are taken. The
important thing is however, that all important processes are modelled, although the modelling
accuracy is limited, tending to give results on the conservative side.

In effect, the final values of source term are on the safe side, so they can be used in the
regulatory process, while the unnecessary conservatism due to excessively simplified
assumptions is removed.
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Table 5. 1. Brief characteristics of the main features influencing source term calculations results.

Feature of fission product transport Influence in WWER 440/230 NI's Reflection in the code REFPAC-K
processes

Instantaneous versus delayed release of Important in view of large initial overpressure in the Real fuel failure delays are found from experimental data with
FP from fuel confinement, quickly reduced by spray system conservative thresholds
Number of failed fuel element claddings Important in any reactor. In EBO-V I small fraction of Conservative assumption taken that 100% of fuel would fail

failed fuel found.
Released activity fraction (gap activity vs Gap activity determined by Russian designers. Data for Gap activity determined in Russian documents taken as
CI, release coeff) high burnup in PWRs indicate that higher gap activities correct. Release fractions taken 100% for NG, iodine and

are possible, but the expected average values are lower cesium, although Russian documents indicate 30% for Cs.
Iodine species (molecular vs aerosol, Higher releases if 90% elemental is assumed, 100% of State-of-the-art distribution of iodine species assumed 95%
organic fraction organic iodine is released so influence of organic aerosol, 485% elemental, only 0. 15% organic. This reduces

fraction very strong. organic iodine releases.
Consideration of all iodine transport VNIIAES assumed that all iodine will be eventually All iodine transport processes are considered, with rate
mechanisms volatile and therefore simplified the situation assuming coefficients taken according to experiments or if not available

it is volatile already at time zero. according to Western regulatory guidance
Changing aerosol removal effectiveness Spray flow rates are very high in WWERs. Changes in Changeable spray efficiency in function of aerosol mass
of sprays spray efficiency strongly influence the results introduced in the code.
Limits of effectiveness of removal When the iodine concentrations in spray water and in Limits due to spray water saturation with iodine and thresholds
processes eshold values) the confinement air are equal, spray cleaning stops assumed by USNRC are introduced in the code
Changes of confinement overpressure and This is especially important for WVVER 440 units. In REFPAC provides possibility of feeding into input data the
corresponding leakage rates large dry PWRs the pressure changes are much slower leakage values calculated by a then-nal hydraulic code for

Iconfinement.
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