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([HFXWLYH�VXPPDU\

This project is situated within the framework of an effort to promote harmonisation in the area
of safety of nuclear installations promoted by the European Communities. It is aimed at
defining a common approach in the licensing practices of European countries. Organisations of
five countries participated in this work: four countries were represented by their Regulator or
Technical Safety Organisation (TSO) (Belgium, France, Germany and Spain) while UK was
represented by an engineering consultancy company.

The project focused on one of the most important design basis accidents: the Large Break Loss
Of Coolant Accident (LBLOCA) (for pressurised water reactors). The first step in the
calculation of the radiological consequences of this accident is the determination of the source
term inside the containment. This work deals with this part of the calculation of the LBLOCA
radiological consequences for which a previous benchmark (1988) has shown wide variations
in the licensing practices adopted by European countries.

The calculation of this source term may naturally be split in several steps (see chapter II),
corresponding to several physical stages in the release of fission products: fraction of core
failure, release from the damaged fuel, airborne part of the release and the release into the
reactor coolant system and the sumps, chemical behaviour of iodine in the aqueous and gas
phases, natural and spray removal in the containment atmosphere. A chapter is devoted to each
of these topics (chapters VI to IX). In addition, two other chapters deal with the basic
assumptions to define the accidental sequence (chapter IV) and the nuclides that have to be
considered to compute the doses associated with the LBLOCA (chapter V).

These chapters IV to IX are organised in three sections. First, the current situation of the
licensing practices and scientific knowledge on the subject was drawn. The information on the
licensing calculation of the LBLOCA radiological consequences was collected from the
project partners by means of a questionnaire.  However, to give the project a wider European
dimension, organisations in other Member States and also from the Applicant Countries, were
also consulted by the same questionnaire.  The project therefore addresses both PWRs and
VVERs. The questionnaire and its analysis are presented in chapter III. Additional
investigations have also been performed within this project. Based on these elements, a
common position on the topic (in the licensing perspective) is proposed and the position of the
partners with regard to this proposal is given. The proposals and positions are recapitulated in
the conclusion chapter (chapter X).

It is proposed that the list of nuclides used to compute the radiological consequences should be
extended to include more fission products than iodine and noble gases which are normally
considered.  This is more from the aspect of meeting public acceptability in demonstrating that
the safety calculations are complete and does not imply that there were shortcomings in earlier
assessments. Indeed, NNC (UK) still wishes to retain the original list of radiologically
significant nuclides. IPSN (France) will also base its computation on a predefined list of
nuclides.

General assumptions regarding the sequence definition  are agreed between the partners.
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There exists an agreement concerning the percentage of failed fuel which could be used in
future licensing assessments (however this subject is still under discussion in France, a lower
value is thinkable). For existing plants, AVN (Belgium) wishes to keep the initial licensing
assumptions: even if the LBLOCA is successfully terminated, the radiological consequences
have to be estimated for a LBLOCA with a wholly damaged core and a substantial core melt
(use of the R.G. 1.4 or future equivalent alternate source term as, for instance, defined by D.G.
1081).

For the release from damaged fuel, the agreement is not complete: AVN (Belgium) wishes
similarly to maintain its present approach. IPSN (France), GRS (Germany) and NNC (UK)
prefer to use their own methodologies that result in slightly different values to the proposed
values for a common position. There are presently no recommendations of the release of fuel
particulates.

An agreement is reached on the fact that no retention in the RCS is to be accounted for, and on
the release part going to the containment atmosphere.

For the retention in the containment (chemistry of iodine and spray/natural removal of iodine
and aerosols), the partners agree for the recommendation to use a code allowing an accurate
modelling of the phenomena. However, such codes may not be available for everybody or are
still subject to some validation problems. In that case, simple conservative models are
proposed.  The problem of organic iodine formation is still a controversial subject but a value
of 0.2% of the release to the containment atmosphere seems to be acceptable.

The partners wish to thank the EC for creating a forum for discussion of these issues. Owing to
the frank discussions amongst the partners and the common will to bring the positions nearer,
it can be stated that an important step forward has been made on the way of a common
understanding and more harmonised safety approach.
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&KDSWHU�,��,QWURGXFWLRQ

In the implementation of the Council Resolution of 22 July 1975 (OJ No C 185, 14.8.1975),
further confirmed by the Council Resolution of 18 June 1992 on the technological problems of
nuclear safety (OJ No C 172, 8.7.1992), the European� Commission, in order to achieve a
progressive harmonisation of safety requirements of nuclear installations, sent an invitation to
submit proposals aiming at promoting harmonisation in the field of safety of nuclear
installations (OJ No C 211, 12.7.97).

The determination of the off site releases of design basis accidents was identified as one of the
key issues, particularly the large loss of coolant accident.  For historical reasons, a wide range
of methodologies have been adopted to calculate radiological release for licensing purposes,
resulting in predicted releases differing by several orders of magnitude. These differences were
particularly underlined in a benchmark study done in 1988 [1.1].  This is demonstrated in
Figure 1.1 which shows the 131I activity per unit of core activity considered by the six
countries at different steps:  the total fraction released from the core, the fraction that reaches
initially the containment atmosphere and the fraction remaining in the containment atmosphere
after 2 hours. The differences (approximately 3 orders of magnitude at 2 hours) are largely due
to different degrees of conservatism that are included in the methodologies.

The invitation asked that, in a first time, the effort should be limited to LOCA faults in PWRs
within the EU countries and should be concentrated only on in-containment source term
calculation.

In response to this invitation, a proposal was submitted to the EC on behalf of five
organisations: AVN (Belgium), GRS (Germany), IPSN (France), CSN (Spain) and NNC
(United Kingdom). All organisations, except one, are European regulatory organisations and
Technical Safety Organisations (TSOs), while NNC’s participation is based on its involvement
in previous exercises in the same field.

The proposal was accepted by the EC by issuing the “Declaration by the Beneficiary” with
reference B4-3070-97-810-MBL-C2.

A first step of the project was to review the conclusions from the relevant benchmark exercises
already performed with support of the EC. The summary of the previous work is presented in
chapter II. It includes also a short physical description of the accident considered. Based on
these previous works, several topics requiring a harmonisation effort were identified.

The second step was to update the information on the licensing process available in [1.1] using
information from the project members and to extend it with information from other European
countries with PWRs (or VVERs). This was done by sending a questionnaire to these countries
(including the project partners). Information was collected from twelve countries. The
questionnaire and the collected data are presented in chapter III.

The next chapters describe the work undertaken in view of harmonisation, for each topic
identified in chapter II. The current state of the art is briefly drawn for the topic. Additional
investigation performed in the frame of this project is then presented (more detailed work on
some topics is included as appendices to the chapter). Each chapter is concluded by a
“common position” of the project partners, or by a description of different positions if no
common position could be achieved. The chapters are:
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IV. Sequence analysis

V. List of nuclides

VI. Failed fuel fraction

VII. Release from the failed fuel

VIII. Retention in the reactor coolant circuit

IX. Retention in the containment

The last chapter (chapter X) recapitulates the common positions and presents conclusions.

A list of abbreviations is included at the end of this document.

��� 5HIHUHQFH

[1.1] Benchmark exercise on fission product source term including containment phenomena,
comparison report P. Govaerts, B. De Boeck, D. Dengis, CEC Working Group Number
One, CEC Study contract ETSN-0023B, December 1988.
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)LJXUH����� Relative activity of 131I at different steps [1.1]
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&KDSWHU�,,��'HVLJQ�%DVLV�$FFLGHQWV���/%/2&$�
6XPPDU\�RI�SUHYLRXV�ZRUNV�

,GHQWLILFDWLRQ�RI�WRSLFV�WR�GLVFXVV�IRU�KDUPRQLVDWLRQ

��� ,QWURGXFWLRQ
The determination of the source term in case of a design basis LOCA was the subject of
several studies. A first benchmark [2.1] reported on the methods and data that were used in the
licensing process of six European countries to calculate the release of radioactivity following
this accident. It showed a large disparity between the approaches and results of the
participating countries (Belgium, France, Germany, Italy, Spain and United Kingdom). In
1992, further studies were carried out to propose a calculational route based on realistic
methods and data [2.2].

This chapter reviews these results, underlining the differences between the assumptions made
by each country. The final objective of the project is to define a common technical position on
the methodologies that would be acceptable in the different EU countries for the calculation of
the in-containment source term in case of  this design basis accident (DBA).

Differences between the benchmark results come from two causes. First, each country has
studied its own typical plant. Secondly, the different degrees of conservatism included in the
methodologies (and in the fault sequence definition) contribute to the wide range in the
estimated releases.

��� 'LIIHUHQFHV�LQ�GHVLJQ�RI�WKH�133V
Major design features consist of the injection mode of the ECCS and of the use or not of
containment sprays after the accident. Five countries consider a design injecting the emergency
core cooling water into the cold legs of the primary circuit during the first injection phase
(note: the term “design with emergency core cooling water into the cold legs only” will be
used in this report; this does not exclude a transfer into cold and hot legs recirculation in a later
phase of the accident). They have also containment spray systems. The plant considered by
Germany injects simultaneously the ECC water into the hot and cold legs. No credit is taken
for a spray system (even if a small spray system exists).

The injection into hot and cold legs affects the temperature of the fuel cladding, and hence the
percentage of fuel failure. It also offers a form of retention for non gaseous fission products
between the core and the containment atmosphere. The absence of spray systems affects the
removal rate of fission products from the containment atmosphere.

For the licensing case [2.1], each country considers a cold leg break (for its own design). For
the realistic approach [2.2], the study distinguishes between hot leg and cold leg breaks for the
plants with cold leg injection. The cold leg break leads to the worst consequences.
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��� 6KRUW�GHVFULSWLRQ�RI�WKH�DFFLGHQW
The accident is a design basis accident, the successfully terminated large LOCA. A double-
ended guillotine break occurs in the primary piping. Following this break, the safeguard
systems will operate automatically and will ensure that the reactor is shut down, the fuel
cooled and the integrity of the primary containment is maintained (only the minimum capacity
of the safeguard systems as defined by the success criteria is taken into account).

The transient can be divided into four phases:

• During the EORZGRZQ�SKDVH, a massive flow of water and steam escapes through the break.
Several phenomena occur. The pressure of the reactor coolant system falls until the point
where it is approximately equal to the pressure of the containment atmosphere. The end of
this phase occurs approximately 30 seconds after the initiating event. Very little water
remains in the reactor coolant circuit.

• The second phase is the UHILOO�SKDVH: it takes about 40 to 50 seconds until the level of the
injected water reaches the bottom of the active core.

• The UHIORRG�SKDVH continues until the core is again completely covered. In the German
design, this phase is much shorter. For the latter, it is complete by 120 seconds, compared
to 300 to 500 seconds for the plants with injection into the cold leg only.

• The last phase is the ORQJ�WHUP�FRROLQJ�SKDVH

Failures of the fuel elements either occur during the dry phase, when the failed claddings are
not yet recovered by the reflood water, or later during the wet phase. During the dry phase,
fission products are released into mainly steam and directly transferred to the containment
atmosphere. During the wet phase, they are released into the reflood water and then into the
sump.

��� 6WHSV�WR�HYDOXDWH�WKH�DFWLYLW\�UHOHDVH
To estimate the fission product release to the containment atmosphere, the following data are
needed:

1. the core inventory,

2. the failed fuel fraction,

3. the release of fission products from the failed fuel,

4. the release to the primary containment (dry and wet phases),

5. the retention in the primary containment.

Table 2.1 recapitulates the main assumptions of the participating countries in their licensing
calculations [2.1] and the recommendations for a realistic computation [2.2].

����7KH�FRUH�LQYHQWRU\
A good agreement exists concerning the calculation of the core inventory. Except Germany
that only computes the inventory of the oldest assemblies, the core inventory calculation is
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based on the conditions at the end of a full power cycle. Several computation codes (ORIGEN
(Belgium, France, Germany, Spain), FISPIN (UK)) or tables (Italy) are used. Normalised to a
same thermal power, the isotopic contents are very similar.  For the rest of the benchmark
computation, the participating countries have adopted a reference core inventory (CEC core
inventory - WASH-1400, corresponding to a lower burn-up, for  a 3200MWth plant).

����7KH�IDLOHG�IXHO�IUDFWLRQ
All the countries with cold leg injection conservatively assume that 100% of the pins fails.
Germany (with cold and hot legs injection) assumes that 10% fails, also a conservative
estimate. Both percentages are conservatively estimated. Considering experiments and more
realistic computations, a percentage of 33% for the first design and 3% for the second one is
recommended for a more realistic approach [2.2].

A realistic assessment of the failed fuel fraction has been undertaken in a collaborative project
[2.6] under the auspices of DG XI (now DG Environment).  This study is reviewed in Chapter
6 of this report and concludes that there is sufficient data and experience to justify the adoption
of much lower fractions in licensing assessments of the large break LOCA.

����7KH�UHOHDVH�RI�ILVVLRQ�SURGXFWV�IURP�WKH�IDLOHG�IXHO

The countries evaluate the release of several isotopes. Noble gases and iodine are always
considered. Belgium and Spain use the Regulatory Guide 1.4 [2.7] and assume that 100% of
these isotopes in the core inventory is released. The other countries compute first the gap
inventory. Then 100% of the gap inventory is assumed to be released for France, Italy and UK
(except for some isotopes like Te and Sr if they are considered). The French and the UK gap
inventory takes into account some additional releases from the fuel matrix due to the fault
transient. Germany assumes that only 10% of the noble gases and 1% of halogens and
alkalines are released from the gap. It assumes further releases of halogens and alkalines due to
leaching by the reflood water.

The realistic approach [2.2] considers partial releases from the gap and some contribution due
to the fragmented fuel.

For the licensing case [2.1], only three countries compute the releases of caesium (Italy, UK
and Germany). Spain and Belgium do not compute it because it is not relevant to meet the
criteria they apply.

It is noted that the assumption of 100% release of the core inventory is very conservative, since
it implies fuel damage approaching melt conditions, which is inconsistent with the considered
accidental sequence with ECCS working.

����7KH�UHOHDVH�RI�DFWLYLW\�WR�WKH�SULPDU\�FRQWDLQPHQW

(Note: in the following sections, all percentages are given as a fraction of the core inventory
unless specified otherwise).

The noble gases are released directly to the containment atmosphere. The treatment of iodine
depends on the countries. Belgium and Spain, according to the R.G. 1.4 [2.7], consider that
25% of the iodine is directly released in the containment 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 in the atmosphere (0.01%). The realistic computation [2.2] predicts a direct release to
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the containment atmosphere of 0.22% for the cold leg injection and 0.02% for the other design.
For caesium, Italy and UK assume a direct release to the atmosphere in the dry phase,
Germany assumes partial release.

Another important assumption is the form of the iodine release. Three forms are possible:
molecular, particulate and organic. A huge discrepancy exists between the countries. UK
assumes that no molecular iodine will be present in the containment atmosphere, while it
constitutes 90% or more of the release for Belgium, Spain and France. The form of the iodine
is an important parameter because the removal rate in the containment is highly dependent on
it. The model used for a realistic estimation is very complicated, taking into account the
contributions of the dry and wet phases.

����7KH�UHWHQWLRQ�LQ�WKH�SULPDU\�FRQWDLQPHQW

Different removal mechanisms take place in the containment after the accident: plate-out,
condensation on 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
primary containment. If a spray system exists, it is considered as the main factor of abatement.
The removal process depends on the form of iodine; there is very little removal for organic
iodine. The removal modeling is country dependent. It is assumed to be immediate for France
and Italy. Most of the other countries assume a maximum decontamination factor associated to
the removal rates. Removal processes are also considered for the other radionuclides that are
present in the atmosphere as aerosol.

The computation of the iodine present in the containment atmosphere combines the effect of
the removal by sprays and/or other phenomena, the radioactive decay and the leakage. The
results are then strongly dependent on the assumption made for the leakage rate, which is
design dependent.

����5HPDUN

There exists a radioactivity release to the containment before the fuel failure as a result of  the
activity of the primary coolant arising from normal plant operation. The contribution of this to
the total release to the environment is estimated to be negligible, but is included in the UK
analysis as a release which occurs  before the primary containment has been isolated.

��� 6XEMHFWV�WR�GLVFXVV
The steps of the release process have been reviewed in this project. They are recapitulated in
this section.

����'HILQLWLRQ�RI�WKH�IDXOW�VHTXHQFH
The fault sequence has to be defined. More precisely, criteria and hypotheses for defining the
sequence are to be well established. Generally the countries assume additional failures such as
the loss of off-site power and failures of safeguard systems. Belgium considers that the spray
systems are delayed (20 minutes).

It is important to know exactly the sequence, and then to specify

1. the initial conditions (end of an equilibrium cycle, just prior to annual refuelling),
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2. the accident sequence: break localisation, action of the safeguard systems and delay if any,

3. additional aspects, such as single failure, loss of offsite power, etc…..

����,VRWRSHV
Noble gases (Kr, Xe) and iodine are always considered. Other isotopes may also be taken into
account (e.g. Cs, Te, Sr...).

����&RQWULEXWLRQ�RI�LQLWLDO�FRRODQW�DFWLYLW\
This first activity release was neglected by most countries.

����)DLOHG�IXHO�IUDFWLRQ
The fraction of failed fuel presently assumed is 100% for the cold leg injection design and
10% for the German design. Both fractions are overestimated if the ECCS is initiated (as in the
case of a successfully terminated LBLOCA). It introduces then an excessive conservatism. To
compute a more realistic fraction, the IDLOXUH� PHFKDQLVPV� DQG� FULWHULD have to be defined.
Actually, for realistic studies, UK uses a mechanistic criterion while France and Germany use
empirical relations. In 1992, the subject was still unsolved, there were particularly questions
about the failure of the cladding at low temperature.

With more realistic estimates resulting in a lower fraction of failure, precisely which pins fail
has then to be addressed (for example, the oldest ones or an equal percentage of each core
loading?).  Germany assumes that the 10% failure occurs for the oldest assemblies.

����5HOHDVH�RI�ILVVLRQ�SURGXFWV�IURP�WKH�IDLOHG�IXHO

There are two contributions: the release from the gap inventory and an additional release due
to the fragmented fuel. It is necessary to determine the gap inventory, the amount of the gap
inventory released  and the contribution of the fragmented fuel. It is also important to
determine the distribution of the release between the dry and wet phases.

����&RQWDLQPHQW�DWPRVSKHUH�DQG�VXPS�UHOHDVHV

According to the phase during which the release occurs, it may be directly carried  to the
containment atmosphere (dry phase) or to the sump, or temporary retained in the reactor
coolant circuit. The retention in the RCS has to be considered. A further issue is  the long term
release due to revaporisation of the volatile fission products contained in the sump water and in
the cooling circuit.

����)RUP�RI�WKH�UHOHDVH��,��&V�

The IRUP�RI�WKH�UHOHDVH is an important parameter (since the removal rate from the containment
is different for gaseous and particulate species). Huge discrepancies exist in the assumptions
used by the countries.

����1DWXUDO�DQG�VSUD\�UHPRYDO

A review of the modeling of the removal processes is needed. Recent studies [2.3] exist. Their
results are incorporated into new recommendations for the source term [2.4].



II - 6

In Europe, following the realistic study of 1992  [2.2], a complementary work has been
performed [2.5]. It examines two assumptions that were thought to be probably too
conservative. The work concludes that the first one (equilibrium concentration for iodine in the
steam released to the containment) is not excessively conservative. On the other hand, for the
second assumption, it proposes new values for the removal rate of aerosols. This increases the
average removal rate. This effect is more pronounced for the caesium removal rate (Cs exists
only as aerosol in the containment atmosphere) than for iodine.

��� 5HIHUHQFHV
[2.1] Benchmark exercise on fission product source term including containment phenomena,

comparison report, P. Govaerts, B. De Boeck, D. Dengis, CEC Working Group Number
One, CEC Study contract ETSN-0023B, December 1988.

[2.2] Realistic methods for calculating the releases and consequences of large LOCA, W.
Stephenson, L. M. C. Dutton, B. J. Handy, C. Smedley, EUR 14179EN, Commission of
the European Communities, 1992.

[2.3] A Simplified Model of Aerosol Removal by Natural Processes in Reactor Containments,
NUREG/CR-6189, July 1996.

[2.4] Accident Source Terms for Light-Water Nuclear Power Plants, L. Soffer et al., NUREG-
1465, February 1995.

[2.5] Reduction of conservatisms in the treatment of some aspects of aerosol behaviour
following a large loss of coolant accident, D. Briney, EUR/15721/EN, 1994.

[2.6] Fuel Cladding Failure Criteria. EUR 19256 EN, European Commission, 2000.

[2.7] Regulatory Guide 1.4, Assumptions used for evaluating the potential radiological
consequences of a loss of coolant accident for pressurized water reactors; U.S. Atomic
Energy Commission, June 1974.
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7DEOH����� Main assumptions in the licensing calculations [2.1] and for realistic computation [2.2]

Country ECCS
injection

Failed
fuel

fraction

Gap
inven
tory

Fraction of
the core
inventory

present in the
gap

Released core inventory Iodine forms Spray
system

Removal rate of iodine
( /h  ----  i = immediate)
(max. decontamination

factor)

Radioac
tive

decay

Kr85
(atm)

Xe133
(atm)

I131
initially in:

Cs137
initially in:

mol. part. org. mol. part. org.

Belgium cold leg 100% N - 100% 100% 100%
25% atm - 50% sumps

- 91% 5% 4% Y 4  -  2 (100) 0 Y +
daughter
products

Spain cold leg 100% N - 100% 100% 100%
25% atm - 50% sumps

- 91% 5% 4% Y 10 0.88 0.014 Y

France cold leg 100% Y cf. next columns 30% 2% 3% (atm) - 90% 0% 10% Y i (1000) 0 0 Y +
daughter
products

Italy cold leg 100% Y cf. next columns 31.4% 1.51% 1.86% (atm) 41% (atm) 49.5% 49.5% 1% Y i (10) i (10) i (10) Y

UK cold leg 100% Y cf. next columns 1% 0.2% 0.25% (atm) 1% (atm) 0% 99.8% 0.2% Y - 0.45
(200)

0 Y

Germany cold&hot
legs

10% Y 10% NG, 1% I &
Cs, 0.01% other

solids

1% 1% 0.1%+ 0.5%(leaching)
(0.01% atm)

0.1%+ 0.5%(leaching)
(0.01% atm)

no assumptions explicitely
made

N 0.14 Y +
daughter
products

5HFRPPHQGDWLRQV�IRU�D�UHDOLVWLF�DSSURDFK
gap inv + fragm.

fuel

design 1 cold leg 33% Y Kr: 6.5%+1%
Xe:1.95%+0.2%
I:0.4%+0.25%

2.48% 0.71% 0.22% (0.026% atm) 0.5% (0.05% atm) Model taking into account
the contribution of the dry

and wet phases (0.2%
organic)

Y 0.46 (10000)(cold
leg break) (other
data for hot leg

break)

-

design 2 cold&hot
legs

3% Y Kr: 6.5%+1%
Xe:1.95%+0.2%
I:0.4%+0.25%

0.23% 0.07% 0.02% (0.0003% atm) 0.06% (0.0006% atm) Model taking into account
the contribution of the dry

and wet phases (0.2%
organic)

N 0.05(for the first
hour) 0.04(next 5

hours)

-



III - 1

&KDSWHU�,,,��4XHVWLRQQDLUH�RQ�LQ�FRQWDLQPHQW�VRXUFH
WHUP�IRU�WKH�'%$�/%/2&$�LQ�(XURSHDQ�FRXQWULHV

�3:5�DQG�99(5�

��� ,QWURGXFWLRQ
As presented in chapter I, this project aims to determine a common technical position for the
computation of the in-contaiment source term for  the design basis accident LBLOCA for
PWR plants.

To broaden this study beyond the countries of the project partners,  the five partner countries
(Belgium, France, Germany, Spain and United Kingdom) have gathered  information on the
licensing calculations in the other European countries and in Applicant Countries. A
questionnaire was sent to Regulatory Bodies of European countries having PWRs (or VVER).
In addition to the five project partners, seven European countries answered the questionnaire.
The countries and the answering organizations are indicated in table 3.1. The questionnaire is
included as appendix III.A.

The information gathered in the questionnaire is recapitulated in a table, included as appendix
III.B. General information about the radiological criteria and the nuclides considered to
calculate the radiological consequences of this accident are included in chapter V. The other
data are analysed in this chapter.

��� 'HVLJQ�IHDWXUHV
The radiological consequences of a LBLOCA depend on the design of the nuclear power plant.
The main design features that affect the released activity  are

• the type of the emergency core cooling system (ECCS): for PWR, in the injection phase, the
emergency core cooling water may be injected into both hot and cold legs or only into the
cold legs. This feature influences the amount of fission products that are released to the
containment atmosphere. The Czech Republic and Hungary have VVER plants. Three high
pressure safety injection trains inject water into the cold legs, 2 LP trains inject water
directly into the reactor vessel and one into the hot and cold legs of the fourth loop. The
accumulators inject water into the reactor vessel.

• the presence of a spray system, with or without additive element. This feature determines
the removal rates for iodine and for aerosols in the containment.

In addition to the spray system, the cooling of the containment may be done by fan coolers.

Table 3.2 shows the design features for the PWRs considered in the different countries. They
correspond to one specific plant for each country. Some features depend on the chosen plant;
difference may exist from other works [3.1].

��� 7KHUPDOK\GUDXOLF�VWXG\
The study of the large break loss of coolant accident is divided in two parts. First a
thermalhydraulic study is performed to determine the resistance of the fuel cladding. Most of
the countries chose to respect the American criteria (10CFR50.46  [3.3] and 10CFR50 App. A.
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[3.4]). Finland, Hungary and the Czech Republic use their own criteria. Then a second study
deals with the radiological consequences of this accident.

Conservative values for the initial conditions (containment temperature and pressure, break
size and position, initial power...) are chosen to maximise the fuel clad temperature and
therefore the probability of clad failure. In a typical reactor with injection of emergency core
coolant water only into the cold legs, the bounding fault would likely be a double ended
guillotine break of a cold leg. The single failure criterion is also applied to maximise the
probability of clad failure. Except for Germany, all the countries consider a simultaneous loss
of off-site power if it is penalising. The water injected into the break is always considered to be
lost.

These data are presented in table 3.3.  They correspond to a given PWR (or VVER) for each
country (data may differ for other plants of a same country).

��� 5DGLRORJLFDO�FRQVHTXHQFHV�VWXG\
The radiological consequences study is generally not coupled with the thermalhydraulic study.
Finland uses only the timing of the release from the thermalhydraulic study. Only the Czech
Republic uses an integral approach. For the other countries, assumptions determine the
quantities of radioactive release. Table 3.4 presents the main assumptions used by the countries
to compute the release of iodine.

1. The number of failed fuel pins has to be determined. 100% of failure is generally assumed,
except for Germany, Netherlands and Switzerland (ECCS in hot and cold legs) for which
10% of failure is considered. This number is based on old conservative computation taking
into account the injection of ECC water into hot and cold legs.

2. French utilities proposed a lower value of pin failure in the updated version of the PWR
safety reports. Discussion with the safety authority for this value is going on. This value
will be lower than the recommendation made in reference [3.2] for the design with injection
only into the cold legs (33%).

3. The recommendation for a realistic study [3.2] in the case of safety  injection into hot and
cold legs is 3%.

4. The release from the fuel is estimated. Some countries (B, E, Sl) take the very conservative
assumption of the Regulatory Guide 1.4 [3.5] (for Slovenia, TID14844). The other countries
assume that the entire gap inventory is released, with sometimes an additional contribution
from the fragmented fuel. The release is partially airborne and partially in the sumps. The
distinction between the release phases (wet and dry release) is done by Finland,  UK and
Hungary (and also in the French Utilities proposal). Germany and Switzerland, with their
specific design (injection into hot and cold legs), consider a first release from the gap and
then an additional release due to leaching. Table 3.5 gives more information on the gap
inventory considered by the countries.

5. There exists a huge discrepancy between the assumptions on the iodine form in the
containment atmosphere. Although iodine is likely to be initially released mainly as aerosol
iodine, molecular iodine (more radiological penalising form than particulate iodine), is
assumed to be dominant by most countries. The countries using a more realistic assumption
for the initial form of iodine release (UK and Finland) model the behaviour of the iodine
inside the containment, taking into account the radiolytic production of I2, the hydrolysis of
HOI, and the pH effect.
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6. Countries with a spray system use additive elements (except Switzerland) to improve the
iodine removal. The iodine removal may be modeled as an immediate process (previously
France, [3.1]), or as a linear decrease during a few hours (Switzerland), or by a constant
removal rate (B, F, E, UK, I, Sl). A maximum decontamination factor is defined by B, F, E,
UK, I, Sl (from 100 to 1000 depending on the country). Belgium considers that removal of
molecular iodine is only effective during the recirculation phase when the additive element
is added (i.e. after 20 minutes).

7. Radioactive decay and daughter products are taken into account by most countries.
Germany takes them into account not inside the containment but for the release to the
environment.

/HDNDJH�IURP�DX[LOLDU\�V\VWHPV�(Table 3.6)

The radiological consequences of the large break loss of coolant accident are mainly due to the
gaseous release from the containment to the atmosphere. Liquid leakage exists also when the
water from the sump of the primary containment is recirculated through the systems in the
auxiliary buildings as a result of leakages through valves. The activity from the liquid leakage
will be extracted from the plant rooms by the ventilation system and discharged to atmosphere
via iodine and particulate filters. To estimate the contribution of the liquid leakage to the
source term, the sump activity has to be computed. The computation of the sump activity is
generally based on simple assumptions: a given and conservative amount of activity is
assumed to be initially in the sumps.

��� 5HIHUHQFHV

[3.1] Benchmark exercise on fission product source term including containment phenomena,
comparison report P. Govaerts, B. De Boeck, D. Dengis, CEC Working Group Number
One, CEC Study contract ETSN-0023B, December 1988.

[3.2] Realistic methods for calculating the releases and consequences of large LOCA, W.
Stephenson, L. M. C. Dutton, B. J. Handy, C. Smedley, EUR 14179EN, Commission of
the European Communities, 1992.

[3.3] 10CFR 50.46, Acceptance criteria for emergency core cooling systems for light water
nuclear power reactors; U.S. Nuclear Regulatory Commission

[3.4] 10CFR50 App. A, General Design Criteria for Nuclear Power Plants

[3.5] Regulatory Guide 1.4., Assumptions used for evaluating the potential radiological
consequences of a loss of coolant accident for pressurized water reactors; U.S. Atomic
Energy Commission, June 1974.
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7$%/(6

7DEOH����� Answering countries and organizations

Partners countries Other European countries

Belgium (AVN) Czech Republic (SONS)

France (IPSN) Finland (STUK)

Germany (GRS) Hungary (HAEA)

Spain (CSN) Italy (ANPA)

United Kingdom (NNC) Netherlands (KFD)

Slovenia (SNSA)

Switzerland (HSK)



III - 5

7DEOH����� Design features

B F D E UK CZ FIN HU I NL Sl CH

ECCS C= into cold legs / CH= into
cold and hot legs / VVER

C C CH C C VVER CH VVER C CH C CH

Spray Y Y N Y Y Y Y Y Y N Y Y

Additive element 1=NaOH,
2=Na3PO4, 3=N2H4+KOH

1 1 - 2 2 3 3 3 * 1 - 1 -

delay for  the additive elements:
(R=recirculation)

R (20
min)

5 min - R R - - -

Fan coolers (if qualified) N N N Y Y N N N Y N Y Y

* the spray additive element is not considered for DBAs, only for severe accidents

7DEOH����� Data for the thermalhydraulic study

B F D E UK CZ FIN HU I NL Sl CH

Criteria 1.= US criteria, 2= own
criteria, 3=IAEA recommendation

1 1 1 1 1 2-3 2 2 1 1 1 1

ECCS C= into cold legs / CH= into
cold and hot legs / VVER

C C CH C C VVER CH VVER C CH C CH

Initial power (%) 102 102 102 102 104 102 104 102 112 102 102

Cycle position end

of

life

eq. core -
100 days

bounding
cycle

boundary
parameters

core
kinetic:BOC

decay
heat:EOC

eq. core

EOC

650 full
power days

end of
equilibrium

cycle

break loc(C=cold leg, H=hot leg) C C C-H C C-H C C C-H C C C C

CD 0.6 1 0.4 0.8 - 1.2 1 1 0.4 - 1 1 0.4 - 0.8 0.4

Steam generator plugging rate 5% 5-20% 4% 0% 0-5% 0% 0% 0% 0-27% 0%

Single failure

1=SI, 2=SILP, 3= DG, 4=accu, 5=
6kV electrical bus, Y=considered but
not precised

2 2 design
requirem

ent

Y Y 1 Y 1 or 4 3 3 5

LOOP Y Y N Y Y+N Y Y Y Y Y Y Y

loss of water injected into the break Y Y Y Y Y Y Y Y Y Y Y Y
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7DEOH����� Computation of the iodine release
Country ECCS

injecti
on

Failed
fuel

fraction

Gap
inventory

additio
nal

releas
e

I131 released
fraction of the gap
B, E, HU, Sl =
fraction of the &,)

Iodine forms of the release
(initially in the atm., unless

otherwise specified)

Spray additive
element

(Init. /
Recirc.)

Removal rate of iodine  ( /h
-  i = immediate)  (max.
decontamination factor)

radioacti
ve

decay

daughter
products

mol. part. org. mol. part. org.
B C 100% N - ����DWP

����VXPSV
91% 5% 4% Y NaoH R 10 after

20 min
 (100)

0.8
(100)

0 Y Y

F [3.1] C 100% Y 100% (atm) 90% 0% 10% Y NaOH I+5min i
(1000)

0 0 Y Y

F – updated
hypothesis

under
discussion

≤ 33% Y 10% dry phase (atm)
�����ZHW�SKDVH�WR

WKH�VXPS

1%
���DWP

99%
�����
ZDWHU

0%
�����DWP

Y NaOH I 20
*

4
**

0

D CH 10% values
based on

an old
calcul.

Y 100% (10% atm) no assumptions explicitely
made

N 7h to reach equilibrium
value: Iwater/Igas=104

not in the
containment but in
the environment

E C 100% N - ����DWP�����
VXPSV

95.5% 2.5% 2% Y Na3PO4 R 20+3.13
(100)

5.46(50)
 0.55

0 Y Y

UK C 100% Y Y 100% (atm)
(10% dry phase 90%

wet phase)
(2% of

the total
release
will be

I2)

99.8% formation
:0.2%

Y Na3PO4 R 0 1.3
(<0.6h) -

0.5
(>0.6h)
(10000)

0 Y N

CZ VVER 100% Y - Y
FIN CH 100% Y Y dry phase: 10%

wet phase : 90% wet
phase
55%

100%
init.

Y N2H4 -
KOH

I Y Y

HU VVER 100% Y N formation Y (severe
acc:N2H4 -

KOH)

Y Y

I C 100% Y N 100% 49.5% 49.5% 1% Y NaOH 12 (200) 3.1 (200) 0 Y N
NL CH 10% N N 75%atm

25% sumps
50% 0% 50% N - - - Y Y

Sl C 100% N - �����DWP�
�����VXPSV

91% 5% 4% Y NaOH I 10 (100) 3.8 (100) 0 Y Y

CH CH 10% cf D 1.7% 1% Y - Elem. iodine: 0.5% after 4h Y Y

* concentration I2 > 10-3 I2max ;  ** for 1 spray train actuation,while concentration CsI > 10-3 CsImax
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7DEOH������gap inventory - release (as a fraction of the pin inventory)
F

[3.1]
F D - CH

gap +
leaching

=total release

UK
gap+

fragmented fuel
=total release

FIN
gap + additional

contribution during
the transient

I

Krypton

85: 0.3

others: 0.02

0.05 0.1

85: 0.01+ 0.065=0.075
85m: 0.007
85: 0.033
87: 0.004
88: 0.005

83m:  0.00047
85m:  0.000704

85: 0.195
87: 0.00038
88: 0.00056
89: 0.00018

Xenon 0.02 0.05 0.1
133: 0.002+

0.0195=0.0215
133: 0.035

135m: 0.009
135: 0.009
138: 0.002

131m: 0.00565
133: 0.00378

133m: 0.00248
135m: 0.00174
135: 0.00103
137: 0.0002
138: 0.00018

Iodium 0.03 0.02 0.01+ 0.05=0.06 131: 0.0025+
0.004=0.0065

131: 0.022
132: 0.018
133:0.014
134: 0.003
135: 0.008

131: 0.00465
132: 0.000513
133: 0.00154
134:0.00032

135:0.000874
Caesium 0.02 0.01+0.05=0.06 134: 0.01+  0.0086=0.0186

137: 0.01+0.01=0.02

134: 0.033
136: 0.033
137: 0.033
138: 0.002

134: 0.00009
136: 0.121

137: 0.00335

Bromine 0.02 0.01+0.05=0.06
Rubidium 0.02 0.01+0.05=0.06 86: 0.033 88: 0.121
Tellurium 127: 0.007

129: 0.002
129m: 0.004
131m: 0.011
132: 0.018

129m: 0.021
131m: 0.00396

132:
0.00574

Strontium 89: 0.013
90: 0.013
91: 0.007

89: 0.0109
90: 0.0302

Molybdenum 99: 0.013 99: 0.00056
Yttrium 90: 0.013

91: 0.013
92: 0.004

91:0.00504

Zirconium 95: 0.013
97: 0.009

95: 0.0056

Niobium 95: 0.013
97: 0.002

Technetium 99m: 0.005
Ruthenium 103: 0.027

105: 0.004
106: 0.027 106: 0.0175

Antimony 127: 0.02
129: 0.004

Barium 139: 0.002
140: 0.013

Lanthanum 140: 0.013
Cerium 141: 0.027

143: 0.012
144: 0.027 144: 0.0196

Praseodymium 143: 0.012
OTHERS 0.0001+0.005=0.0051 see [3.2] for  release of

others volatiles

CZ: the code CORSOR is used for the computation of released core inventory fraction
I: fraction of the gap that is released: 100% for noble gases, alkalis and halogens, 10% for Te and 1% for the
others
HU: the same model as UK is used [3.2] (Noble gases: Kr & Xe, “volatiles”: Br, Rb, Sr, Te, I , Cs, Ba, La)
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7DEOH������Leakage from auxiliary systems

B F D E UK CZ FIN HU I NL Sl CH

Initial coolant
activity

N N Y N N Y N Y N Y N

liquid leakage Y Y Y Y N (*) Y Y Y N N (only
for small

break
LOCA)

sump activity Y - 50%
iodine

Y N Y - 50%
iodine

Y Y N Y - 100%
released
activity

Y -
postulate

d

Y - 50%
halogens

N

(*) In the UK, liquid leakage is accounted for in the Probabilistic Safety Analysis by means of a separate design
basis fault.
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&KDSWHU�,9��6HTXHQFH�GHILQLWLRQ

��� ,QWURGXFWLRQ
The accident considered in this project is a design basis accident, consisting of a successfully
terminated large LOCA. Following this break, the safeguard systems will start and operate
automatically and will ensure that the reactor is shut down, the fuel is cooled and the integrity
of the primary containment is maintained.

The transient can be divided into four phases (fig. 4.1):

− During the blowdown phase, a massive flow of water and steam escapes through the
break. Several phenomena occur. The pressure of the reactor coolant system falls until
the point where it is approximately equal to the pressure of the containment atmosphere.
The end of this phase occurs approximately 30 seconds after the initiating event. Very
little water remains in the reactor coolant circuit.

− The second phase is the refill phase: it takes about 40 to 50 seconds until the level of the
injected water reaches the bottom of the active core.

− The reflood phase continues until the core is again completely covered. In the German
design (with simultaneous injection in cold and hot legs), this phase is much shorter.
For the latter, it is completed in about 120 seconds, compared to 300 to 500 seconds for
the plants with injection into cold leg only.

− The last phase is the long term cooling.

− The objective of this chapter is to describe in more detail the hypotheses and modelling
assumptions used to define the sequence(s) to be analysed.

��� &XUUHQW�VLWXDWLRQ

����6LWXDWLRQ�XS�WR������VWXG\
In all cases, the double ended guillotine break is considered to be the enveloping case for a
large break LOCA.

For the licensing case [4.1], all countries (B, F, D, I, E and UK) consider a double ended
guillotine break in the cold leg. For the realistic approach [4.2], distinction is made between
hot leg and cold leg breaks for the plants with cold leg injection. For these plants, the cold leg
break is considered to lead to the worst consequences.

References [4.1] and [4.2] do not give detailed information on other aspects of the sequence
definition as for instance the application of the single failure criterion or the combination with
loss of offsite power. Nevertheless, in a general way, reference [4.2] states the following :

����7KH�6DIHJXDUG�6\VWHPV

���� ,Q� WKH� ERXQGLQJ� IDXOW� VHTXHQFH�� LW� LV� DVVXPHG� WKDW� RQO\� WKH� PLQLPXP� QXPEHU� RI
VDIHJXDUG� V\VWHPV� RSHUDWH� ZKLFK� DUH� UHTXLUHG� WR� DFKLHYH� WKH� DERYH� FRQGLWLRQ�� ���� ,Q
DGGLWLRQ��LW�LV�JHQHUDOO\�QRW�FODLPHG�WKDW�WKH�FRQWURO�URGV�HQWHU�WKH�FRUH�DQG�LW�LV�DVVXPHG
WKDW�WKHUH�LV�D�FRLQFLGHQW�ORVV�RI�RII�VLWH�SRZHU�����
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Some partners in this project (B, UK) clarified that in their country both off-site power
available and unavailable are considered to determine the worst case.

����5HYLHZ�RI�QHZ�LQSXW�VRXUFHV��VLQFH������
In view of the licensing of future nuclear power plants, the French and German safety
authorities started discussions concerning the safety requirements for future plants. One of the
outcomes of these discussions are the GPR-RSK recommendations [4.4]. The following text in
italic is taken from [4.4].

&RQFHUQLQJ� WKH�PDLQ� FRRODQW� OLQHV��*35� DQG� 56.� DOVR� DJUHHG� WKDW� ³LW� DSSHDUV� IHDVLEOH� WR
GHVLJQ�DQG�RSHUDWH�IXWXUH�3:5�SODQWV�VR�DV�WR�³H[FOXGH´�WKH�FRPSOHWH�JXLOORWLQH�EUHDN�RI�D
PDLQ�FRRODQW�OLQH´��7KH\�KRZHYHU�FRQVLGHUHG�WKDW��WKH�PDVV�IORZ�HTXLYDOHQW�WR�D��$�RSHQLQJ
RI� WKH� PDLQ� FRRODQW� OLQH� KDV� WR� EH� DVVXPHG� IRU� WKH� GHVLJQ� RI� WKH� HPHUJHQF\� FRUH� FRROLQJ
IXQFWLRQ� DQG� RI� WKH� FRQWDLQPHQW� SUHVVXUH� ERXQGDU\�� VR� DV� WR� LPSOHPHQW� VDIHW\� PDUJLQV
FRQFHUQLQJ� WKH� FRROLQJ� RI� WKH� FRUH� WR� SUHYHQW� FRUH� PHOW� DQG� FRQFHUQLQJ� WKH� FRQWDLQPHQW
IXQFWLRQ��WKH��$�RSHQLQJ�LV�DOVR�WR�EH�DVVXPHG�IRU�WKH�VXSSRUWV�RI�WKH�FRPSRQHQWV�DQG�IRU�WKH
TXDOLILFDWLRQ�RI�HTXLSPHQW´�

2Q� WKLV� WRSLF�� *35� DQG� 56.� SUHFLVH� WKDW�� IRU� WKH� VDIHW\� GHPRQVWUDWLRQ�� ORVV� RI� FRRODQW
DFFLGHQWV�LQFOXGLQJ�WKH�FRPSOHWH�UXSWXUH�RI�DQ\�SLSH�FRQQHFWHG�WR�D�PDLQ�FRRODQW�OLQH�KDYH�WR
EH� DVVXPHG� IRU� WKH� LGHQWLILFDWLRQ� RI� UHIHUHQFH� LQFLGHQWV� DQG� DFFLGHQWV�� ,Q� SDUWLFXODU�� WKH
FRPSOHWH�UXSWXUH�RI� WKH�ODUJHVW�SLSH�FRQQHFWHG�WR�D�PDLQ�FRRODQW�SLSH� �VXUJH� OLQH��KDV� WR�EH
GHDOW�ZLWK�DV�D�UHIHUHQFH�DFFLGHQW��ZLWKRXW�WDNLQJ�LQWR�DFFRXQW�WKH�LQIOXHQFH�RI�D�IORZ�OLPLWHU��LI
DQ\�

(...)

*35� DQG� 56.� FRQVLGHU� WKDW�� ZLWK� D� FRUUHFW� LPSOHPHQWDWLRQ� RI� DSSURSULDWH� GHVLJQ� DQG
RSHUDWLRQ� SURYLVLRQV�� WKH� FRPSOHWH� JXLOORWLQH� EUHDN� RI� D� PDLQ� FRRODQW� OLQH� LV� QRW� WR� EH
FODVVLILHG�DV�D�UHIHUHQFH�DFFLGHQW�������

Also the following text in italic is quoted from [4.4]:

*35� DQG� 56.� DOVR� DJUHHG� WKDW� ³WKH� ORDGV� WR� EH� FRQVLGHUHG� IRU� WKH� GHVLJQ� RI� WKH� LQWHUQDO
VWUXFWXUHV�RI�WKH�UHDFWRU�YHVVHO�DQG�IRU�WKH�GHVLJQ�RI�WKH�VWUXFWXUHV�LQ�WKH�FRQWDLQPHQW�EXLOGLQJ
FDQ�EH�OLPLWHG�WR�WKRVH�UHVXOWLQJ�IURP�D�EUHDN�HTXLYDOHQW�WR�WKH�FRPSOHWH�JXLOORWLQH�UXSWXUH�RI
WKH�ODUJHVW�SLSH�FRQQHFWHG�WR�WKH�PDLQ�FRRODQW�OLQH��VXUJH�OLQH�´�

Note that in the discussion above the term “reference incidents and accidents”, used in the
GPR-RSK recommendations, can be assimilated to the term “design basis incidents and
accidents” in former terminology.

After 1992, some information became also available with respect to the licensing of some new
reactor designs.

One of these efforts concerns the EPR. For the EPR, by implementation of the break
preclusion project, the double-ended guillotine break of the main coolant pipes is not
considered, neither within the design basis, nor for risk reduction [4.7].

Another design being developed is the System 80+ design [4.3]. Concerning the sequence
definition for the analysis of radiological consequences of the LOCA, the safety analysis
presented in [4.3] has the following characteristics:
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− the Safety Injection System is ineffective in the initial phase of the accident (i.e. before t
= 6630 s) resulting in a damaged core. This is consistent with the use of the source term
as defined in NUREG-1465 [4.6].

− the pipe break size being used in the analysis is a full double-ended rupture of the hot
leg. The full double-ended rupture is considered in [4.3] to be a very conservative
assumption for a plant which has been designed with leak-before-break included as a
design consideration. The location of the break in the hot leg is probably due to the
design specific lay-out of the primary circuit, having 1 common hot leg for 2 cold legs.

− a loss of off-site power is assumed to occur at t = 0.

����3RVLWLRQ�LQ�WKH�(85�GRFXPHQW

In the EUR document [4.5], an indicative list of initiating events is given, which contains (as a
Design Basis Condition of Category 4 = Accidents of very low frequency) the “loss of reactor
coolant up to and including double-ended guillotine failure of largest RCS pipe”.

Nevertheless, it is also stated that Break Preclusion measures may be taken to reduce the
requirements to consider the consequential effects of LOCAs.

It is further required to combine the initiating event and SFC (Single Failure Criterion) with
loss of offsite power where this is unfavourable.

��� ,QYHVWLJDWLRQ�ZLWKLQ�WKLV�SURMHFW
Concerning the design basis LOCA, two parts can be distinguished in the safety analysis: a
thermalhydraulic analysis to verify compliance with criteria defined for the core, and an
analysis of the radiological consequences.

From the responses (of the 5 countries participating in the project) to the questionnaire which
was developed for this project, the following information is obtained concerning the sequence
definition for the thermalhydraulic analysis:

− For a PWR design with injection of emergency core coolant water into the cold legs
only, the bounding fault is considered to be a double ended guillotine break of a cold
leg. For the design with injection into cold and hot leg, a double ended guillotine break
is considered for both cold or hot leg.

− In all case, conservative values for the initial conditions (containment temperature and
pressure, initial power...) are chosen to maximise the fuel clad temperature and hence
the probability of clad failure.

− In most countries, the single failure criterion is also applied to maximise the probability
of clad failure. For Germany, the SFC is applied as a design requirement for the
systems, but a single failure is not postulated in the definition of the sequence to be
analysed in the safety demonstration [4.8];

− Except for Germany, all the countries consider a simultaneous loss of off-site power if it
is penalising.

− The water injected into the broken leg is always considered to be lost.
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The radiological consequences study is not coupled with the thermalhydraulic study. Indeed,
the source term released to the containment is defined independently of the thermalhydraulic
analyses (see following chapters in this report).

Nevertheless, some principles of the thermalhydraulic analyses are also applied in the analyses
of the radiological consequences, as for instance:

− the application of the SFC. It should be noted that the single failure postulated in the
analysis of the radiological consequences can be different from the one postulated in the
thermalhydraulic analysis. Only in Germany, no single failure is postulated in the
sequence definition for the analysis of the radiological consequences.

− considering a simultaneous loss of off-site power if it is penalising (except for
Germany).

In the framework of this project, the (degree of) coupling of the thermalhydraulic and
radiological consequence analysis was discussed, in particular:

− the coupling consisting in using the outcome of the thermalhydraulic analyses for
determining the fraction of failed fuel pins;

− the timing of the accident scenario and the releases.

All project partners agreed that both analyses should remain uncoupled to a large extent. One
aspect for which a coupling could be considered is the use of thermalhydraulic analyses for
determining the fraction of failed fuel pins (see chapter 6).

��� 3URSRVDO�IRU�D�FRPPRQ�SRVLWLRQ

3URSRVDO�

Concerning the initiating event to be postulated for the design basis LOCA, the double ended
guillotine break of a main coolant pipe has to be considered for the existing plants, given that it
was (and should remain) part of their licensing basis.

For future plants, it appears feasible to design and operate these plants so as to “exclude” the
complete guillotine break of a main coolant line. Then the loads to be considered for the design
of the internal structures of the reactor vessel and for the design of the structures in the
containment building can be limited to those resulting from a break equivalent to the complete
guillotine rupture of the largest pipe connected to the main coolant line. In this case, the
complete guillotine break of a main coolant line is not to be classified as a reference accident.
Nevertheless, this break has to be assumed for the design of the emergency core cooling
function and of the containment pressure boundary, so as to implement safety margins
concerning the cooling of the core and concerning the containment function. In particular, for
the safety demonstration, the reference accident should assume the complete rupture of the
largest pipe connected to a main coolant pipe (surge line), without taking into account the
influence of a flow limiter, if any. This approach is already proposed in the GPR-RSK
recommendations (DFD Letter dated November 2 1994) based on the break preclusion concept
and might be considered by other regulators for future plants.

The initial conditions considered in the analysis of the radiological consequences should be
defined in such a way as to maximise the radiological consequences. These initial conditions
concern for instance power, pressure and temperature parameters of the primary circuit and
fuel cycle characteristics (End Of Life, Begin Of Life...).
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The application of the single failure criterion and the combination with loss of offsite power, if
penalizing, should be considered.

3RVLWLRQ�RI�WKH�SDUWQHUV�

The project partners agree with this proposal.
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&KDSWHU�9��/LVW�RI�QXFOLGHV�WR�FRQVLGHU
IRU�WKH�FDOFXODWLRQ�RI�WKH�UDGLRORJLFDO�FRQVHTXHQFHV

RI�WKH�GHVLJQ�EDVLV�DFFLGHQW�/%/2&$

��� ,QWURGXFWLRQ
In the assessment of the radiological consequences of the large break LOCA, generally only a
limited number of fission products (noble gases and iodine) have been considered. The
selected nuclides are considered to be the most significant for the exposed individuals such
that the computed dose is representative of the consequences of the accident.

In this chapter, we consider first the present list of nuclides retained for the licensing
computation. The next section introduces some new elements for dose computation. Then, the
relative contribution for each fission product is roughly estimated according to the exposure
route. The possible contribution of corrosion products and actinides is also discussed.

Based on these elements, a new proposal about the nuclides to consider for the computation
of the radiological consequences of the successfully terminated LBLOCA accident is
presented.

��� &XUUHQW�6LWXDWLRQ

����3UHVHQW�OLVW�RI�QXFOLGHV�FRQVLGHUHG�E\�(XURSHDQ�FRXQWULHV
Table 5.1 shows the list of fission products that are considered by various countries to
compute the radiological consequences of the LBLOCA. This information was gathered from
the responses to a questionnaire sent within this project to European countries (see chapter 2).

An “f” indicates that the isotope is not included by the country in its present calculation but
that this country plans to include this isotope into future calculations.

United Kingdom and Germany consider also corrosion products in the calculation of the
radiological consequences of the LBLOCA. However, the contribution of corrosion products
is negligible compared to that of fission products: the activity released from the core is much
larger than the total corrosion product activity.

Czech republic, Switzerland and the Netherlands consider also actinides.

The identification of the nuclides to be considered also depends on the way the radiological
consequences are calculated (exposure routes and duration). The situation is as follows. Most
countries compute the radiological consequences on a short term. The period and the
exposure routes considered for the computation are listed in table 5.2 (if this information was
available for the country). For the short term consequences, the external irradiation from the
plume by gamma and beta rays emitted and the internal irradiation from inhalation are the
most important irradiation routes. For long term calculation, external irradiation from
deposited nuclides and internal irradiation from ingestion of contaminated foodstuffs have
also to be taken into account.
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Because they are volatile, a large amount of noble gases and iodine elements are released to
the environment. The main contribution to the cloud exposure dose is due to the noble gases
and iodine elements are dominant for the inhalation dose. Table 5.3 indicates the type of dose
considered by each country.

����(85��(XURSHDQ�8WLOLW\�5HTXLUHPHQWV�IRU�/:5�1XFOHDU�3RZHU�3ODQWV�>���@

The EUR safety approach considers several categories of conditions:

− Design Basis Conditions (DBC); category 1 to 4

− Design Extension Conditions (DEC)

The last category (DEC) covers Complex Sequences and Severe Accidents. According to the
categories, various targets are defined.

Large break LOCA is classified in DBC Category 4. Two targets are defined: a limited
economic impact and no action beyond 800m. The first target is based on the release of iodine
and caesium groups, the second one includes also the Xe group (noble gases).

For Severe Accidents, the targets involve all fission products grouped in nine categories (Xe,
I, Cs, Te, Sr, Ru, La, Ce, Ba). The targets are no emergency action beyond 800 m from the
reactor, no delayed action beyond 3 km from the reactor and no long term action beyond 800
m from the reactor

����8615&�QHZ�VRXUFH�WHUPV

The NUREG-1465 [5.3] defined new source terms for PWRs and BWRs. Currently licensed
power reactors will be allowed to voluntary implement these alternative source terms as a
change to their design basis (specified by TID 14844 and Reg. Guide 1.4 (PWR))[5.4]. The
radionuclides are divided into 8 groups. Five release phases are defined. The NRC has
determined that design basis analysis will address the first three release phases - coolant, gap
and in-vessel (see table 5.4). A new regulatory guide is under preparation to implement the
new source term [5.5].

��� ,QYHVWLJDWLRQ�ZLWKLQ�WKLV�SURMHFW

����1HZ�HOHPHQWV�VLQFH�WKH�ILUVW�OLFHQVLQJ�VWXGLHV

������ 1HZ�FRHIILFLHQWV�EDVHG�RQ�WKH�,&53�SXEOLFDWLRQ���

The first radiological consequence calculations used  the dose conversion coefficients of
ICRP 2 publication [5.6], with the concept of whole body dose and doses to other organs. The
ICRP 30 publication [5.7] introduced the concept of effective dose and it has been used by
several countries.

Dose conversion coefficients have been reviewed in the frame of the 1990 recommendations
of the International Commission on Radiological Protection (ICRP). Weighting factors of
organs or tissues (WT) and equivalent doses (HT) have changed [5.8, 5.9, 5.10].

The relative importance of isotopes is modified. Some examples of dose conversion
coefficients for inhalation and ingestion are given in table 5.5 for a 1-year old child (the most
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penalising lung absorption type is chosen). The old coefficients [5.11] (calculated using the
models and guidance of the ICRP 30 publication [5.7]) are first presented. Then the new
values [5.10] are given. The ratio between the two factors is computed. The last column gives
the change in  the relative importance of the nuclides compared to the isotope 131I.

The difference between the old and the new coefficients is small for most nuclides and
therefore the relative  importance of the nuclides compared to 131I does not change very
much. For the inhalation coefficients, the relative importance of some isotopes varies by more
than a factor 2 (especially some caesium isotopes). It is due to the fact that other absorption
rates are now defined and considered for these isotopes.

Thus, taking into account the predominant iodine contribution for the doses (about or more
than 90%,), the new ICRP coefficients will not induce major changes in the computed doses
and the relative contribution of the various isotopes; but small changes, as the contribution of
caesium isotopes, may occur.

������ /RQJ�WHUP�FRPSXWDWLRQ

To consider all the radiological consequences of an accident, the dose computation has to
include not only the exposure routes related to the radioactive cloud (external cloud exposure
dose and inhalation dose) but also the routes related to the long term consequences (external
irradiation from deposited nuclides and internal irradiation from ingestion of contaminated
foodstuffs). According to their half-life and their incorporation into the food, nuclides like Cs,
Sr, Ru may play an important role.

������ &RPSXWHU�SRZHU

When the first radiological consequences were initially computed, only the most important
nuclides with regard to the radiological consequences were taken into account. The reduced
list allowed a fast and easy computation of the consequences. The evolution of the computers
(desk computers with high speed computation and large storage capacity) means that it is no
longer necessary to restrict the number of nuclides to include for such a computation and a
more complete list can be considered if required.

������ $UWLFOH����RI�WKH�(85$720�7UHDW\���:RUNLQJ�'RFXPHQW�RQ�5HIHUHQFH
$FFLGHQWV�IRU�/LJKW�:DWHU�1XFOHDU�3RZHU�3ODQWV�>����@

This document was written for the European Commission in 1990. It is a reference guide for
the European Commission to assess the radiological consequences of accidents for nuclear
installations examined under the terms of the Article 37 of the Euratom Treaty. A list of the
most important radionuclides to consider in function of pathways is presented in this
document (table 5.6).

− For cloud exposure, iodines and particulates are not considered because for these
isotopes, the exposure by inhalation plays the leading part. For noble gases, the
selection is based on the highest product of the activity released to the environment by
the dose factor for immersion.

− For inhalation, the selection of the isotopes is based on the product of the release
activity and the dose factor. The released activity is estimated by the product of the
core inventory and a given escape factor.
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− For ingestion, a transfer factor is introduced to take into account the contamination of
the food.

− For ground shine, the factors are the released activity, the gamma energy i.e. the dose
rate factor and the half-life of the isotope.

����(YDOXDWLRQ�RI�WKH�VRXUFH�WHUP�DQG�LPSOLFDWLRQV�RQ�GRVHV

This section indicates the changes which occur in the source term from the fuel release to the
release to the environment.  The data on source terms are indicative of a 1200 MWe PWR
with a steel lined containment and are based on reference [5.1].

The activity at each step is given as follows:

1. activity of the core inventory,

2. activity released from the core (with 100% failed pins),

3. activity released into the containment atmosphere,

4. activity release from the containment to the environment over a 24 hour period, taking
into account spray removal and radioactive decay, for a leak rate of 1%/day (without
retention or filtration of the leakage).

For the last step, retention and filtration are not considered for the leakage because the
decontamination factor will depend on the design of the containment (i.e. concrete or steel
lined walls) resulting in large differences.

������ 5HOHDVH�RI�QREOH�JDVHV

All countries consider the quasi complete list of noble gases as fission products. The
computed doses by the countries will be very close and will correspond to almost 100% of the
total cloud exposure dose. Nevertheless some countries do not consider 89Kr and 137Xe with a
short half-life (0.053 h and 0.064 h respectively). 134mXe has a very short half-life, less than
10-4 h and is never considered. 83mKr has a conversion coefficient that is two orders of
magnitude below the other isotopes and it is then often not taken into account.

Table 5.7 shows the approximate source term details in the release path from the core to the
environment. The core inventory and the released gap fraction come from reference [5.1]
(best estimate model for the released gap fraction). Step 3 is the same as step 2 because no
retention is considered in the reactor coolant for noble gases. In addition to step 4, a one-
month release (step 4bis) is considered (duration of release postulated by most countries).

The relative contribution of each species to the cloud exposure dose is evaluated in the last
columns and presented on figures 5.1 and 5.2. The dose conversion coefficients are taken
from [5.10]. The coefficients for 89Kr and 137Xe are not given in this publication, but they
have been computed on a similar way. The coefficients correspond to a semi-infinite cloud
size model and are not corrected for a finite size cloud model. After a 24 h release, the
dominant contributors are 88Kr (45%), 133Xe (32%) and 135Xe (13%). For a release of a
month, the relative contribution of 133Xe increase up to 76% while the contribution of 88Kr
decreased to 14%. This evolution is due to the radioactive decay of the noble gases in the
containment.
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It is recognised that nuclides other than noble gases contribute to the cloud exposure doses.
The dose conversion coefficients and the activity that is expected to be released from the core
for these other fission products are of the same order of magnitude (or smaller) but as the
noble gases are not retained in the primary coolant and not abated in the containment, the
contribution of the noble gases is very dominant. Some countries consider all gamma emitters
to compute the cloud exposure dose (D, UK), other countries compute it taking only into
account the contribution  of noble gases (B) or noble gases and iodine (E, F). French utility
proposal considers cloud exposure from noble gases, I , Cs, Br, Rb.

������ 5HOHDVH�RI�RWKHU�ILVVLRQ�SURGXFWV

&RQWULEXWLRQ�WR�LQKDODWLRQ�GRVH

Table 5.8 presents the source terms at each step.  The inhalation dose conversion coefficients
for a 1-year old child are chosen.  The isotopes are assumed to be in aerosol form (the most
penalising lung absorption type is chosen for the conversion coefficients), although other
forms with larger coefficients may exist. Particulate form is first considered for iodine
because most iodine is released as particulate. The proportion of the three iodine forms
(organic, particulate and elemental) changes along the accident progression (see chapter IX of
this document). A second calculation has assumed that all iodine is release as elemental
iodine.

The first “Activity” column gives the core inventory for a 33000 MWth burn-up (step 1)[5.1].
The release from a damaged pin is computed taking into account the gap release and a
contribution from the fragmented fuel (step 2). The best-estimate model of [5.1] , based on
the nuclide half-life,  is applied for the volatile nuclides (I, Cs, Br and Rb). A fraction of 10-4

is considered for the involatile nuclides.  The NPP for this rough estimate is assumed to have
injection of the ECC water into the cold legs and to have a spray system. Approximately 65%
of the released iodine goes into the containment atmosphere, and at most 10% of the other -
less volatile - fission products (step 3). Then a hypothetical leakage rate of 1% is assumed
during 24 h (step 4). To compute the released activity, radioactive decay and iodine/aerosol
abatement by the spray are taken into account. Numerical values are extracted from [5.1], the
abatement rate corresponds to a hot leg break and to inorganic iodine.

The last two columns show the relative contribution to the inhalation dose from which it can
be seen that the major contributors are iodine, and caesium nuclides which together account
for 98.5 % of the dose when the particulate form of iodine is considered (see also figures 5.3
and 5.4). To consider elemental iodine (with dose conversion coefficients approximatively
2.3 times higher than the coefficients of particulate iodine) increases the relative contribution
of iodine from 93% to 97%. It is noted that several assumptions have been made that result in
an underestimate of the contribution by iodine, for instance the choice of the spray removal
rates. For the licensing computation, more conservative assumptions are used which result in
iodine becoming more important. Similarly filtration of the leakage was not considered. The
filtration efficiency is smaller of a factor 10 at least for iodine than for the other fission
products (except noble gases).

Figure 5.5 presents the relative contribution for the involatile fission products.
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The results of a sensitivity study for the released fraction of involatiles nuclides are presented
in table 5.9. Of course, if the assumed released fraction increases, the contribution of the
involatile nuclides increases and the contribution of iodine and caesium decrease.

It is noted that, although different numbers of nuclides are considered by different countries,
the total estimated dose will not be significantly affected since all countries consider the most
radiological significant nuclides.

&RQWULEXWLRQ�WR�LQJHVWLRQ�GRVH

A similar estimate could be done for the ingestion dose. Before an activity release gives  an
actual dose, the deposition of the isotopes, their passage into the foodchain and the dietary
intake rates has to be taken into account. Contrary to the inhalation process for which the
relative contribution of the released nuclides does not depend on any other parameter than the
dose conversion coefficient, many processes are involved to determine the ingestion dose,
and much depends on the nature of the nuclides. As the relative importance of the isotopes
will strongly depend on these parameters, a similar estimate is not performed. Results of [5.1]
are presented: the dominant isotopes are 131I and 133I. On a longer term, other isotopes give
also some contribution to the ingestion dose: 134Cs, 137Cs and 90Sr. In this study, the
contaminated food was assumed to be consumed in the first day after the fault, after which the
consumption of such food was banned for one year.

*URXQG�VKLQH�GRVH

The ground shine dose depends also on other parameters, such as the ground deposition
velocity. 131I, 133I, 134Cs, 137Cs, 138Cs and 88Rb are the main contributors to this dose [5.1].

������ 7RWDO�GRVH���FRQWULEXWLRQ�RI�WKH�H[SRVXUH�URXWHV

These conclusions are drawn from [5.1]. The realistic computation of the radiological
consequence of a successfully terminated LBLOCA shows that the dose is mainly due, first to
the inhalation and ingestion of 131I (milk products, and less important green vegetable), and
second to 133I for the same exposure routes. Smaller contributions come from the inhalation
of 135I and from the ground shine (137Cs and 134Cs). Noble gases cloud irradiation contributes
to a few percent of the total dose (133Xe, 88Kr, 135Xe, 87Kr, 138Xe by importance order).

������ &RUURVLRQ�SURGXFWV

The radiological consequences due to the corrosion products are small. The highest activity of
a corrosion product in the primary coolant is 108 Bq/t for 58Co (from 0.5 107 to 5 107 for other
corrosion products) [5.1]. The total activity of corrosion products is about, or less than, 5 108

Bq/t. With approximately 200t of primary coolant, the available activity is about  1011 Bq.

For 1 % of fuel failure, there is an activity of 2.1 1014 Bq of 131I released from the fuel and 1.4
1014 Bq to the containment atmosphere. Because the dose conversion coefficients for
ingestion and inhalation of the corrosion products are more or less similar to the coefficients
for fission products (table 5.10), the contribution of corrosion products is obviously negligible
for this type of accident with some fission product release due to fuel failure.

������ $FWLQLGHV

As for corrosion products, there is a small inventory of actinides in the circulating primary
coolant which may be enhanced due to transient conditions / physical resupension associated
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with the blowdown. The majority of this will be removed in the containment and will
therefore not be available for leakage through the containment to the atmosphere. This
contribution to the total dose is therefore negligible compared to the activity release from the
failed fuel.

In addition to this, there may be a small amount of fuel particulate release from the failed
pins. This amount will probably be very small. The new source term defined by the NRC
(NUREG 1465, see table 5.4) consider a zero release from the gap. In case of core melt, the
early in-vessel release for the actinides is 40 times smaller than the release of the involatiles
fission products, as Barium and Strontium.

Nevertheless, the inhalation dose conversion coefficients of some actinides are greater than
those of the fission products (see table 5.11). This is very important for public acceptance
because of the opinion that even a small release of actinides can lead to large consequences.
The contribution of the actinides is very difficult to estimate because there exist no sufficient
data to determine the fraction that is released from a failed pin, and the fraction going to the
containment atmosphere and to the sumps, the behaviour in the containment...
If a 10-4 fraction is assumed for the fuel release as for the involatile fission products, and
using the same removal rates, the contribution of actinides equals 3% of the 131I. A 40th of this
fraction reduce the contribution to less than 0.1%. Moreover, the form of the actinides would
be fuel particulates of a few microns in size with high settling velocity and capture rates and
then a higher removal rate, still reducing their contribution.

��� 3URSRVDO�IRU�D�FRPPRQ�SRVLWLRQ
3URSRVDO�

The dose of the successfully terminated LBLOCA is mainly due to a small number of
nuclides (iodine, caesium and noble gases). Iodine and noble gases are always considered in
the licensing studies. Some countries will extend in the future the list of nuclides at least to
include caesium. Others countries already consider an extensive list of nuclides.

With the present computers, it is possible to consider all fission products and to compute the
source term for each of them. The main problem is the lack of data, especially for the release
fractions of involatile fission products and actinides.

Corrosion products and actinides may be considered to be negligible contributors to the dose
and do not need necessarily to be taken into account. Moreover, the computation of their
consequences will be subject to a large uncertainty. However, it is very important for public
acceptance that actinides are considered. Thus even if they are negligible, it should be
explicitely justified if they are not taken into account for the dose calculations.

Given that
• some countries already consider an extended list of radionuclides (except very short half-

life nuclides),
• accounting for an extended list of radionuclides in the calculation of radiological

consequences is possible and easy with the available computers,
• it is important for public acceptance to demonstrate that all radionuclides are considered,

even if they are negligible for the dose assessment,
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 It is proposed, for future licensing studies, that:
• All fission products should be considered. If some fission products are not considered, a

justification must be presented.
• Actinides should be considered. They may be screened out, based on qualitative

arguments.
• It is not necessary to consider the corrosion products for this accident.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All project partners agree with this proposal, except NNC (U.K.) and IPSN (France). NNC
and IPSN consider that it is sufficient to retain a short list of radiologically significant
nuclides, together with a justification for omission of the remainder.
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7DEOHV
7DEOH������List of nuclides

1XFOLGH % ) ' ( 8. ),1 &= +8 , 1/ 6O &+ 1XFOLGH % ) ' ( 8. ),1 &= +8 , 1/ 6O &+

Kr 79 x Sb 125 x
Kr 81 x Sb 127 x x x
Kr 83m x x x x x x x Sb 128 x
Kr 85 x x x x x x x x x x x Sb 129 x x x
Kr 85m x x x x x x x x x x x Sb 130 x
Kr 87 x x x x x x x x x x x x Sb 131 x
Kr 88 x x x x x x x x x x x x Sb 132 x
Kr 89 x x x x x x x x x Te 125m x x
Xe 127 x Te 127 x x x
Xe 129m x Te 127m x x
Xe 131m x x x x x x x x x x Te 129 x x
Xe 133 x x x x x x x x x x x x Te 129m x x x x x
Xe 133m x x x x x x x x x x Te 131m x x x x x
Xe 135 x x x x x x x x x x x x Te 132 f x x x x x
Xe 135m x x x x x x x x x x x x Te 133 x
Xe 137 x x x x x x x x Te 133m x
Xe 138 x x x x x x x x x x x x Te 134 x
Br 80 x I 128 x
Br 80m x I 129 x
Br 82m x I 130 x
Br 82 f x I 130m x
Br 83 f x x I 131 x x x x x x x x x x x x
Br 84 x I 132 x x x x x x x x x x x x
Br 84m f x I 133 x x x x x x x x x x x x
Br 85 x I 134 x x x x x x x x x x x
Br 86 x I 134m x
Br 87 x I 135 x x x x x x x x x x x x
Rb 86 f x x I 136 x
Rb 87 x Cs 134 f f x x x x x x x x x x
Rb 88 f x x x x Cs134m f
Rb 89 x x Cs 135 x
Rb 90 x Cs 136 f x x x x
Rb 90m x Cs 137 f f x x x x x x x x x x
Rb 91 x Cs 138 f x x x x
Sr 89 x x x x x Cs 138m f
Sr 90 x x x x x Cs 139 [

Sr 91 x x x x Cs 140 x
Sr 92 x x Ba 137m x** x
Sr 93 x x Ba 139 x x
Sr 94 x Ba 140 x x x x
Y 90 x x x x Ba 141 x
Y 91 x x x x x Ba 142 x
Y 91m x La 140 x x x x
Y 92 x x x La 141 x x
Y 93 x x x La 142 x x
Y 94 x La 143 x
Y 95 x Ce 141 x x x x
Y 96 x Ce 142 x
Zr 93 x Ce 143 x x x x
Zr 95 x x x x x x Ce 144 x x x x x
Zr 97 x x x Ce 145 x
Nb 95 x x x x x Ce 146 x
Nb 95m x Ce 147 x
Nb 97 x x x Pr 143 x x x x
Nb 97m x Pr 144 x
Mo 99 x x x x Pr 144m x
Mo 101 x Pr 145 x x
Tc 99m x x x Pr 146 x
Ru 103 x x x x Pr 147 x
Ru 105 x x Nd 144 x
Ru 106 x x x x x Nd 147 x x
Rh 105 x Pm 147 x
Ag 110m x Pm 148 x

Pm 149 x
* D considers all nuclides - the more radiological important nuclides were Sm 147 x
indicated Eu 156 x

**(Ba137m: secular equilibrium with Cs 137)
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7DEOH����� Computation time for the radiological consequences

% ) )���8WLOLWLHV ' ( 8. ),1 &= , &+

Duration of
release

30 days 2 hours 30 days 24 hours 30 days 30 days roof release: 2h
stack release: 24h

30 days 30 days 30 days

Duration of
assessment

30 days 30 days 30 days 50 year
practice

30 days 1 year 1 year 30 days 50 years

Routes
included*

1, 2 1, 2 1, 2, 3, 4 1, 2, 3, 4 1, 2 1, 2, 4
short term: 3

1, 2, 3, 4 1, 2, 3, 4 1, 2 1, 2, 3, 4

* 1 = cloud exposure, 2 = inhalation, 3 = ingestion, 4 = ground shine

7DEOH����� Type of dose considered for a LBLOCA

% ) )��
8WLOLWL
HV

' ( 8. ),1 &= +8 , 1/ 6O &+

Effective dose × × × x × × × x

Whole body dose × × × × × ×

thyroid dose × × × × × × x × × ×

other organ doses × × × × x β dose

7DEOH����� PWR Releases into containment (fraction of core inventory)�>���@
*DS

5HOHDVH
(DUO\
,Q�

9HVVHO

([�
9HVVHO

/DWH�,Q�
YHVVHO

1REOH�JDVHV�
Xe, Kr

0.05 0.95 0 0

+DORJHQV�
I, Br

0.05 0.35 0.25 0.1

$ONDOL�0HWDOV�
Cs, Rb

0.05 0.25 0.35 0.1

7HOOXULXP�JURXS�
Te, Sb, Se

0 0.05 0.25 0.005

%DULXP�6WURQWLXP�
Ba, Sr

0 0.02 0.1 0

1REOHV�PHWDOV�
Ru, Rh, Pd, Mo, Tc, Co

0 0.0025 0.0025 0

&HULXP�JURXS�
Ce, Pu, Np

0 0.0005 0.005 0

/DQWKDQLGHV�
La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y, Cm, Am

0 0.0002 0.005 0
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7DEOH����� Example of old and new dose conversion coefficients (1-year old child)
Inhalation Ingestion

[5.11] ICRP60
[5.10]

new/old Evol. imp.
rel I131

[5.11] ICRP60
[5.10]

new/old Evol. imp.
rel I131

Rb 86 1.2E-08 7.7E-09 0.64 0.61 1.7E-08 2.0E-08 1.18 0.72
Rb 87 6.0E-09 4.1E-09 0.68 0.65 9.1E-09 1.0E-08 1.10 0.67
Rb 88 1.5E-10 1.2E-10 0.80 0.76 3.1E-10 6.2E-10 2.00 1.22
Rb 89 6.6E-11 9.3E-11 1.41 1.33 1.4E-10 3.0E-10 2.14 1.31
Sr 89 6.9E-08 3.0E-08 0.43 0.41 1.5E-08 1.8E-08 1.20 0.73
Sr 90 1.6E-06 4.0E-07 0.25 0.24 1.2E-07 7.3E-08 0.61 0.37
Sr 91 2.6E-09 2.5E-09 0.96 0.91 4.1E-09 4.0E-09 0.98 0.60
Y 90 1.5E-08 8.8E-09 0.59 0.55 1.9E-08 2.0E-08 1.05 0.64
Y 91 8.1E-08 3.4E-08 0.42 0.40 1.7E-08 1.8E-08 1.06 0.65
Y 91m 5.5E-11 5.9E-11 1.07 1.01 5.0E-11 6.0E-11 1.20 0.73
Y 92 1.2E-09 1.2E-09 1.00 0.94 3.5E-09 3.6E-09 1.03 0.63
Y 93 8.5E-09 3.0E-09 0.35 0.33 8.5E-09 8.5E-09 1.00 0.61
Zr 95 2.9E-08 1.9E-08 0.66 0.62 5.0E-09 5.6E-09 1.12 0.68
Nb 95 6.0E-09 5.9E-09 0.98 0.93 9.1E-09 3.2E-09 0.35 0.21
Mo 99 6.8E-09 4.8E-09 0.71 0.67 8.1E-09 3.5E-09 0.43 0.26
Tc 99 1.4E-08 3.7E-08 2.64 2.50 2.4E-09 4.8E-09 2.00 1.22
Tc 99m 4.2E-11 1.0E-10 2.38 2.25 8.1E-11 1.3E-10 1.60 0.98
Ru 105 7.5E-10 9.8E-10 1.31 1.23 1.7E-09 1.8E-09 1.06 0.65
Ru 106 7.8E-07 2.3E-07 0.29 0.28 4.0E-08 4.9E-08 1.23 0.75
Rh 103m 8.7E-12 1.3E-11 1.49 1.41 2.1E-11 2.7E-11 1.29 0.79
Ag 110m 6.7E-08 4.1E-08 0.61 0.58 1.2E-08 1.4E-08 1.17 0.71
Sb 127 9.9E-09 7.9E-09 0.80 0.75 1.1E-08 1.2E-08 1.09 0.67
Sb 129 1.0E-09 1.5E-09 1.50 1.42 2.9E-09 2.8E-09 0.97 0.59
Te 125m 1.3E-08 1.3E-08 1.00 0.94 6.2E-09 6.3E-09 1.02 0.62
Te 127 5.4E-10 7.9E-10 1.46 1.38 1.3E-09 1.2E-09 0.92 0.56
Te 127m 3.6E-08 3.3E-08 0.92 0.87 1.5E-08 1.8E-08 1.20 0.73
Te 129 1.5E-10 2.3E-10 1.53 1.45 3.6E-10 4.4E-10 1.22 0.75
Te 129m 3.8E-08 2.9E-08 0.76 0.72 1.8E-08 2.4E-08 1.33 0.81
Te 131 2.2E-10 2.0E-10 0.91 0.86 4.1E-10 6.6E-10 1.61 0.98
Te 131m 9.3E-09 7.6E-09 0.82 0.77 1.0E-08 1.4E-08 1.40 0.86
Te 132 1.7E-08 1.8E-08 1.06 1.00 1.9E-08 3.0E-08 1.58 0.96
Te 133 2.1E-10 2.1E-10 1.00 0.94 3.5E-10 6.3E-10 1.80 1.10
Te 133m 9.0E-10 8.9E-10 0.99 0.93 1.5E-09 2.4E-09 1.60 0.98
I 129 9.4E-08 8.6E-08 0.91 0.86 1.5E-07 2.2E-07 1.47 0.90
,���� ���(��� ���(��� ���� ���� ���(��� ���(��� ���� ����
I 132 6.8E-10 9.6E-10 1.41 1.33 1.3E-09 2.4E-09 1.85 1.13
I 133 1.4E-08 1.8E-08 1.29 1.21 2.6E-08 4.4E-08 1.69 1.03
I 134 2.1E-10 3.7E-10 1.76 1.66 3.7E-10 7.5E-10 2.03 1.24
I 135 2.7E-09 3.7E-09 1.37 1.29 4.9E-09 8.9E-09 1.82 1.11
Cs 134 1.1E-08 6.3E-08 5.73 5.41 1.7E-08 1.6E-08 0.94 0.58
Cs 135 1.7E-09 2.4E-08 14.12 13.33 2.5E-09 2.3E-09 0.92 0.56
Cs 136 5.6E-09 1.1E-08 1.96 1.86 8.3E-09 9.5E-09 1.14 0.70
Cs 137 9.1E-09 1.0E-07 10.99 10.38 1.3E-08 1.2E-08 0.92 0.56
Cs 138 1.6E-10 2.8E-10 1.75 1.65 2.8E-10 5.9E-10 2.11 1.29
Ba 139 3.1E-10 3.6E-10 1.16 1.10 7.5E-10 8.4E-10 1.12 0.68
Ba 140 5.9E-09 2.2E-08 3.73 3.52 1.4E-08 1.8E-08 1.29 0.79
La 140 6.9E-09 6.3E-09 0.91 0.86 1.2E-08 1.3E-08 1.08 0.66
Ce 141 1.5E-08 1.2E-08 0.80 0.76 4.9E-09 5.1E-09 1.04 0.64
Ce 143 5.8E-09 4.1E-09 0.71 0.67 7.7E-09 8.0E-09 1.04 0.63
Ce 144 6.1E-07 2.7E-07 0.44 0.42 3.7E-08 3.9E-08 1.05 0.64
Pr 143 1.4E-08 9.2E-09 0.66 0.62 8.4E-09 8.7E-09 1.04 0.63
Pr 144 7.9E-11 1.2E-10 1.52 1.43 2.1E-10 3.5E-10 1.67 1.02
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7DEOH����� most important radionuclides to consider in function of the pathways [5.12]

Nuclide inhalation ingestion ground shine cloud shine

Kr85m, Kr 87, Kr88 /Rb88, Xe133,
Xe135m, Xe135,  Xe138 /Cs138

X

I131 X X X

I133,  I135 X X

Cs134, Cs137 /Ba137m X X X

Ru106 /Rh106 X

Ce144 X

Pu238, Pu239, Pu240, Pu 241 X

Cm242, Cm244 X

7DEOH����� Cloud exposure dose for noble gases
Activity (Bq) Relative contribution

Nuclide half-life (h) Dose
conversion
coefficient (Sv
m3/Bq s)

core
(step 1)

fuel release
(step 2)

24 h to the
environment
(step 4)

1 month to the
environment
 (step 4bis)

24 h release
(step 4)

1 month
release
(step 4bis)

Kr 83m 1.8E+00 2.1E-05 4.4E+17 2.6E+15 2.9E+12 2.9E+12 1.1E-06 3.6E-07
Kr 85 9.4E+04 1.1E+00 2.1E+16 1.6E+15 1.6E+13 4.1E+14 6.4E-04 5.3E-03
Kr 85m 4.5E+00 5.2E-05 8.7E+17 6.8E+15 1.8E+13 1.8E+13 1.9E-02 6.4E-03
Kr 87 1.3E+00 1.5E-05 1.9E+18 1.0E+16 7.6E+12 7.6E+12 4.8E-02 1.5E-02
Kr 88 2.8E+00 3.3E-05 2.5E+18 1.7E+16 2.9E+13 2.9E+13 ���(��� ���(���

Kr 89 5.3E-02 ���(��� 3.1E+18 6.4E+15 2.0E+11 2.0E+11 2.7E-03 8.7E-04
Xe 131m 2.9E+02 3.3E-03 3.6E+16 9.9E+14 9.5E+12 1.3E+14 5.7E-04 2.4E-03
Xe 133 1.3E+02 1.5E-03 7.2E+18 1.5E+17 1.4E+15 1.1E+16 ���(��� ���(���

Xe 133m 5.3E+01 6.1E-04 2.2E+17 3.7E+15 3.1E+13 1.1E+14 6.4E-03 7.3E-03
Xe 134m 8.1E-05 9.7E+16 3.0E+13 1.5E+06 1.5E+06
Xe 135 9.1E+00 1.1E-04 1.6E+18 1.5E+16 7.1E+13 8.4E+13 ���(��� ���(���

Xe 135m 2.6E-01 3.0E-06 1.5E+18 5.0E+15 7.6E+11 7.6E+11 2.3E-03 7.2E-04
Xe 137 6.4E-02 7.4E-07 6.4E+18 1.4E+16 5.3E+11 5.3E+11 7.6E-04 2.4E-04
Xe 138 2.4E-01 2.7E-06 6.4E+18 2.1E+16 2.9E+12 2.9E+12 2.5E-02 8.1E-03
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7DEOH����� Source terms and inhalation doses - rough estimate
Inhalation - dose

conversion coefficient
(Sv/Bq)

Activity (Bq) Relative contribution to
the inhalation dose (%)

Nuclide half-life (h) (particulate
iodine)

(elemental
iodine)

Core
inventory )

fuel release containeme
nt release

24h release Particulate
iodine

Elemental
iodine

Br 83 2.4E+00 2.3E-10 4.4E+17 9.6E+14 6.2E+14 3.0E+11 5.7E-05 2.6E-05
Br 84 5.3E-01 2.4E-10 8.7E+17 1.4E+15 9.0E+14 1.8E+11 3.5E-05 1.6E-05
Rb 86 4.5E+02 7.7E-09 7.6E+15 6.4E+13 6.4E+12 5.0E+09 3.1E-05 1.4E-05
Rb 87 4.2E+14 4.1E-09 4.8E+07 9.7E+05 9.7E+04 7.6E+01 2.5E-13 1.2E-13
Rb 88 3.0E-01 1.2E-10 2.6E+18 3.8E+15 3.8E+14 4.8E+10 4.7E-06 2.2E-06
Rb 89 2.5E-01 9.3E-11 3.3E+18 4.6E+15 4.6E+14 5.2E+10 3.9E-06 1.8E-06
I 129 1.4E+11 8.6E-08 ���(��� 5.6E+10 1.1E+09 7.3E+08 6.5E+05 4.5E-08 4.9E-08
I 130 1.2E+01 7.4E-09 ���(��� 4.8E+16 1.5E+14 9.7E+13 7.6E+10 4.5E-04 4.8E-04
I 131 1.9E+02 7.2E-08 ���(��� 3.3E+18 2.1E+16 1.4E+16 1.2E+13 7.1E-01 7.3E-01
I 132 2.3E+00 9.6E-10 ���(��� 5.1E+18 1.1E+16 7.1E+15 3.6E+12 2.8E-03 3.1E-03
I 133 2.1E+01 1.8E-08 ���(��� 7.2E+18 2.5E+16 1.6E+16 1.4E+13 2.0E-01 2.1E-01
I 134 8.8E-01 3.7E-10 ���(��� 8.1E+18 1.4E+16 9.2E+15 2.7E+12 8.1E-04 7.0E-04
I 135 6.6E+00 3.7E-09 ���(��� 6.7E+18 1.8E+16 1.2E+16 8.3E+12 2.5E-02 2.6E-02
Cs 134 1.8E+04 6.3E-08 2.8E+17 5.2E+15 5.2E+14 4.1E+11 2.1E-02 9.8E-03
Cs 135 2.0E+10 2.4E-08 7.7E+11 1.5E+10 1.5E+09 1.2E+06 2.4E-08 1.1E-08
Cs 136 3.2E+02 1.1E-08 1.3E+17 9.7E+14 9.7E+13 7.6E+10 6.8E-04 3.1E-04
Cs 137 2.7E+05 1.0E-07 2.3E+17 4.6E+15 4.6E+14 3.6E+11 2.9E-02 1.4E-02
Cs 138 5.6E-01 2.8E-10 6.8E+18 1.1E+16 1.1E+15 2.3E+11 5.3E-05 2.4E-05
Te 125m 1.4E+03 1.3E-08 3.5E+15 3.5E+11 3.5E+10 2.7E+07 2.9E-07 1.3E-07
Te 127 9.4E+00 7.9E-10 2.9E+17 2.9E+13 2.9E+12 2.0E+09 1.3E-06 6.0E-07
Te 127m 2.6E+03 3.3E-08 7.5E+13 7.5E+09 7.5E+08 5.9E+05 1.6E-08 7.3E-09
Te 129 1.2E+00 2.3E-10 9.1E+17 9.1E+13 9.1E+12 3.1E+09 5.8E-07 2.7E-07
Te 129m 8.1E+02 2.9E-08 2.1E+17 2.1E+13 2.1E+12 1.7E+09 4.0E-05 1.8E-05
Te 131 4.2E-01 2.0E-10 2.9E+18 2.9E+14 2.9E+13 4.9E+09 7.8E-07 3.6E-07
Te 131m 3.0E+01 7.6E-09 5.3E+17 5.3E+13 5.3E+12 4.0E+09 2.5E-05 1.1E-05
Te 132 7.7E+01 1.8E-08 4.9E+18 4.9E+14 4.9E+13 3.8E+10 5.5E-04 2.6E-04
Te 133 2.1E-01 2.1E-10 3.8E+18 3.8E+14 3.8E+13 3.6E+09 6.1E-07 2.9E-07
Te 133m 9.2E-01 8.9E-10 3.3E+18 3.3E+14 3.3E+13 9.9E+09 7.1E-06 3.3E-06
Sr 89 1.2E+03 3.0E-08 3.5E+18 3.5E+14 3.5E+13 2.7E+10 6.6E-04 3.1E-04
Sr 90 2.5E+05 4.0E-07 1.7E+17 1.7E+13 1.7E+12 1.3E+09 4.3E-04 2.0E-04
Sr 91 9.6E+00 2.5E-09 4.4E+18 4.4E+14 4.4E+13 3.0E+10 6.2E-05 2.9E-05
Y 90 6.4E+01 8.8E-09 1.8E+17 1.8E+13 1.8E+12 1.4E+09 9.6E-06 4.5E-06
Y 91 1.4E+03 3.4E-08 4.6E+18 4.6E+14 4.6E+13 3.6E+10 9.9E-04 4.6E-04
Y 91m 8.3E-01 5.9E-11 2.3E+18 2.3E+14 2.3E+13 6.3E+09 3.0E-07 1.4E-07
Y 92 3.5E+00 1.2E-09 4.8E+18 4.8E+14 4.8E+13 2.7E+10 2.6E-05 1.2E-05
Y 93 1.0E+01 3.0E-09 5.4E+18 5.4E+14 5.4E+13 3.7E+10 9.1E-05 4.2E-05
Zr 95 1.5E+03 1.9E-08 6.0E+18 6.0E+14 6.0E+13 4.7E+10 7.2E-04 3.4E-04
Nb 95 8.4E+02 5.9E-09 5.9E+18 5.9E+14 5.9E+13 4.7E+10 2.2E-04 1.0E-04
Nb 95m 8.7E+01 3.4E-09 8.9E+13 8.9E+09 8.9E+08 6.9E+05 1.9E-09 8.8E-10
Mo 99 6.6E+01 4.8E-09 6.6E+18 6.6E+14 6.6E+13 5.1E+10 2.0E-04 9.1E-05
Tc 99 1.8E+09 3.7E-08 3.2E+13 3.2E+09 3.2E+08 2.5E+05 7.6E-09 3.5E-09
Tc 99m 6.0E+00 1.0E-10 5.8E+18 5.8E+14 5.8E+13 3.7E+10 3.0E-06 1.4E-06
Ru 103 9.4E+02 1.0E-08 5.3E+18 5.3E+14 5.3E+13 4.1E+10 3.3E-04 1.6E-04
Ru 105 4.4E+00 9.8E-10 3.7E+18 3.7E+14 3.7E+13 2.2E+10 1.8E-05 8.1E-06
Ru 106 9.0E+03 2.3E-07 1.3E+18 1.3E+14 1.3E+13 1.0E+10 1.9E-03 8.9E-04
Rh 103m 9.4E-01 1.3E-11 5.3E+18 5.3E+14 5.3E+13 1.6E+10 1.7E-07 7.8E-08
Rh 106m 2.2E+00 6.5E-10 2.2E+15 2.2E+11 2.2E+10 1.1E+07 5.5E-09 2.6E-09
Ag 110m 6.0E+03 4.1E-08 8.3E+15 8.3E+11 8.3E+10 6.6E+07 2.2E-06 1.0E-06
Ba 139 1.4E+00 3.6E-10 6.7E+18 6.7E+14 6.7E+13 2.5E+10 7.4E-06 3.4E-06
Ba 140 3.1E+02 2.2E-08 6.2E+18 6.2E+14 6.2E+13 4.9E+10 8.7E-04 4.0E-04
La 140 4.0E+01 6.3E-09 7.0E+18 7.0E+14 7.0E+13 5.4E+10 2.7E-04 1.3E-04
Ce 141 7.8E+02 1.2E-08 6.0E+18 6.0E+14 6.0E+13 4.8E+10 4.6E-04 2.1E-04
Ce 143 3.3E+01 4.1E-09 5.6E+18 5.6E+14 5.6E+13 4.2E+10 1.4E-04 6.5E-05
Ce 144 6.8E+03 2.7E-07 3.6E+18 3.6E+14 3.6E+13 2.9E+10 6.2E-03 2.9E-03
Pr 143 3.3E+02 9.2E-09 5.5E+18 5.5E+14 5.5E+13 4.4E+10 3.2E-04 1.5E-04
Pr 144 2.9E-01 1.2E-10 3.7E+18 3.7E+14 3.7E+13 4.6E+09 4.4E-07 2.1E-07
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7DEOH����: Relative contribution to the inhalation dose -
sensitivity study: released fraction of involatile nuclides

10-3 5 10-4 10-4 5 10-5

Iodine 8.3E-01 8.8E-01 9.3E-01 9.4E-01

Caesium 4.5E-02 4.8E-02 5.1E-02 5.1E-02

Br + Rb 1.2E-04 1.2E-04 1.3E-04 1.3E-04

Involatiles 1.3E-01 6.9E-02 1.5E-02 7.4E-03

7DEOH�����: dose conversion coefficients for corrosion products(1 year-old child)

Inhalation

(Sv/Bq)

Ingestion

(Sv/Bq)

Cr 51 2.1E-10 2.3E-10

Mn 54 6.2E-09 3.1E-09

Fe 59 1.3E-08 1.3E-08

Co 58 7.5E-09 4.4E-09

Co 60 8.6E-08 2.7E-08

Sb 122 6.1E-09 1.2E-08

Sb 124 3.1E-08 1.6E-08

�,��� ���(��� ���H���

7DEOH�������dose conversion coefficients for actinides (1 year- old child)

Inhalation

(Sv/Bq)

Ingestion

(Sv/Bq)

Pu238 1.9E-04 4.0E-07

Pu239 2.0E-04 4.2E-07

Pu240 2.0E-04 4.2E-07

Pu241 2.9E-06 5.7E-09

Cm242 2.1E-05 7.6E-08

Cm244 1.3E-04 2.9E-07

 I131 7.2E-08 1.8E-07
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)LJXUHV
)LJXUH������Cloud exposure dose - relative contribution of the noble gases - 1 day release

Kr 87

X e 133

Xe 133m

Xe 135

Kr 88

X e 138
Kr 85m

)LJXUH����� Cloud exposure dose - relative contribution of the noble gases - 1 month release

Xe 133

Xe 133m
X e 135 Kr 87

Kr 85m

X e 138

Kr 88
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)LJXUH������Contribution to the inhalation dose - particulate iodine - fraction for involatile FPs =
10-4

Caes ium
5.10%

Iodine
93.42%

B r + R b
0.01%

Involatiles
1.46%

)LJXUH������Contribution to the inhalation dose - particulate iodine - fraction for involatile FPs =
10-4

I 131

I 133

I 135
Cs 137

Cs 134

)LJXUH������Inhalation dose - Relative contribution of involatile fission products

S r 89
S r 90

Y  91

Z r 95

Nb 95
Mo 99
Ru 103

R u 106

B a 140La 140Ce 143

Ce 144

Pr 143
T e 132

Ce 141
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&KDSWHU�9,��7KH�)DLOHG�)XHO�)UDFWLRQ

��� ,QWURGXFWLRQ
During normal plant operation, volatile fission products generated in the fuel matrix diffuse through
the fuel pellet structure and accumulate in the gap between the fuel and the fuel cladding. The
amount of activity, termed the gap inventory, is usually quoted as a fraction of the core inventory
and this is discussed in chapter VII.

In some fault sequences, thermal hydraulic conditions in the primary circuit may result in the
rupture of individual fuel pins.  In this case, the contents of the gap may be released into the
primary circuit and, depending on the release paths available and the safeguards systems operating,
may become available for release to the environment. The radiological release will therefore be
dependent on the number of fuel pins that fail. This contribution to the release is much greater than
that associated with the activity present in the primary coolant as a result of steady state operation
or fission product spiking during normal operation.

��� &XUUHQW�VLWXDWLRQ

����6LWXDWLRQ�XS�WR������VWXG\
The number of pins that fail in an accident may be evaluated by the application of mechanistic or
empirical criteria to the predicted conditions experienced by the fuel. The criteria that are applied
within the European Union and their bases were originally reviewed in [6.1].

In the radiological analysis of the design basis large LOCA, in most countries, the conservative
assumption is made for licensing that the cladding of all the fuel pins fail. This results in the release
of the entire gap inventory to the primary circuit together with a proportion of the inventory from
fragmented fuel within the fuel matrix itself. The conservatism in this assumption is discussed in
[6.1] where examples are given of best estimate calculations which show that much smaller
fractions of the fuel will actually fail. In the case of Germany, the licensing procedure requires that
the radiological analysis is performed based on the assumption that 10% of the fuel cladding fails.
This assumption results from a detailed evaluation of the failed fuel fraction of German reactors
which have safety injection into both hot and cold legs.

����'HYHORSPHQWV�VLQFH�WKH������VWXG\

Criteria for predicting fuel clad failure in a design basis large LOCA have recently been reviewed
in [6.2] which is a study contract supported by DG Environment undertaken by Tractebel
(Belgium), IPSN and EdF (France), Siemens and GRS (Germany), NRG (Netherlands),
IBERDROLA (Spain), ERI (Switzerland) and NNC (UK). The objectives were to:

− review the existing clad failure criteria and licensing approaches in each participant’s country,

− form a consensus view on clad failure criteria,

− determine the impact of  the clad failure criteria on the extent and form of clad failure for a
reference design in each of the participants’ country.
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Mechanistic and non-mechanistic clad failure criteria were considered. Mechanistic models have
been developed by EdF, GRS, Siemens and NNC.  A non-mechanistic (empirical) model has been
produced in NUREG-0630 [6.3] as part of a methodology for clad swelling and rupture for use in
LOCA analysis. More recent experimental data have been compared to the NUREG-0630 clad
rupture temperature correlation and revised best estimate and conservative correlations have been
proposed.

In the determination of off-site releases, it is necessary to determine the following:

− the best estimate value of the failed fuel fraction during a LOCA,

− a reasonable limit for the failed fuel fraction for licensing purposes,

− the fuel rods which are likely to fail during a LOCA.

These points have been addressed in [6.2] and the conclusions are summarised below.

D�� ,GHQWLILFDWLRQ�RI�WKH�FKDUDFWHULVWLFV�RI�IXHO�URGV�ZKLFK�IDLO

The number of fuel rods which fail in a core after a large LOCA, is determined by applying a
failure threshold to each rod in the core by means of a core census.

The rod failure threshold was determined analytically in [6.2] as a function of burn-up
(GWd/te) and linear power (W/cm).  The linear power of the rod was increased in a given
burn-up interval, up to value where burst of the cladding is predicted to occur during the
accident. The highest linear power without failure represents the failure threshold for the
selected burn-up interval. The threshold determination was made up to 50 GWd/te by steps of 5
or 10 GWd/te.

The variation of the best estimate failure threshold as function of linear power and of burn-up
as calculated by the different participants in [6.2] is given in Figure 6.1. In the case of IPSN,
the failure threshold is low compared to the others because of the assumption that burst occurs
when the strain reaches 10%. Not shown in Figure 6.1, is the analysis by NRG for BWR fuel
with burn-up in the range 0 – 30 MWd/te, which predicts a high failure threshold (above 480
W/cm) because of the low fill pressure of BWR fuel.

The failure thresholds determined by Siemens are significantly higher than those calculated by
other participants. This is due to the fact that Siemens has considered a full best estimate case
whereas the others have used conservative initial and boundary conditions. The IPSN
evaluation is conservative except for the internal pressure of the fuel rod.

The variation of the conservative failure threshold as functions of linear power and of burn-up
as calculated by the different participants is given in Figure 6.2.

The analysis of those failure thresholds shows that the empirical NUREG-0630 clad failure
model [6.3] is more conservative than the mechanistic models by approximately 40 W/cm.
This effect could be due to the azimuthal distribution of the clad temperature as a result of
eccentricity, which is calculated explicitly in the mechanistic methodology, whereas the effect
is implicit in the NUREG-0630 criterion and, therefore, conservatively bounds all eccentricity
effects. The difference in the slopes of the various thresholds could be explained by differences
in the internal pressures in the fuel considered in the calculations and in the heat-up rate of the
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cladding prior to failure. The heat-up rate may either be evaluated as an average over the
transient or as an instantaneous value.

To be able to calculate the failed fuel fraction after a LOCA it is necessary to determine the
core census which gives the fuel rod numbers by maximum linear power range and by burn-up
step. The core census depends on various parameters, in particular on the fuel management and
on the core load pattern. The failed fuel fraction is the fuel rod fraction with a maximum linear
power exceeding the failure threshold for each burn-up step. In [6.2], Siemens and GRS have
taken a conservative core census for a KWU PWR which has been stretched to a higher linear
power; the failed fuel rod fraction as a function of burn-up is given in Figure 6.3. The burn-up
of most of the failed rods is lower than 25 GWd/te. IBERINCO, with a core census for a
General Electric BWR, conservatively stretched to higher linear power, has determined a small
failed fuel fraction (2.5 %) for Cofrentes fuel bundles with an irradiation of 20 GWd/te. In
France, the extent of failed fuel rods has been determined for different fuel management
options at 900 MW(e) plants. The results of those analyses are summarised in Figure 6.4.  For a
conservative approach, with the most likely rod internal pressure, the burn-up of failed fuel
rods is lower than 20 GWd/te. For a bounding internal pressure, the burn-up of failed fuel rods
is lower than 35 GWd/te.

The following general conclusions can be drawn from the analysis in [6.2]:

o Mechanistic and the non-mechanistic NUREG-0630 fuel failure models can be used to
evaluate the best estimate fuel failure fraction because they are in good agreement with
experimental data.  For conservative evaluations, the NUREG-0630 model is more
conservative than mechanistic models because of the treatment of azimuthal
(eccentricity) effects.

o Of the parameters that cause fuel clad failures, the clad temperature is certainly one of
the most important. It is thus not surprising that failures happen primarily in the hot
rods.

o The other important parameter is the rod internal pressure.  The lower value of internal
pressure in BWR rods causes fewer fuel failures in comparison with a PWR. The
internal rod pressure can also be influenced by modifying the volume of the gas plenum
of the fuel rods. As a consequence, the fuel design is of importance. For a given design,
the internal pressure increases with the burn-up. In contrast, the expected peak linear
power decreases with burn-up much faster than the threshold value of fuel failure.

o The performed calculations show that the combination of both effects causes failure of
rods at a burn-up lower than 35 GWd/te, except for MOX rods, which could fail at
higher burn-ups.

E�� 7KH�EHVW�HVWLPDWH�YDOXH�RI�WKH�QXPEHU�RI�IDLOHG�URGV

In the study of [6.2], the number of failed rods was calculated using best estimate failure
criteria. A range of boundary conditions was assumed ranging from best estimate to
conservative. With best estimate assumptions, maximum efficiency of core cooling occurs and
evaluated clad temperatures are much lower than the best estimate failure temperatures.
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The results of the calculations are shown in Table 6.1 and, in all cases except one, resulted in
no failed fuel. The only exception is the calculation performed by GRS for which a very
conservative (high) linear power distribution was assumed at the beginning of cycle to
represent conditions which may be achieved locally in a pin or temporarily attained during
normal operation with, for example, load following.

F� 'HWHUPLQDWLRQ�RI�D�FRQVHUYDWLYH�OLPLW�IRU�OLFHQVLQJ�IRU�WKH�SHUFHQWDJH�RI�IDLOHG�URGV

In order to evaluate the radiological consequences of a LOCA, a conservative value of the
source term and hence a conservative number of failed rods has to be considered.  The most
conservative approach is to consider that all the fuel is damaged.  The aim of the study in [6.2]
was to examine if a consensus could be reached on a reasonably lower conservative value
acceptable for licensing purposes.

Conservatism can be introduced by either of the following approaches:

o by making use of conservative modelling requirements as set forth, for instance, by
Appendix K to 10CFR50,

o by making use of best estimate codes and evaluating the overall calculational
uncertainty. This includes the code uncertainty and the other contributions such as
those uncertainties associated with initial and boundary conditions and fuel behaviour.
To evaluate the overall uncertainty, very detailed sensitivity studies are normally
performed for the different parameters.

The failed fuel fraction calculated in [6.2] for the most conservative cases are given in Table
6.2. None of the BWR plants had a failed fuel fraction exceeding 10%.  Even with a stretched
rating, none of the PWR calculations predicted a fuel failure in excess of 33%.  With the
exception of the conservative calculation of a German PWR which used the NUREG-0630
conservative clad failure criterion and resulted in a failed fuel fraction of 16.6%, none of the
conservative calculations produced failed fuel fractions exceeding 10%.  The calculation
producing the 16.6% failed fuel fraction resulted from excessive conservatism in the
application of an instantaneous heat-up rate within the NUREG-0630 conservative clad failure
criterion.  It is judged that the use of an average heat-up rate within the NUREG-0630
conservative clad failure criterion would have resulted in a fuel failure fraction of less than
10%.

As proposed in France, a 33% failed fuel fraction could be considered as a value which bounds
various types of in-core fuel management and modes of operation for a conservative approach
and hence could be used as the input to the radiological consequences calculations for PWR
reactor designs with safety injection into the cold leg only.  The application of either a
mechanistic method or the NUREG-0630 conservative clad failure criterion with an average
heat-up rate can be used to justify a failed fuel fraction of 10% for all PWR designs.  In the
case of BWRs, conservative evaluations show that the maximum fuel failures is 10%.
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����3RVLWLRQ�LQ�WKH�(85�GRFXPHQW�>���@
No recommendations or requirements are stated in [6.4] with respect to the number of failed fuel
rods in a design basis LOCA.  The only requirement is that the designer should demonstrate that the
resulting release to the environment is within prescribed targets.

��� ,QYHVWLJDWLRQ�ZLWKLQ�WKLV�SURMHFW
For the countries considered in this project, Table 6.3 shows the assumptions made in the licensing
process for the fraction of failed fuel in a LOCA.

With the exception of France, no specific research or development has been undertaken by any
country with the objective of demonstrating reduced amounts of fuel failure. However, it is
acknowledged by all organisations that the present assumptions are very conservative.

��� 3URSRVDO�IRU�D�FRPPRQ�SRVLWLRQ

3URSRVDO�

Based on the conclusions of [6.2], it is considered that there is sufficient justification to reduce the
fraction of failed fuel in a design basis LOCA to 33% for reactor designs with safety injection into
cold legs only.  For reactors with safety injection into both hot and cold legs, a failed fuel fraction
of 10% can be supported, which is the same as that adopted in the German licensing methodology.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All project partners, except AVN (Belgium), agree with this proposal.

AVN wishes to maintain the presently applied conservative approach for existing plants but
proposes, for new licensing applications, to adopt a failed fuel fraction of 33%.

Moreover, IPSN (France) precises that  this aspect is still under discussion between IPSN and
French safety authorities, notably the acceptability of a lower value if supported by adequate
demonstration.

��� 5HIHUHQFHV
[6.1] Stephenson W, Dutton L M C, Handy B J and Smedley C. Realistic methods for calculating

the releases and consequences of large LOCA.  EUR 14179EN, Commission of the European
Communities, 1992.

[6.2] Fuel Cladding Failure Criteria. EUR 19256EN, European Commission, 2000.

[6.3] Powers D A and Meyer R O, Cladding Swelling and Rupture Models for LOCA Analysis,
NUREG-0630, April 1980.

[6.4] European Utility Requirements for LWR Nuclear Power Plants, Rev B, November 1995.
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7DEOHV

7DEOH������Best estimate analyses of percentage of fuel rod failures

3DUWLFLSDQW %RXQGDU\
&RQGLWLRQV

5XSWXUH�&ULWHULRQ )DLOHG�)XHO
)UDFWLRQ����

NNC Best Estimate NUREG-0630  B.E. 0

EdF Cons./ B.E. NUREG-0630  B.E. 0

EdF Cons./ B.E. EDGAR bundle 0

IBERINCO Conservative NUREG-0630  B.E. 0

GRS (UO2) Conservative NUREG-0630  B.E. 3.2

Siemens Best Estimate Mechanistic B.E. 0

Siemens Best Estimate NUREG-0630  B.E 0

NRG Best Estimate NUREG-0630  B.E. 0
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7DEOH������Conservative analyses of percentage of fuel rod failures

3DUWLFLSDQW %RXQGDU\
&RQGLWLRQV

5XSWXUH�&ULWHULRQ )DLOHG�)XHO
)UDFWLRQ����

NNC Conservative NUREG –0630  Cons. 0

EdF Cons./ B.E. NUREG –0630  Cons. 0

EdF Cons./ B.E. EDGAR bundle 0

IBERINCO Cons. + Cons. rod
census

NUREG –0630  Cons. 2.6

GRS  (UO2) Conservative Mechanistic 2.7

GRS  (UO2) Conservative NUREG –0630  Cons. 9.1

Siemens Conservative Mechanistic Cons. 3.3

Siemens Conservative NUREG –0630  Cons. 16.6

NRG Conservative NUREG –0630  Cons. 5.9

7DEOH������Fraction of failed fuel assumed by different countries

&RXQWU\ )DLOHG�IXHO�IUDFWLRQ

Belgium 100%

France 100%
33% (*)

Germany 10%

Spain 100%

UK 100%

Czech Republic 100%

Finland 100%

Hungary 100%

Italy 100%

Netherlands 10%

Slovenia 100%

Switzerland 10%
(*) Proposal by utilities, under review by IPSN
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)LJXUH�����Best estimate failure threshold, from [6.2]
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)LJXUH������Conservative failure threshold, from [6.2]
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)LJXUH������Failed fuel fraction vs burn-up, from [6.2]
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)LJXUH������Failed fuel fraction vs burn-up in French PWRs, from [6.2]

&<&/$'(6��(1'�2)�&<&/(���Rod normalised power versus burn-up
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&KDSWHU�9,,��7KH�5HOHDVH�IURP�)DLOHG�)XHO

��� ,QWURGXFWLRQ
As described in Section 1 of chapter VI, if the fuel cladding fails during a LOCA, the activity
accumulated in the gap between the fuel and the cladding may be released into the primary circuit
and eventually become available for release to the environment. In addition to the release of
fission products from the gap, experimental data show that activity is also released from the fuel
matrix itself.  This section considers the magnitude of the gap inventory and its release.

Experimental results (FLASH) [7.8] have also shown that, for high burn-up fuel, particulates of
fuel are formed in the fuel matrix which may be released on clad failure. These results need to be
assessed in order to derive a recommendation for the release of fuel particulates, although, as
shown in Chapter V (list of nuclides chapter), their contribution to dose is very small.

��� &XUUHQW�VLWXDWLRQ

����6LWXDWLRQ�XS�WR������VWXG\
The release of the gap inventory is considered in two stages in [7.1], firstly the dry phase release
which occurs when the core is steam filled and, secondly, the wet phase release which occurs
when the core has reflooded with water.

The recommendations identified in [7.1] are as follows:

− the release from the gap, G, expressed as a % of the core inventory, is:

− the release from the fuel, expressed as a % of the core inventory, is:

The total release from the gap is the sum of the above two components.

,Q� WKH� DERYH� HTXDWLRQV�� � LV� WKH� UDGLRDFWLYH� GHFD\� FRQVWDQW� RI� WKH� LVRWRSH� FRQFHUQHG�� � 7KH
equations are applied until the maximum values, Gmax and Fmax, are reached corresponding to the
release of stable nuclides. These maximum values, and values of G0, F0 and the term bf, are given
in Tables 7.1 and 7.2 for best-estimate and conservative calculations.

Examples of the gap and fuel releases are given in Table 7.3.
In the case of noble gases, all the release is taken to be in the dry phase. For other nuclides, 10% is
taken to be released in the dry phase and 90% in the wet phase.

����3RVLWLRQ�LQ�WKH�(85�GRFXPHQW�>���@
No recommendations or requirements are stated in [7.2] with respect to the release from the failed
fuel in a design basis LOCA.  The only requirement is that the designer should demonstrate that
the resulting release to the environment is within prescribed targets.  Recommendations are,
however, made for the releases from fuel which are to be applied to non-degraded core beyond
design basis accidents.  In these cases, the release of noble gases and volatile fission products

5.0
0

−= λ**

EI)) λ0=
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from the core is taken to be 3% of the core inventory, which may be compared with the values in
Table 7.3.  In addition, for high burn-up fuel (> 40 GWd/te), the release of fuel material should be
considered, although no recommendations are made for the release fractions.

��� ,QYHVWLJDWLRQ�ZLWKLQ�WKLV�SURMHFW
In the radiological analysis of the large break LOCA, the gap inventory is calculated in the
licensing procedure of France, Germany and the UK (also in Italy, Finland, Czech Republic and
Hungary).  Different methodologies are used in each country which are more conservative than
the recommendations of [7.1].  In other countries, an even more conservative approach is adopted
corresponding to USNRC Reg Guide 1.4. [7.7].  These are summarised below together with the
application to MOX and high burn-up fuel:

����)UDQFH
EdF have proposed to the French regulator a gap inventory comprising the following release from
failed fuel pins:

Nuclide % pin
inventory

Noble gases 5

I, Cs, Br, Rb 2

These values bound the results of experimental data (FLASH-5) [7.8] from irradiated UO2 fuel up
to 52 GWd/t and also the results from the fuel behaviour code, PROFIP.  All the noble gas release
and 10% of the release of iodine and caesium is taken to occur in the dry phase during the period
0 – 250 s.  During the wet phase (250 – 3,600s), 90% of the iodine and caesium is assumed to be
released into the water and transferred to the sump of the containment.

A validated model for fission gas release from MOX fuel is not presently available but the above
proposed releases are expected to be bounding.  Data in [7.3] shows that the fission gas release
from MOX fuel is higher than for UO2 fuel above a burn-up of 40 GWd/t but this is expected
since the operating power and temperature of MOX fuel at high burn-up is higher than that of
UO2.

����*HUPDQ\

In the German licensing procedure, the gap inventory is specified in [7.4]:

Nuclide
% pin

inventory

Noble gases 10

Halogens 1

Particulates 0.01
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These values are also applied to MOX fuel and bound measured data on fission gas release as
reported in [7.5].

����8.
In the UK licensing process, there is no specified methodology for calculating the fission gas
release from failed fuel pins.  The utility has the responsibility of obtaining agreement from the
regulator.  Since the 1992 methodology of [7.1], developments have taken place in the modeling
of fuel behaviour and more realistic methods are applied in estimating the release, for example, as
reported in [7.6].

MOX fuel is not presently adopted in the UK but the same methodology would expected to be
adopted.

����%HOJLXP�DQG�6SDLQ

Belgium and Spain follow the Regulatory Guide 1.4  [7.7] assumptions in which 100% of the core
inventory of noble gases and 50% of the core inventory of iodine is released instantaneously into
the containment.

��� 3URSRVDO�IRU�D�FRPPRQ�SRVLWLRQ

3URSRVDO�

At the present time, the realistic estimate of the release of fission products from failed fuel is as
given in the 1992 study [7.1] (see Table 7.3), corresponding to a contribution from the gap
inventory and a contribution from the fragmentation of the fuel.  These recommendations are
valid for fuel with burn-up up to 50 GWd/te.

There are presently no recommendations for the release of fuel particulates from fuel, especially
at high burn-up, although experimental data is available and needs to be reviewed in order to
obtain a recommendation.

3RVLWLRQ�RI�WKH�SDUWQHUV�

A common position on this topic for licensing purposes has not been agreed between the partners.
The approach adopted currently in Germany, France and UK is close to these best estimate
recommendations [7.1], as are the recommendations in the EUR document. In the case of Belgium
and Spain, a very large degree of conservatism is presently applied (since a degraded core is
essentially assumed for the source term).  AVN (Belgium) wishes to maintain this conservatism
for existing plants.  However, for new licensing applications, AVN is proposing to adopt the
conservative recommendations from the 1992 study.

��� 5HIHUHQFHV
[7.1] Stephenson W, Dutton L M C, Handy B J and Smedley C.  Realistic methods for calculating

the releases and consequences of large LOCA.  EUR 14179EN, Commission of the
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[7.2] European Utility Requirements for LWR Nuclear Power Plants, Rev B, November 1995
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7DEOHV

7DEOH������Parameters for the release from the gap
Best-estimate Conservative

Nuclide
G0 % Gmax % G0 % Gmax %

Noble gases 2.5E-4 1.0 1.0 2.0

Volatiles 2.5E-4 1.0 1.0 2.0

7DEOH������Parameters for the release from fuel
Best-estimate Conservative

Nuclide
F0 % bf Fmax % F0 % bf Fmax %

Noble gases 4.0E-2 -0.29 6.5 4.6E-2 -0.29 7.5

Volatiles 3.8E-2 -0.17 1 4.8E-2 -0.17 1.3

7DEOH������The release from the gap and fuel for radiologically significant nuclides
Best estimate Conservative

Nuclide Gap release
 (G %)

Fuel release
 (F %)

Total release
(%)

Total release
(%)

Kr-85 1.0 6.5 7.5 9.5

Xe-133 0.2 1.95 2.15 4.2

I-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
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&KDSWHU�9,,,��7KH�UHWHQWLRQ�LQ�WKH�5&6�DQG�WKH�LQLWLDO
UHOHDVH�RI�)3V�WR�WKH�FRQWDLQPHQW�DWPRVSKHUH

��� ,QWURGXFWLRQ
With regard to the retention in the primary circuit of the fission products released from
the fuel in case of a successfully terminated Large Break LOCA in a PWR, CSN has
made a review of the applicable literature and a set of calculations with the MELCOR
code version 1.8.3.

��� &XUUHQW�6LWXDWLRQ

���� 5HFRPPHQGDWLRQV�RI�WKH�VWXG\��5HDOLVWLF�PHWKRGV�IRU�FDOFXODWLQJ
WKH�UHOHDVHV�DQG�FRQVHTXHQFHV�RI�D�ODUJH�/2&$��>���@

The 1992 study [8.1] led to the following recommendations for realistic calculations to
predict the consequences of a successfully terminated Large Loss of Coolant Accident
(LOCA) at a PWR.

1. Dry phase release

a. Injection into the Cold Leg.

− All the noble gases released from the fuel are considered to be released to the
atmosphere of the primary containment during the dry phase.

− 2% of the total release of iodine (bromine) is assumed to be released as I2

(Br2) to the primary containment atmosphere. The rest of the dry phase
release (10% of the release from the fuel) is supposed to be released as CsI
(CsBr) to the primary containment atmosphere.

− With respect to other nuclides, all the dry phase release (10% of the total
release from the fuel) is assumed to be released to the primary containment
atmosphere. 10% of the caesium release is assumed to be CsI, 90% is
assumed to be CsOH.

b. Injection into both the Cold and Hot Legs.

− All the noble gases released from the fuel are considered to be released to the
atmosphere of the primary containment during the dry phase.

− All the I2 and 10% of the rest of the dry phase release, which is CsI, is carried
to the containment atmosphere. The rest is carried to the containment sump.
Thus, a total of 3% of the released iodine is assumed to be initially airborne
in the containment. This is an upper limit value of 2% of the iodine that is
released from the fuel being in the form of I2. Secondly, it is assumed that
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there is no retention of I2 in the coolant in case of simultaneous injection into
both the hot and cold legs.

− With regard to alkalines, 10% of the dry phase release is carried to the
atmosphere of the containment. The rest is carried to the containment sump.
Thus, 1% of the released caesium is initially airborne in the containment.

− With respect to other nuclides, 1% of the dry phase release is carried to the
atmosphere of the containment. The rest is carried to the containment sump.
Thus, 0.1% of the release from the fuel is initially airborne in the
containment.

 

2. Wet phase release

a. Injection into the Cold Leg.

− Iodine released in the wet phase is initially in the form of I- (Br-) and is
converted into I2 and HOI by radiolysis. 60% of the wet phase release (25%
of the total release from the fuel) is carried to the atmosphere of the
containment in the form of I2. In absence of a validated model for calculating
the release rate of volatile iodine to the steam, this is an upper bound based
on the assumption that volatile iodine in the water and in the steam leaving
the vessel are in equilibrium.

− With reference to other nuclides (apart from noble gases), all the wet phase
release (90% of the total release from the fuel) is supposed to be carried to
the containment sump.

b. Injection into both the Cold and Hot Legs.

− For all nuclides (apart from noble gases), all the wet phase release is likely to
be carried to the containment sump.

���� 5HFRPPHQGDWLRQV�RI�WKH�GRFXPHQW��(XURSHDQ�8WLOLW\�5HTXLUHPHQWV
IRU�/:5�1XFOHDU�3RZHU�3ODQWV��[���]

1. In the section on Deterministic Safety Analysis (Volume 2 Chapter 1 Safety
Requirements-Part1- safety requirements number 14), it is established that: "The
deterministic safety approach requires adequate margins. Preferably best-estimate
assumptions with a final margin which takes account of the physical criteria shall
be used or, alternatively, conservative assumptions without the introduction of a
final margin. The methods to be used and the magnitude of any margins will be
agreed by the Utilities and specified in detail in Volume 3. For calculation of
releases, physically based assumptions and best estimate evaluations, with suitable
margins to take into account uncertainties, are preferred".

 With respect to that, it is recommended in the European Utility Requirements [8.3]
that the adopted methodology should take account of the studies made by the CEC



VIII - 3

Task Force, i.e. reports EUR 14179 [8.1] for LOCA, and EUR 15615 (ETNU-
CT92-0076 [8.2]) for SGTR accidents.

2. In the section on Source term and release quantification methodology for design
extension (Volume 2 Chapter 1 Safety Requirements-Part1 Appendix A) it is
established, in relation to the retention in the RCS, that "credit shall be given to
reduction of in containment release caused by retention phenomena inside the
Reactor Coolant System piping".

��� ,QYHVWLJDWLRQ�ZLWKLQ�WKLV�SURMHFW
The MELCOR code, version 1.8.3, has been used in order to calculate the retention in
the primary circuit of a PWR in case of a successfully terminated Large break LOCA.
In addition, several sensitivity studies on this base case calculation were performed.
Appendix VIII.A contains the details of this set of calculations. The main results
obtained are described below.

A typical three loops PWR-W plant (100% power) was modeled. The break has been
located in one of the cold legs (200% guillotine). Scram is concurrent with the rupture.
A 30 seconds delay is considered for the LPIS actuation. The borated water from the
ECCS is injected only into the three cold legs. The recirculation phase is supposed to
start around 1800-2000 seconds.

Table 8.1 summarises the percentage of retention (retained/released) obtained from the
MELCOR calculations, both the base case and sensitivity cases, compared with other
results obtained from the literature review described in Appendix VIII.A.

From table 8.1, it can be seen that there is not retention in the reactor coolant system for
noble gases. For the remaining fission products, the retention in the reactor coolant
system ranges from 42% to 52%. The retention of fission products in the reactor
coolant system is an issue subjected to a great number of uncertainties, i.e.: speciation
of fission products, chemical reactions, bend deposition, formation of multicomponent
aerosols, thermalhydraulics boundary conditions etc. Because of these number of
uncertainties, it is recommended that the retention in the reactor coolant system should
not be credited for DBA source term analyses. In addition, the actuation of the
containment safety systems, i.e. containment spray system, pH control in the
containment sump, etc., are more efficient than the retention in the reactor coolant
system for the reduction of the fission products released to the containment atmosphere
in case of a Large Break LOCA successfully terminated.  Appendix IX.C contains a
comparison between the efficiency of the containment spray system and the retention in
the reactor coolant system for the elimination of fission products.

��� 3URSRVDO�IRU�D�FRPPRQ�SRVLWLRQ

3URSRVDO�
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All the noble gases are released directly to the containment atmosphere during the dry
phase. The releases of the other radionuclides (I, Cs...) are divided into the dry phase
(10%) and the wet phase (90%).

For the design with injection only into the cold leg, the molecular iodine (2% of the
total iodine release – the same applies for bromine) and all the dry phase are entirely
released to the containment atmosphere.

For the design with injection into both hot and cold legs, the molecular iodine (2% of
the total iodine release - the same applies for bromine), 10% of the rest of the iodine
(and bromine) release occurring during the dry phase, 10% of the dry phase release of
the alkalines and 1% of the dry phase release of the other nuclides enter to the
containment atmosphere.

Some part of this release may be retained in the RCS itself but this retention is a matter
submitted to a great number of uncertainties. Therefore, it is concluded that
radionuclide retention in the RCS should not be credited for licensing DBA source term
analyses.

The rest of the release transfers into the reactor coolant. The release occurring into the
water is assumed to be transferred to the sumps.

3RVLWLRQ�RI�WKH�SDUWQHUV�

The project partners agree with this proposal. For AVN (Belgium), this proposal will be
used jointly with the release from the fuel as defined in chapter VII (i.e. for new
licensing applications).

��� 5HIHUHQFHV
[8.1] W. Stephenson, L.M.C. Dutton, B.J. Handy, C. Smedley, Realistic methods for

calculating the releases and consequences of a large LOCA, EUR 14179 EN,
1992.

[8.2] W. Stephenson, L.M.C. Dutton, B.J. Handy, C. Smedley, Realistic methods for
calculating the release of radioactivity following steam generator tube rupture
faults (A consensus document), EUR 15615 EN, 1993.

[8.3] European Utility Requirements for LWR Nuclear Power Plants; revision B
November 95.
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7DEOH

7DEOH�����  Summary of results for retention values in the RCS

Other works

(see App. VIII.A)

MELCOR
calculations

DRY PHASE nobles gases 0% 0%

iodine (Csl) 70-90% 90% (*)

others 70-90 % 90 % (*)

WET PHASE noble gases 0% 0%

iodine (CsI+I2) 40% 42%

others 100 % 100 %
(*) This value includes the retention in the RCS (around 52%) plus the retention in the

containment sump (around 38%)
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&KDSWHU�,;��5HWHQWLRQ�LQ�WKH�FRQWDLQPHQW

��� ,QWURGXFWLRQ
When a break of the reactor coolant system occurs at operating conditions, approximately
50% of the primary coolant mass will flash leading to steam discharged into the
containment which then condenses in the atmosphere or on the surfaces of primary
containment. From the atmosphere condensation droplets or from some small water droplets
discharged from the break, an aerosol water phase is present in the containment atmosphere.
Following a LOCA, in the cold leg, the fission products released by the fuel are transferred
to the containment in different steps [9.1]. During the dry phase (up to 250 sec), noble gases
and a fraction of iodine and caesium (CsI) are transferred by the steam to the containment.
At this time, only a small fraction of iodine is released as molecular iodine. During the wet
phase (after reflooding), molecular iodine is generated by water radiolysis in the vessel and
released to the break. In the long term, all the fission product inventory in the water vessel
is transferred by the water to the containment sump. The concentration of fission products
in the containment atmosphere (noble gases, iodine, caesium and other species released by
the fuel) depends on the release rate from the break and the depletion mechanisms. For
designs not provided with a spray system, the aerosol behaviour is affected only by natural
process, such as agglomeration and steam condensation, and aerosols will be removed from
the containment atmosphere by gravity and phoretic effects [9.1]. For the volatile species
(molecular iodine), the depletion in the containment atmosphere is governed by the
gas/liquid mass transfer and adsorption on painted surfaces. In designs provided with a
spray system, this system provides an additional mechanism for airborne aerosols or
molecular iodine depletion from the containment atmosphere.

In the evaluation of radiological consequences of a LOCA, current licensing approaches
consider a global removal rate coefficient for the evaluation of fission product depletion
from the containment atmosphere. This coefficient depends on the physical and chemical
nature of the species. Different practices consider a constant value of removal rate
coefficient up to a maximum decontamination factor (from 100 to 1000) or consider
different values for this coefficient for different time periods.

The scope of this chapter is to review existing practice and models and to recommend a
common approach for iodine and aerosol retention in the containment.

��� &XUUHQW�6LWXDWLRQ

����&XUUHQW�OLFHQVLQJ�DSSURDFKHV

������ ,RGLQH

Iodine could be present in the containment atmosphere in different forms : particulate form,
molecular iodine and as an organic compound [9.1]. The concentration of each iodine form
in the containment depends on: the form released from the break (particulate or molecular),
the depletion mechanism from the containment atmosphere and the chemistry of iodine in
the containment which depends strongly on the pH of the sump water.
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Table 9.1 presents the iodine forms considered for the release from the break and the
associated removal rate coefficient for molecular and particulate iodine (aerosols) used in
European countries for the licensing LOCA calculation.

Concerning the form of iodine  release, the assumptions are very different from one
approach to another. Some approaches consider that most is released as  molecular form (B
and Sl 91 %, S 95.5%), and other approaches consider release as particulate form (UK 99.8
% and F 97.8%). The importance of the removal rate coefficient associated with molecular
and particulate forms are very different for the different situations.

For designs provided with a spray system, typical values of fission products removal rates
are:

− for molecular iodine from 10 h-1 to 20 h-1,

− for particulate iodine (aerosols)  from 0.4 h-1 to 6 h-1,

− 0 for organic iodine.

The removal coefficient (molecular and particulate iodine) is considered up to a maximum
decontamination factor (which could be different for different countries from 100 to 10000)
or during a given period of time.

������ 2WKHU�DHURVROV

Table 9.1 presents also the removal rates used for other aerosols.

����5HFRPPHQGDWLRQV�RI�WKH�VWXG\��5HDOLVWLF�PHWKRGV�IRU�FDOFXODWLQJ�WKH
UHOHDVHV�DQG�FRQVHTXHQFHV�RI�D�ODUJH�/2&$��>���@

Below a summary is given of recommendations resulting from the 1992 study [9.1].

������ ,RGLQH

Concerning the containment iodine behaviour, this study considers a global model taking
into account the kinetics of the iodine release at the break. Different cases have been
considered depending on the safety injection mode.

7KH�UHOHDVH�RI�DFWLYLW\�WR�WKH�SULPDU\�FRQWDLQPHQW

'HVLJQ����LQMHFWLRQ�RQO\�LQWR�WKH�FROG�OHJV�

− Dry phase release: 2% of the total release is taken to be released as I2 to the primary
containment atmosphere. The rest of the dry phase release (10% of the release from
the fuel) is taken to be released as CsI to the primary containment atmosphere.

− Wet phase release: during the wet phase, iodine is initially in the form of I- and is
converted into I2 and HOI by radiolysis. 60% of the wet phase  release (55% of the
total release from the fuel) is carried to the atmosphere of the containment in the form
of I2. In the absence of a validated model for calculating the release rate of volatile
iodine to the steam, this is an upper bound based on the assumption that the volatile
iodine in the water and in the steam leaving the vessel are in equilibrium

 'HVLJQ����LQMHFWLRQ�LQWR�WKH�KRW�DQG�FROG�OHJV�

− Dry phase release: all the I2 and 10% of the rest of the dry phase release, which is CsI,
is carried to the containment atmosphere. The rest is carried to the containment sump.
Thus, a total of 3% of the released iodine is taken to be initially airborne in the
containment. This is an upper limit for two reasons. Firstly, it is based on the upper
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limit value of 2% of the iodine which is released from the fuel being in the form of I2.
Secondly, it assumes that there is no retention of I2 in the coolant in the case of
simultaneous injection into both the hot and cold legs.

− Wet phase release: all the wet phase release is likely to be carried to the containment
sump.

5HWHQWLRQ�LQ�WKH�SULPDU\�FRQWDLQPHQW�±�LQRUJDQLF�LRGLQH�

In the simplified model recommended in the study of [9.1], molecular and particulate iodine
forms are treated together. A global removal rate is defined as well a maximum
decontamination factor.

'HVLJQ����LQMHFWLRQ�RQO\�LQWR�WKH�FROG�OHJV�

− In case of a cold leg break, it is assumed that all the iodine released from the dry and
wet phase from the fuel is instantaneously released when the fuel fails and is removed
from the atmosphere of the primary containment at a rate of 0.46 h-1 until an overall
reduction of 104 is achieved and no further reduction thereafter (the recommendation
is based on a drop size of 526 microns). It is assumed that 10-4 of the activity of the
sump water is persistently airborne in the form of fine droplets.

 The removal rate of gaseous iodine is design dependent because it is function of the
size of the spray droplet. As an illustration for drop diameters of 760, 526 and 348
microns, the correspondent removal rates constant are 0.26 h-1, 0.5 h-1 and 1.1 h-1.

− In case of a hot leg break, it is assumed that the dry phase release of iodine is removed
from the atmosphere primary containment at a rate of 1 h-1 for the first hour, and  0.43
h-1 thereafter until an overall reduction of 103 is achieved.

'HVLJQ����LQMHFWLRQ�RQO\�LQWR�WKH�KRW�DQG�FROG�OHJV�

For hot leg break or cold leg break with simultaneous cold and hot leg injection
without spray removal, it is assumed, that the dry phase release of inorganic iodine
is removed from the atmosphere of the primary containment at a rate of 0.05 h-1 for
the first hour and 0.04 h-1 for the next five hours and no further reduction thereafter.
However, this model is conservative.

2UJDQLF�LRGLQH�SURGXFWLRQ�DQG�UHPRYDO�IRU�DOO�FDVHV

It is assumed that 0.2% of the dry phase release of inorganic iodine is instantaneously
converted into organic iodine and that there is no removal of organic iodine from the
atmosphere of the primary containment other than by radioactive decay.

������ 2WKHU�DHURVROV

&DVH�ZLWK�VSUD\�UHPRYDO

Assume that the dry phase release of activity is removed from the atmosphere of the
primary containment with a removal constant of 1.3 h-1 for 0.6 h and 0.5 h-1 thereafter

&DVH�ZLWKRXW�VSUD\�UHPRYDO

Assume that the activity reaching the atmosphere of the primary containment is
removed with a removal constant of 0.6 h-1 for the first 0.6 h and 0.3 h-1 thereafter.
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����3RVLWLRQ�LQ�WKH�(85�GRFXPHQW�>���@

Only qualitative requirements are mentioned in Vol.2 (Chap.9, subsection 2.2.1.1).

Assessment of the efficiency of all aerosol removal processes shall be made using
adequately validated data and methodologies.

Concerning the chemical form of source term for quantification for methodology for design
extension, in Vol.2 (Chap.1, Appendix A, subsection 13) this document 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 the following:

− nobles gases: no chemical or physical change

− particulate iodine: 95 % (mostly CsI)

− elemental iodine and as HI: 4.85 %

− organic iodine: 0.15 %

− other isotopes: 100 % particulate

��� ,QYHVWLJDWLRQ�ZLWKLQ�WKLV�SURMHFW

����,RGLQH�EHKDYLRXU�DQG�FKHPLVWU\

Two different studies with German code COCOSYS and with the French code IODE have
been performed in order to analyse the impact of relevant parameters on the iodine
containment concentration.

A global calculation with MELCOR code has also been performed in order to compare
fission product retention in the primary circuit and fission product retention in the primary
containment.

������ *HUPDQ�VWXG\�ZLWK�&2&26<6�FRGH

,RGLQH�EHKDYLRXU�DQG�FKHPLVWU\��LQFOXGLQJ�LQLWLDO�IRUP�RI�UHOHDVH

GRS calculated the iodine composition using two bounding conditions (iodine entirely
released in the containment as CsI or I2), with and without spray, and taking into account
the differences in pH for different designs. The calculations are conducted with the
COCOSYS code. The AIM module (Advanced Iodine Module) in COCOSYS is based on
the IMPAIR-3 code [9.3].

The thermalhydraulic part of COCOSYS (THY) is based on the RALOC Mod 4 code and
the thermalhydraulic part of the FIPLOC V3.0 code. To consider the feedbacks from one
module to the others, the introduced programs have been extended. The thermalhydraulic
part of COCOSYS is able to evaluate:

−  pressure- and temperature build-up and history

−  local temperature- and pressure distributions

−  energy distribution and local heat transfer to and heat conduction in structures

−  local gas distributions (steam and different non condensable gases)

−  hydrogen combustion
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−  water distribution

−  mass- and volume flow for the release of fluids via opening and leakages

−  heat- and combustion gas distribution during fires

Calculations can be performed for simple and multi-compartmented containments and
closed buildings of nuclear power plants, as well as for compartmentalized systems
(buildings, tunnels, pit system) with more or less large openings to the environment. Mainly
the consequences of design basis accidents and severe accidents were analysed with the
code in containments of LWRs i.e. for PWR and BWR, but also in containments of VVER
power plants.

The aerosol fission product part of COCOSYS is able to calculate

−  volume condensation and growth of insoluble and soluble aerosol particles

−  behaviour of eight chemically different aerosol components

−  behaviour of 14 iodine species in the gas and 14 iodine species in the water

−  decay heat of gaseous and particulate fission products

The aerosol calculation is based on the polydisperse model MAEROS. All agglomeration
and deposition processes important in a LWR containment are modelled. The condensation
of steam on insoluble and soluble aerosols is calculated by the moving-grid-method MGA.
The iodine calculations based on IMPAIR [9.3] includes 69 different reactions. The iodine
transport process between water and gas is included. The aerosol behaviour of the
particulate iodine species can be calculated by the aerosol calculation part of COCOSYS.
The fission product decay heat model FIPISO distinguishes between beta and gamma
radiation. The heat of the beta radiation is released into the gas whereas the gamma
radiation heats the walls. The retention of aerosols from a carrier gas conducted through a
water pool is determined by SPARC. Thus, for example, pool scrubbing in the suppression
pool of a boiling water reactor can be simulated.

Inputs data and results of calculations are presented in appendix IX.A.

7KH�PRGHOOLQJ�RI�WKH�VSUD\�V\VWHP�IRU�JDVHRXV�LRGLQH�

The spray model in COCOSYS-AIM considers only the gaseous iodine species I2, CH3I and
high molecular organic iodide, but not the aerosol species (e.g. CsI). The transfer of gaseous
iodine from the gas into the droplets is modelled in the same way as the transfer of gaseous
iodine from the gas phase into the sump according to the following equation:
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The transfer rate depends on the surface of the sump (SW), the volume of the sump (VW),
the partition coefficient P, which is temperature dependant and a rate constant k, which is
calculated in the code. This rate constant depends on a mass transfer coefficient, which
considers the transport of the gaseous species towards the water surface.

The solution of the gaseous species in the falling droplets depends on the number of the
droplets, the surface of the droplets, the velocity of the droplets and the concentration of the
species in the gas phase and the initial concentration of the species in the droplets. The
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iodine concentration in the sump is increased by the amount of iodine in the droplets. The
iodine mass in the gas phase is decreased by the same amount, but the overall distribution
between gas and water phase is determined by the temperature dependant partition
coefficient. Chemical reactions in the falling droplets are not considered. But this is not an
important disadvantage of the model, because the time is very short for reactions to take
place in the falling droplets. The effect of alkaline spray water is modelled by a changing
pH of the sump water.

3ULQFLSDO�FRQFOXVLRQV�IURP�WKH�&2&26<6�FDOFXODWLRQV

The following conclusions result from the calculations:

− At the end of the calculation (t=100h) the released iodine is mainly located in the
sump and on the painted surfaces. Only a small fraction is present in the gas phase of
the containment (<10-4).

− The results of the calculations for the iodine concentration in the gas phase are
depending on:

1. the initial iodine species,

2. the pH in the Sump,

3. the application of a spray system

− The retention in a containment with sump and painted surfaces is very effective for
iodine.

− The effect of pH in the sump is the dominant effect for the retention of iodine in the
sump water. This effect is stronger than the effect of initial iodine species and the
effect of a spray system. pH effect: For increasing pH from 5.5 to 9 the iodine in the
gas phase decreases 2 orders of magnitude for case I2 and 3 orders of magnitude for
case CsI (cf. table IX.A.5).

− The effect of a spray system would be stronger, if spray water with a high pH is used,
because the spray would change the pH of the sump.

������ )UHQFK�VWXG\�ZLWK�,2'(�FRGH

IPSN calculated the iodine composition using two bounding conditions (iodine entirely
released in the containment as CsI or I2), with or without spray, and taking into account the
evolution of pH during a large loss of coolant accident (LOCA). The calculations have been
performed with the IODE code (version 4.2), which is the updated version of the code
included in ESCADRE 1.2 code.

Inputs data and results of calculations are presented in appendix IX.B.

6WDWH�RI�VSUD\�PRGHO�LQ�,2'(����

IODE code considers only removal of molecular form of iodine. A simple removal model
has been used to model removal of particulate forms. Assumptions for removal of
particulate forms are presented in details in section 3.2 of this chapter.

The spray model in IODE 4.2 code, for the removal of molecular iodine (I2) is based on the
following assumptions:
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− Molecular iodine is the only species that is transferred  from the atmosphere to spray
droplets.

− Transfer is performed only in the direction gas/droplet when I2 concentration is
higher in the gas system than in spray droplets.

− Resistance to mass transfer is present in both gas and liquid phases.

− No heat and mass transfer between the gas phase and droplets is taken into account.
Thus, each droplet has a constant surface area and a constant volume.

− Each droplet falls at its terminal velocity.

− No interaction occurs between droplets.

Concerning the current model focuses on hydrolysis model of I2 inside droplets, two cases
are distinguished :

− if the sump water is acidic, we only take in account mass transfer into droplets
without hydrolysis.

− if the sump water is alkaline (standard case), hydrolysis in the droplets is activated.

 

 The decomposition of molecular iodine in the liquid phase takes place in two steps :

− Hydrolysis reaction

 I2 + 2 H2O ↔ HOI + I- + H3O
+  ���

− and disproportionation reaction

 3 HOI + 3 H2O ↔ IO3
- + 2 I- + 3 H3O

+  ���

 The reaction (2) is a slow reaction which has not the time to be developed during the droplet
fall time (* 15 s for a droplet of 700 µm).

 In order to simplify the resolution of the problem, we consider that molecular iodine is
decomposed in iodide ions I- in the liquid phase. We also consider that the decomposition of
molecular iodine takes place in a thin layer near the droplet surface (a two film resistance
model  is used for the mass transfer of  I2 to the water droplets) and that the I- flux towards
inside of the droplet is sufficient to prevent the saturation of the decomposition reaction.

 The differential equation describing the change of  I2 concentration LQ�WKH�JDV�SKDVH, when
the hydrolysis model is activated, is given by :
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 Where :

 Sw  =  total droplets surface,

 K   =  global mass transfer coefficient

 Cg  =  I2 concentration in the gas phase,

 Vg  =  volume of the gas phase
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 The global transfer coefficient  (K) is expressed in terms of the liquid phase (kw) and gas
phase (kg) mass transfer coefficient and  of the equilibrium partition coefficient (P) which is
temperature dependant.
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 When there is no hydrolysis (water sump acidic), the change of I2 concentration in the gas
phase is given by :
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 Where :

 Qspray = volumetric spray flow rate (m3s-1)

 P = the equilibrium partition coefficient

 Cg = I2 concentration in the gas phase

 Vg = volume of the gas phase

 We suppose that the I2 concentration profile into the droplet reaches the equilibrium during
the droplet fall (in the few first meters of the droplet fall).

 

 0ROHFXODU�LRGLQH�GHSOHWLRQ�UDWH�LQ�/2&$�FRQGLWLRQV�

 Calculations with the IODE 4.2 code lead to the following molecular iodine removal rate
values:

− if the sump water is acidic

 The molecular iodine is removed from the atmosphere of the primary containment by
the spray system at a rate = 0.2 h-1.

− if the sump water is alkaline (standard case)

 In this case, due to the fact that the pH in the droplets is basic, the molecular iodine is
removed from the atmosphere of the primary containment by the spray system at a
rate λspray = 2.7 h-1.

− others depletion mechanisms

 An equivalent molecular iodine removal rate by other mechanisms could be
evaluated:

• Molecular iodine adsorption on non-submerged painted surfaces:

 IODE code allows to consider two situations:

a. steam condensation on the containment wall leading to removal of
iodine vapours. This model considering a well mixed atmosphere and
the same condensation constant for all the condensed species leads to a
very over-estimated removal rate value of λad = 17.4 h-1.
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b. adsorption coefficient (without condensation). This model leads to a
removal rate value of λad = 0.17 h-1.

 These values should be considered as a first approach, because there are still
large uncertainties regarding the adsorption of iodine on the aerial surfaces.

• Molecular iodine transfer from the gas phase to the water sump:

For a 900 MWe French PWR, the mass transfer from the containment
atmosphere to the sump water (interface transfer) could be represented by a
removal rate constant λtrans= 0.14 h-1

&RQFOXVLRQV

The main conclusions from these calculations are:

For iodine release from the RCS :

− during the wet phase a large release of molecular iodine due to in vessel radiolysis
could be possible. As a matter of fact, during this phase the percentage of iodine
released can change between 12 % (with spray actuation leading to basic conditions of
reflooding water in a recirculating phase) and 46 % (without spray actuation) of the
total mass of the iodine released during the LOCA.

For iodine containment retention :

− The spray system actuation, leading to addition of sodium hydroxide solution in the
sump water is the dominant effect concerning the decrease of the molecular iodine
concentration in the containment atmosphere. In  fact, when the pH in the droplets is
basic (standard case), the water of the sump becomes basic (the hydrolysis reactions
are predominating), leading to increase the retention of iodine in the sump water.

− When the spray system is not activated (sump water stays acidic) the chemical
interactions between iodide anions and the free radicals resulting from radiolysis are
favoured and so lead to the molecular iodine formation and transfer from the sump to
the containment atmosphere.

− Another retention path of molecular iodine is the adsorption on the painted surfaces in
the containment and in the sump. Adsorption on dry painted surface is dominant and
this situation is favoured when the spray system is not activated. This leads to a higher
organic iodide formation.

������ 6SDQLVK�VWXG\�ZLWK�0(/&25�FRGH

Calculations have been carried out with the objective of investigating the influence of the
containment safety system (spray system) on the retention of fission products released
during a DBA. With that purpose, the MELCOR code, version 1.8.3, was used.

This section includes also a comparison between the retention in the RCS and the retention
process in the containment.

Inputs data and results of calculations are presented in appendix IX.C.

0RGHO�'HVFULSWLRQ

The MELCOR package for Containment Sprays (SPR) calculates the thermalhydraulic
behaviour associated with the sprays system, and is the same than that in the HECTR code.
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It is coupled to the RadioNuclide package (RN) for the calculation of aerosol washout and
decontamination of the atmosphere by the sprays.

Sprays droplets are assumed to be spherical and isothermal and falling down through the
containment vertically (without horizontal velocity component). Heatup and cooldown are
modelled by using a correlation for the calculation of forced convection heat transfer
coefficients. Evaporation and condensation are also calculated through the corresponding
mass transfer coefficients. These transfer rates are calculated over the fall height of the
droplets to obtain the final mass and temperature.

The RN removal by sprays is a mechanistic treatment of removal processes, closely coupled
to the thermalhydraulic behaviour calculated by the spray package. The model consists of a
first-order rate process where different rate constants are associated with removal processes
for vapours and aerosols.

For vapours, the rate constant depends on the total volume, the volumetric flow rate for
droplets, the adsorption efficiency (for each vapour class) and the water/gas partition
coefficient of the vapour. The latter could be modified (in the case of iodine) if the sprayed
water is containing different additives.

The vapour adsorption efficiency is expressed as a time-dependent exponential equation that
uses the gas and liquid boundary layer mass transfer coefficients, calculated with the Ranz
and Marshall approximation to the Frossling equation (gas) and the Griffith approximation
(liquid).

Aerosol removal is calculated by inertial impaction and interception, -main contributors for
a big size range-, diffusiophoresis for a medium size range and diffusion effects for very
small droplets. The rate constant is also dependent on total volume, sprays volumetric flow
rate, droplet size, and likewise on the fall height of the droplets and the efficiency of
collection of aerosol particles by sprays droplets.

For interception and inertial impaction, the collection efficiency combines potential and
viscous flows according to Reynolds and Stokes numbers. For diffusion, the collection
efficiency depends on Reynolds and Peclet numbers. For diffusiophoresis process, the
collection efficiency is related to the steam mass condensation rate on droplets. The final
collection efficiency is obtained by combining the calculated ones for the different
processes.

3ULQFLSDO�FRQFOXVLRQV

Calculations have been performed taking into account both with the operation of the spray
system and without it. Likewise, it was considered the chemical speciation of the most
volatile products (iodine and caesium forming I2, CsOH or CsI) and some other numerical
aspects of the implicated model (the MAEROS code, which is implemented in MELCOR to
calculate aerosol physics) like the number of employed components (that is, the number of
different aerosol families).

The results show that, approximately 6 hours after the beginning of the accident, 99% of the
Cs released in form of CsOH is eliminated from the containment atmosphere (mostly
evacuated to the sumps). The physical state of CsOH (aerosol or vapour) is automatically
calculated by MELCOR according to the atmosphere conditions. The case of CsI is similar
to that of CsOH, or even deeper (99.98%). Although vapour pressure curves are quite
different (taken from the VICTORIA code) it seems that, for the implicated temperature
range (Figure IX.C.2 - appendix IX.C), they behave as liquid aerosols.
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On the other hand, vapours of molecular iodine are practically not eliminated from the
containment (see appendix IX.C). The atmosphere washout is less effective for vapours than
for aerosols. (The implicated phenomena are completely different and thus the HECTR code
coupled to SPRAY package is implemented in MELCOR to evaluate their behaviour).
Figure IX.C.5 of appendix IX.C shows the molecular iodine airborne concentration. Its slow
decreasing is nearly constant while spray system is activated, compared to the «without
spray» curve. After 6 hours, the gas concentration has been reduced by a fraction of 25%.
Notice that the source of iodine is limited to the dry phase and that no new releases of
iodine from the containment sumps have been considered in the long-term for the
calculations.

By comparison of these results with those obtained for the retention in the primary circuit
(table 9.2, taken from Appendix IX.C), it is evident that, as much, the source term could be
reduced by one order of magnitude (case of CsOH) in the RCS while the Containment
Spray System seems to warrant a reduction of two orders of magnitude.

It could be concluded that, with the exception of the particular case of iodine vapours (that
demands a more specific work), the retention capacity of the Containment Spray System is
clearly more effective (by about or more than one order of magnitude) than that for the
different natural process in the RCS.

Computer code calculations for DBA show that the Containment Spray System is capable
of reducing by two orders of magnitude the concentration of radionuclides in the
containment atmosphere, i.e., the operation of the Containment Spray System is much more
effective to decrease fission products concentration in the containment atmosphere than any
natural retention in the RCS.

Therefore, due to the existing uncertainties and to its relatively low efficiency with regard to
source term reduction, it is confirmed (see also Chapter VIII) that radionuclide retention
processes in the RCS should not be credited for DBA source term analysis.

����$HURVRO�UHPRYDO��LQFOXGLQJ�LRGLQH�DHURVROV�

,QYHVWLJDWLRQ�SHUIRUPHG�IURP������

One of the recommendations of the 1992 study [9.1] was to investigate the effect of aerosol
growth in the containment resulting from condensation of steam.

Since that study [9.1], an aerosol condensational growth model has been developed to
assess the importance of condensational growth in the reduction of airborne fission products
[9.8].

Concerning the modelling of aerosol removal, a simplified model of aerosol removal by
containment spray has been developed [9.5] in order to estimate aerosol removal by spray
without the necessity of using detailed systems codes as CONTAIN (especially for severe
accident conditions).

During this time, in France a detailed model (ACACIA) of the physical phenomena
involved in the aerosol collection and iodine absorption by a falling droplet has been
developed by IPSN [9.6] to simulate experimental results of the ASPERSION program in
the CARAIDAS facility. This model will be used to develop a more realistic spray removal
simulation for the IPSN containment severe accidents codes, including the evolution of the
droplet size by heat and mass transfer during the falling time and a more realistic
characterisation of the droplet size dispersion. Also an updated version of the spray model
has been included in the IODE code [9.7].
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������ $HURVROV�JURZWK�FRQGHQVDWLRQDO�PRGHO�>���@

The condensational growth of aerosols with a mass median radius of 5 µm in a containment
reactor, following a LOCA conditions is evaluated. The impact of aerosol growth on the
aerosol removal rate is evaluated taking into account the following removal mechanisms :
gravity settling, diffusiophoresis and spray. Two cases are considered depending on the
spray actuation or not.

In the case with spray off, the mass median radius of aerosol increase from the initial value
of 0.5 µm to a maximum value of 7 and 9 µm for CsI and Cs2CO3 aerosols respectively.
Whereas in a case with spray on both species of aerosols grow to approximately 4 µm
before removal.

This study concludes that the removal mechanisms are more efficient if condensational
growth phenomenon is considered. Figure 9.1 [9.8] shows the spray removal coefficient as a
function of aerosol radius (without considering aerosol condensational growth) increase
strongly for an aerosol radius greater than 4 µm. For this reason the aerosol growth is
limited to 4 µm in the case of spray actuation.

The evolution of the total removal coefficient versus time without considering
condensational growth phenomena [9.1] or considering this phenomena [9.8] is  presented
on figure 9.2 for the case with spray actuation. Similar curves are presented on figure 9.3 for
the case without spray actuation

Then condensational growth leads, in a case with spray off, to a reduction in airborne
fission product aerosol mass of approximately a factor 2 after 1 h, and a factor 5 after 5
hours. A similar comparison for the case with spray on show an airborne aerosol mass
reduction of a factor 4 after 1 hours and a factor 10 after 10 hours.

Finally this study presents a rough quantification of the impact of condensational growth
phenomena on the fission products released to the environment for the cases evaluated in
[9.1]. The conclusion is after 720 hours following a LOCA (cold leg break design basis
accidents), to consider condensational growth phenomena leads to a reduction of the fission
products released to the environment by 22% of Cs and 1.5 % of iodine for the UK case, 26
% of Cs and 4 % of iodine for the French case and 48 % of Cs and 17 % of iodine for the
German case.

������ 6LPSOLILHG�PRGHO�RI�DHURVRO�UHPRYDO�E\�FRQWDLQPHQW�VSUD\V�>���@

This study describes spray systems in nuclear reactors, and discusses the scrubbing of
aerosols from containment atmosphere by spray droplets. It identifies the uncertainties in
the prediction of spray performance when the sprays are used as a mean of decontaminating
containment atmospheres. The study develops a mechanistic model based on current
knowledge of the physical phenomena involved in spray performance. With this model, a
quantitative uncertainty analysis of spray phenomena is conducted using a Monte Carlo
method to sample 20 uncertain quantities related to phenomena of spray droplet behaviour
as well as the initial and boundary conditions expected to be associated with severe reactor
accidents. Results of the uncertainty analysis are used to construct simplified expressions
for spray decontamination coefficients. Two variables that affect aerosol capture by water
droplets are not treated as uncertain: they are « Q », spray water flux into the containment,
and « H », the total fall distance of spray droplets. The choice of values of these variables is
left to the user since they are plant and accident specific. These two values can usually be
ascertained with some degree of certainty. The spray decontamination coefficients are found
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to be sufficiently dependent on the extent of decontamination so that the fraction of initial
aerosol remaining in the atmosphere, mf, is explicitly treated in the simplified expression.
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Where :

α = V (unsprayed) / V (sprayed) is the ratio of the containment volume that is not contacted
by the droplets to the volume that is contacted by spray droplets
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the simplified expressions for the spray decontamination coefficient are:
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• �PI=0.9) is taken to be indicative of the initial rate of
decontamination when aerosol is first exposed to the spray action

• PI is the mass fraction remaining in the containment atmosphere

• 4 is the water flux

• + is the fall distance

Uncertainty distribution for l have been found for

4 = 0.001, 0.01 and 0.25 cm3 / cm2-s

+ = 500, 853, 1000, 1584, 2000, 3000, 4000 and 5000 cm

PI = 0.9, 0.5, 0.3, 0.1, 0.01 and 0.001

Parametric values for these expressions are found for median, 10 percentile and 90
percentile values in the uncertainty distribution for the spray decontamination coefficient.

As an example, for median values of parameters the λ value is given by :
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������ &$5$,'$6�H[SHULPHQWV�DQG�$&$&,$�PRGHO�>���@

Today, spray system is taken into account in different safety codes, using washout rates
which have been determined in global experiments, so these washout rates provide
conservative assumptions. A large program devoted to the evaluation of more realistic
washout rates is on going at IPSN. A numerical tool (ACACIA model) has been developed,
and is presently validated in the CARAIDAS experimental facility, in order to propose and
to quantify models for steam condensation, aerosol collection and gaseous iodine
absorption.

Moreover, a specific model CASPER have been developed to be implemented as a spray
model in ASTEC codes to simulate fission products removal in a case of a severe accident
taking into account a size distribution for the water drops and a size distribution for
aerosols.

Drops characteristics (temperature, diameter, iodine and particles concentration) are
modified during their fall. Three phenomena of transfer between the gas and the drops have
to be modelled: steam and heat transfer, gaseous iodine transfer, particulate collection.
Steam and heat transfer from the gaseous phase to the liquid one is modelled by a double
film theory.. Steam mass transfer is located in the gaseous film and heat transfer takes place
through the whole double film. Beyond this film, temperature and concentrations are
supposed steady.

For the aerosol collection, the following phenomena are considered : inertial impaction
(large aerosols), diffusion (small aerosols), interception (intermediates size),
diffusiophoresis, thermophoresis.

At the time of this project, the validation of the spray removal model on CARAIDAS
experiment is not achieved and could not be used for the present project.

������ &RQFOXVLRQ

Realistic and simples models for aerosol removal have been developed and a specific study
of removal rate as function of the decontamination state has been performed. Furthermore,
these models show that the retention efficiency by different removal mechanisms depends
on containment thermalhydraulics conditions, spray water conditions and aerosol size
distribution.

A strong dependence of the aerosol collection effectiveness versus time during the first
minutes following a LOCA can be considered as a consequence of aerosol size distribution.
Higher radius aerosols are removed at the beginning of the accident leading to a higher
removal effectiveness at this time. Another aspect to be considered is the aerosol size
growing by steam condensation, leading also to a higher removal effectiveness at the
beginning of the accident (higher radius aerosol grows quickly up to a size of 4 µm for
which the spray effectiveness increase strongly).

A validated theoretical model could simulate these phenomena. Then for further
applications it could be recommended to use validated aerosols collection models.

In the short term, for licensing process, calculations could be performed with a simple
model taking into account the values proposed in [9.1] or in [9.8]. This model leads to an
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overestimation of the fission products concentration in the containment atmosphere at the
beginning of the accident.

��� 3URSRVDO�IRU�D�FRPPRQ�SRVLWLRQ

����,RGLQH�EHKDYLRXU�DQG�FKHPLVWU\

������ 6LPXOWDQHRXV�FROG�OHJ�DQG�KRW�OHJ�LQMHFWLRQ�ZLWKRXW�VSUD\

3URSRVDO�

In the German «Störfallberechnungsgrundlagen» [9.4] the chemical reactions of iodine in
the sump are not considered. These calculations showed that the retention in the
containment is very effective for iodine and this effect depends strong on the pH in the
sump water. For this reason the retention of iodine in the containment and the effect of pH
in the sump water will be considered in future licensing calculations. This is the approach
currently adopted in countries such as France and the UK.

In the study EUR 14179 [9.1], some chemical reactions of iodine are considered (iodine
deposition, conversion to organic iodide), but the amount of conversion is fixed, based on
empirical correlations. It would be more realistic to calculate the iodine behaviour e.g. with
an iodine code. Especially the effect of pH in the sump is calculated more realistic with an
iodine code. In this calculation the initial release form of iodine should be CsI (100 %). This
is more realistic than the assumption, that the total amount of iodine is released in form of
molecular iodine. The release should be supposed to occur instantaneously.

The following phenomena should be considered in the calculation: aerosol CsI removal,
radiolysis in the water phase, other reactions in the water phase, reactions in the gas phase,
mass transfer from sump to the gas phase, deposition on wall surfaces in the gas phase and
formation of organic iodine.

3RVLWLRQ�RI�WKH�SDUWQHUV�

This aspect is only of relevance to Germany since current designs in all other countries have
ECCS injection into the cold legs only.

������ &ROG�OHJ�LQMHFWLRQ�ZLWK�FRQWDLQPHQW�VSUD\

3URSRVDO�

For this case, performed studies show that dominant effects concerning the concentration of
iodine species in the containment atmosphere are:

• release of molecular iodine following in vessel radiolysis during the wet phase,

• pH condition on spray droplets and sump water, leading to retention or release of
iodine dissolved in the water,

• adsorption of molecular iodine on the non-submerged containment surfaces, leading
to molecular iodine retention and organic iodine formation and release.

Then, it is recommended to use a specific iodine code taking into account a realistic iodine
release kinetic model during the dry and wet phase, and iodine removal by spray and
adsorption on the containment wall. In this case there is no need to assume a maximum
decontamination factor.
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When a validated iodine code is not available, in addition to the atmosphere containment
release as recommended in chapter VIII, 60% of the wet phase release of iodine (bromine)
is supposed to be converted into I2 (Br2) and also directly released to the containment
atmosphere (recommendation of [9.1]). Iodine removal could be evaluated by removal
constants associated to a maximum decontamination factor (depending on pH conditions).
New values (compared to [9.1]) for molecular iodine spray removal constant  are proposed
depending on pH conditions of the spray water: λspray = 0.2 h-1 for acidic spray droplet
water, λspray = 2.7 h-1 in the case of alkaline spray droplet water. The removal constants
associated to iodine adsorption on non-submerged painted surface are still very uncertain.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All partners agree with this proposal. AVN recommends to consider a sufficiently
conservative value for the maximum decontamination factor.

������ 2UJDQLF�LRGLQH

3URSRVDO�

A value of 0.2% of the iodine released in the dry phase is assumed to be converted into
organic iodine, instantaneously present in the containment atmosphere. There is no other
removal than by radioactive decay.  This value of 0.2 % is of the same order of magnitude
as the value recommended in the 1992 study [9.1].

3RVLWLRQ�RI�WKH�SDUWQHUV�

The project partners agree with this proposal. For AVN (Belgium), this proposal will be
used jointly with the release from the fuel as defined in chapter VII (i.e. for new licensing
applications).

����$HURVRO�UHPRYDO��LQFOXGLQJ�LRGLQH�DHURVROV�

3URSRVDO�

In the case of LOCA, aerosols are released during the first 250 seconds of the accident when
the containment reactor pressure is highest (at least in the case with spray actuation) leading
to the highest leak rates. In order to evaluate realistic fission products release from the
containment it could be advisable to use a detailed mechanistic aerosol collection model
taking into account different removal mechanisms models as function of the aerosol size
and considering an aerosol size distribution. This should lead to higher removal rate
effectiveness at the beginning of the accident. In this case a maximum decontamination
factor should not be considered.

If this model is not available, for a conservative approach, a total removal coefficient should
be used (as proposed in [9.1]), associated to a maximum decontamination factor.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All partners agree with this proposal. AVN recommends to consider a sufficiently
conservative value for the maximum decontamination factor.
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7DEOHV
7DEOH������Assumptions on the removal process of iodine and aerosols

Country ECCS
injecti

on

I released fraction of
the gap
B, S, H,NL,Sl =
fraction of the &,)

Iodine forms of the release (initially in the
atm., unless otherwise specified)

Spray additive
element

removal rate
aerosol

(h-1)

Removal rate of iodine ( /h  -  i = immediate)
(max. decontamination factor)

mol. part. org. molecular particulate org.
B C ����

����VXPSV
����DWP�

91% 5% 4% Y NaoH
R

not
considered

10 after 20 min

 (100)
0.8

(100)
0

F
(proposal)

10% dry phase (atm)
�����ZHW�SKDVH

1%
���DWP

99%
�����

0%
�����DWP

Y NaOH 4
(1000)

20
(1000)

4
(1000)

0

G CH 100% (10% atm) no assumptions explicitely made N - - time to reach I equilibrium composition: 7h
λequivalent=0.14    ( Iwater/Igas=10000)

S C 100%
(50%sumps/50%

atm)

95.5% 2.5% 2% Y Na3PO4

R
not

considered
20

(100)
5.46 (50) 0.55 0

UK C 100% (atm)
(10% dry phase 90%

wet phase)
(2% of the

total release
will be I2)

99.8% formation: 0.2% Y Na3PO4 -
H3BO3

R

1.3 (t<0.6h),
0.5 after

0 1.3 (t<0.6h), 0.5
after

(10000)

0

Cz VVER Y
Fin CH dry phase: 10%

wet phase : 90% wet phase
55%

100% init. Y N2H4 - KOH spray effect spray + chemical reactions are modelled

Hu VVER formation Y N2H4-KOH)
I C 100% 49.5% 49.5% 1% Y NaOH 0.31 (1000) 12 (200) 3.1 (200) 0

Nl CH ���DWP
����VXPSV

50% 0% 50% N - - -

Sl C �����DWP�
�����VXPSV

91% 5% 4% Y NaOH not
considered

10(100) 3.8 (100) 0

CH CH 1.7% total
release

1% total release Y - 1.15 (100) Elem. iodine: 0.5% after 4 h 0

design 1
EUR 14179 EN

C dry and wet phase
releases

dry and wet phase occurs
simultaneously

formation: 0.2% Y 1.3, t< 0.6 h
0.5, t> 0.6 h

cold leg break: 0.46 (10000)
hot leg break: 1 (t<1h),  0.43 (t>1h)

(1000)
The removal rate considers
molecular and particulate iodine

0

design 2
EUR 14179 EN

CH dry and wet phase
releases

model taking into account
the contribution of the dry

and wet phases

formation: 0.2% N 0.6, t<0.6 h
0.3, t> 0.6 h

0.05 for 1 h
0.04 for 5 h

The removal rate considers
molecular and particulate iodine

0
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7DEOH������Predictions over the retention of fission products in the RCS

Species Retained fraction in RCS

Noble gases 0%

Iodine (vapours) 50-90%

Aerosols (CsOH, CsI, TeO, Ba) 40%

7DEOH������Recommended aerosols removal rates - λ ( h-1)

t< 2400 sec t > 2400 sec

case with spray 1.3 0.5

case without spray 0.6 0.3
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)LJXUHV

)LJXUH����� Spray removal coefficient as a function of aerosol radius
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)LJXUH����� Evolution of the total removal coefficient versus time, with spray

)LJXUH����� Evolution of the total removal coefficient versus time, without spray
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&KDSWHU�;��&RPPRQ�SRVLWLRQV�DQG�FRQFOXVLRQV

This report documents an attempt to define a common technical position on the methodologies
which would be acceptable in EU countries for the calculation of in-containment source terms
for licensing purposes.  The study is restricted to consideration of the design basis, large break
loss of coolant accident (LBLOCA) applied to current and future reactors. The exercise is
limited to the source term calculation LQVLGH� WKH� FRQWDLQPHQW. Five European organisations
contribute to this work: AVN for Belgium, CSN for Spain, GRS for Germany, IPSN for France
and NNC for United Kingdom.

A short description of the accident considered for current reactors is presented in chapter II.
Different steps in the evaluation of the source term were identified. For several steps (like the
computation of the core inventory), a good agreement already exists, but it is not the case for all
of them. The topics needing harmonisation were identified. Chapters IV to IX are dealing with
these topics.

Based on current information and recent work, a proposal for a common position on a given
topic was drawn up in the associated chapter. In this conclusion chapter, the proposals are
summed up and the position of the five organisations with regard to these proposals are stated.

The main information sources were:

1. A questionnaire, collecting information on the current licensing practices from twelve
European countries having PWRs (or VVERs) (Chapter III). This information updates the
information of a previous benchmark [10.1].

2. A realistic study performed in 1992 [10.2] which focussed on the calculation of the releases
and consequences of a successfully terminated LBLOCA. The perspective of this study
differs from the present work in that it constitutes recommendations for a realistic approach
only. The applicability of its recommendations (often including conservative advices) has to
be assessed in a licensing perspective.

3. The European Utilities Requirements [10.3].  This document does not specifiy source terms
for Design Basis Accidents (Design Basis Conditions). It includes more precise information
on the source term calculation for severe accidents (Design Extension Conditions).

4. Current scientific literature and results from recent research programs, in particular a recent
project on the assessment of the failed fuel fraction undertaken under the auspices of DG XI
(now DG Environment) [10.4].

5. Additional investigations performed within this project for some topics. Those investigations
are presented as appendices to the preceding chapters.
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��� &RPPRQ�SURSRVDOV�DQG�SRVLWLRQ�RI�WKH�SDUWQHUV

����6HTXHQFH�GHILQLWLRQ��FKDSWHU�,9�

3URSRVDO�

Concerning the initiating event to be postulated for the design basis LOCA, the double ended
guillotine break of a main coolant pipe has to be considered for the existing plants, given that it
was (and should remain) part of their licensing basis.

For future plants, it appears feasible to design and operate these plants so as to “exclude” the
complete guillotine break of a main coolant line. Then the loads to be considered for the design
of the internal structures of the reactor vessel and for the design of the structures in the
containment building can be limited to those resulting from a break equivalent to the complete
guillotine rupture of the largest pipe connected to the main coolant line. In this case, the
complete guillotine break of a main coolant line is not to be classified as a reference accident.
Nevertheless, this break has to be assumed for the design of the emergency core cooling
function and of the containment pressure boundary, so as to implement safety margins
concerning the cooling of the core and concerning the containment function. In particular, for
the safety demonstration, the reference accident should assume the complete rupture of the
largest pipe connected to a main coolant pipe (surge line), without taking into account the
influence of a flow limiter, if any. This approach is already proposed in the GPR-RSK
recommendations (DFD Letter dated November 2 1994) based on the break preclusion concept
and might be considered by other regulators for future plants.

The initial conditions considered in the analysis of the radiological consequences should be
defined in such a way as to maximise the radiological consequences. These initial conditions
concern for instance power, pressure and temperature parameters of the primary circuit and fuel
cycle characteristics (End Of Life, Begin Of Life...).

The application of the single failure criterion and the combination with loss of offsite power, if
penalizing, should be considered.

3RVLWLRQ�RI�WKH�SDUWQHUV�

The project partners agree with this proposal.

����/LVW�RI�QXFOLGHV��FKDSWHU�9�

3URSRVDO�

Given that

• some countries already consider an extended list of radionuclides (except very short half-life
nuclides),

• accounting for an extended list of radionuclides in the calculation of radiological
consequences is possible and easy with the available computers,

• it is important for public acceptance to demonstrate that all radionuclides are considered,
even if they are negligible for the dose assessment,

 It is proposed, for future licensing studies, that:

• All fission products should be considered. If some fission products are not considered, a
justification must be presented.
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• Actinides should be considered. They may be screened out, based on qualitative arguments.

• It is not necessary to consider the corrosion products for this accident.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All project partners agree with this proposal, except NNC (U.K.) and IPSN (France). NNC and
IPSN consider that it is sufficient to retain a short list of radiologically significant nuclides,
together with a justification for omission of the remainder.

����7KH�IDLOHG�IXHO�IUDFWLRQ��FKDSWHU�9,�

3URSRVDO�

Based on the conclusions of [10.4], it is considered that there is sufficient justification to reduce
the fraction of failed fuel in a design basis LOCA to 33% for reactor designs with safety
injection into cold legs only.  For reactors with safety injection into both hot and cold legs, a
failed fuel fraction of 10% can be supported, which is the same as that adopted in the German
licensing methodology.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All project partners, except AVN (Belgium), agree with this proposal.

AVN wishes to maintain the presently applied conservative approach for existing plants but
proposes, for new licensing applications, to adopt a failed fuel fraction of 33%.

Moreover, IPSN (France) precises that  this aspect is still under discussion between IPSN and
French safety authorities, notably the acceptability of a lower value if supported by adequate
demonstration.

����7KH�UHOHDVH�IURP�IDLOHG�IXHO��FKDSWHU�9,,�

3URSRVDO�

At the present time, the realistic estimate of the release of fission products from failed fuel is as
given in the 1992 study [10.2], corresponding to a contribution from the gap inventory and a
contribution from the fragmentation of the fuel.  These recommendations are valid for fuel with
burn-up up to 50 GWd/te.

There are presently no recommendations for the release of fuel particulates from fuel, especially
at high burn-up, although experimental data is available and needs to be reviewed in order to
obtain a recommendation.

3RVLWLRQ�RI�WKH�SDUWQHUV�

A common position on this topic for licensing purposes has not been agreed between the
partners. The approach adopted currently in Germany, France and UK is close to these best
estimate recommendations [10.2], as are the recommendations in the EUR document. In the case
of Belgium and Spain, a very large degree of conservatism is presently applied (since a degraded
core is essentially assumed for the source term).  AVN (Belgium) wishes to maintain this
conservatism for existing plants.  However, for new licensing applications, AVN is proposing to
adopt the conservative recommendations from the 1992 study.

����7KH�UHWHQWLRQ�LQ�WKH�5HDFWRU�&RRODQW�6\VWHP�DQG�WKH�LQLWLDO�UHOHDVH�RI�)LVVLRQ
3URGXFWV�WR�WKH�FRQWDLQPHQW�DWPRVSKHUH��FKDSWHU�9,,,�

3URSRVDO�
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All the noble gases are released directly to the containment atmosphere during the dry phase.
The releases of the other radionuclides (I, Cs...) are divided into the dry phase (10%) and the wet
phase (90%).

For the design with injection only into the cold leg, the molecular iodine (2% of the total iodine
release – the same applies for bromine) and all the dry phase are entirely released to the
containment atmosphere.

For the design with injection into both hot and cold legs, the molecular iodine (2% of the total
iodine release - the same applies for bromine), 10% of the rest of the iodine (and bromine)
release occurring during the dry phase, 10% of the dry phase release of the alkalines and 1% of
the dry phase release of the other nuclides enter to the containment atmosphere.

Some part of this release may be retained in the RCS itself but this retention is a matter
submitted to a great number of uncertainties. Therefore, it is concluded that radionuclide
retention in the RCS should not be credited for licensing DBA source term analyses.

The rest of the release transfers into the reactor coolant. The release occurring into the water is
assumed to be transferred to the sumps.

3RVLWLRQ�RI�WKH�SDUWQHUV�

The project partners agree with this proposal. For AVN (Belgium), this proposal will be used
jointly with the release from the fuel as defined in chapter VII (i.e. for new licensing
applications).

����5HWHQWLRQ�LQ�WKH�FRQWDLQPHQW��FKDSWHU�,;�

������ ,RGLQH�EHKDYLRXU�DQG�FKHPLVWU\

'HVLJQ�ZLWK�FROG�OHJ�DQG�KRW�OHJ�LQMHFWLRQ�ZLWKRXW�VSUD\

3URSRVDO�

In future licensing calculations the retention of iodine in the containment and the effect of pH in
the sump water should be considered.The iodine behaviour (especially the effect of pH in the
sump) should be calculated e.g. with an iodine code. In this calculation the initial release form of
iodine should be CsI (100 %).The release should be supposed to occur instantaneously.

The following phenomena should be considered in the calculation: aerosol CsI removal,
radiolysis in the water phase, other reactions in the water phase, reactions in the gas phase, mass
transfer from sump to the gas phase, deposition on wall surfaces in the gas phase and formation
of organic iodine.

3RVLWLRQ�RI�WKH�SDUWQHUV�

This aspect is only of relevance to Germany since current designs in all other countries have
ECCS injection into the cold legs only.

&ROG�OHJ�LQMHFWLRQ�ZLWK�FRQWDLQPHQW�VSUD\

3URSRVDO�

For this case, performed studies show that dominant effects concerning the concentration of
iodine species in the containment atmosphere are:

• release of molecular iodine following in vessel radiolysis during the wet phase,
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• pH condition on spray droplets and sump water, leading to retention or release of iodine
dissolved in the water,

• adsorption of molecular iodine on the non-submerged containment surfaces, leading to
molecular iodine retention and organic iodine formation and release.

Then, it is recommended to use a specific iodine code taking into account a realistic iodine
release kinetic model during the dry and wet phase, and iodine removal by spray and adsorption
on the containment wall. In this case there is no need to assume a maximum decontamination
factor.

When a validated iodine code is not available, in addition to the atmosphere containment release
as recommended in chapter VIII, 60% of the wet phase release of iodine (bromine) is supposed
to be converted into I2 (Br2) and also directly released to the containment atmosphere
(recommendation of [10.2]). Iodine removal could be evaluated by removal constants associated
to a maximum decontamination factor (depending on pH conditions).  New values (compared to
[10.2]) for molecular iodine spray removal constant  are proposed depending on pH conditions
of the spray water: λspray = 0.2 h-1 for acidic spray droplet water, λspray = 2.7 h-1 in the case of
alkaline spray droplet water. The removal constants associated to iodine adsorption on non-
submerged painted surface are still very uncertain.

3RVLWLRQ�RI�WKH�SDUWQHUV�

All partners agree with this proposal. AVN recommends to consider a sufficiently conservative
value for the maximum decontamination factor.

2UJDQLF�,RGLQH

3URSRVDO�

A value of 0.2% of the iodine released in the dry phase is assumed to be converted into organic
iodine, instantaneously present in the containment atmosphere. There is no other removal than
by radioactive decay.  This value of 0.2 % is of the same order of magnitude as the value
recommended in the 1992 study [10.2].

3RVLWLRQ�RI�WKH�SDUWQHUV�

The project partners agree with this proposal. For AVN (Belgium), this proposal will be used
jointly with the release from the fuel as defined in chapter VII (i.e. for new licensing
applications).

������ $HURVRO�UHPRYDO��LQFOXGLQJ�LRGLQH�DHURVROV�

3URSRVDO�
In the case of LOCA, aerosols are released during the first 250 seconds of the accident when the
containment reactor pressure is highest (at least in the case with spray actuation) leading to the
highest leak rates. In order to evaluate realistic fission products release from the containment it
could be advisable to use a detailed mechanistic aerosol collection model taking into account
different removal mechanisms models as function of the aerosol size and considering an aerosol
size distribution. This should lead to higher removal rate effectiveness at the beginning of the
accident. In this case a maximum decontamination factor should not be considered.
If this model is not available, for a conservative approach, a total removal coefficient should be
used (as proposed in [10.2]), associated to a maximum decontamination factor.

3RVLWLRQ�RI�WKH�SDUWQHUV�
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All partners agree with this proposal. AVN recommends to consider a sufficiently conservative
value for the maximum decontamination factor.

��� &RQFOXVLRQV
This work has resulted in progression towards harmonisation of the licensing methodology for
the successfully terminated LBLOCA (calculation of the source term inside the containment).

It is proposed that the list of nuclides used to compute the radiological consequences should be
extended to include more fission products than iodine and noble gases which are normally
considered.  This is more from the aspect of meeting public acceptability in demonstrating that
the safety calculations are complete and does not imply that there were shortcomings in earlier
assessments. Indeed, NNC (UK) still wishes to retain the original list of radiologically
significant nuclides. IPSN (France) will also base its computation on a predefined list of
nuclides.

General assumptions regarding the sequence definition  are agreed between the partners.

There exists an agreement concerning the percentage of failed fuel which could be used in future
licensing assessments (however this subject is still under discussion in France, a lower value is
thinkable). For existing plants, AVN (Belgium) wishes to keep the initial licensing assumptions:
even if the LBLOCA is successfully terminated, the radiological consequences have to be
estimated for a LBLOCA with a wholly damaged core and a substantial core melt (use of the
R.G. 1.4 [10.5] or future equivalent alternate source term as, for instance, defined by D.G. 1081
[10.6]).

For the release from damaged fuel, the agreement is not complete: AVN (Belgium) wishes
similarly to maintain its present approach. IPSN (France), GRS (Germany) and NNC (UK)
prefer to use their own methodologies that result in slightly different values to the proposed
values for a common position. There are presently no recommendations of the release of fuel
particulates.

An agreement is reached on the fact that no retention in the RCS is to be accounted for, and on
the release part going to the containment atmosphere.

For the retention in the containment (chemistry of iodine and spray/natural removal of iodine
and aerosols), the partners agree for the recommendation to use a code allowing an accurate
modelling of the phenomena. However, such codes may not be available for everybody or are
still subject to some validation problems. In that case, simple conservative models are proposed.
The problem of organic iodine formation is still a controversial subject but a value of 0.2% of
the release to the containment atmosphere seems to be acceptable.

The partners wish to thank the EC for creating a forum for discussion of these issues. Owing to
the frank discussions amongst the partners and the common will to bring the positions nearer, it
can be stated that an important step forward has been made on the way of a common
understanding and more harmonised safety approach.

��� 5HIHUHQFHV
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$SSHQGL[�,,,�$��4XHVWLRQQDLUH
&DOFXODWLRQ�RI�WKH�LQ�FRQWDLQPHQW�VRXUFH�WHUP

IRU�D�'%$�/%/2&$

��� ,QWURGXFWLRQ
In the frame of NRWG Task Force on Off-Site Releases of DBAs, five countries (Belgium,
France, Germany, Spain and United Kingdom) take part in a project aimed to determine a
common technical position for the computation of the radiological consequences of a
successfully terminated large LOCA for 3:5 plants. This project focuses on the computation
of the source term inside the primary containment.

To be as complete as possible, the five countries decided to gather also information about the
licensing process in the other European countries. That is why a questionnaire is sent to you,
hoping you will be willing to provide us with the requested information. This information will
be enclosed as an appendix to the final report of this project, probably in the form of a
comparative table. So, by filling in the questionnaire, we assume you agree that this
information will be presented in the final report.

The questionnaire is written to structure the information. Paragraph 2 concerns the design  of
the safety systems, while paragraph 3 concerns the events and hypotheses considered in the
study of the LBLOCA. Numerical values are welcome but less important in so far as they are
plant dependent.  The best is to give them for a typical plant per design type.

When you fill in this questionnaire, do not hesitate to give references and to add comments,
especially on the assumptions. If different designs exist in your country (with or without spray,
with emergency core cooling water injection into both cold and hot legs or into the cold legs
only), would you please give the information for all of them?

��� 3XUSRVH�RI�WKH�VWXG\�LQ�WKH�OLFHQVLQJ�SURFHVV
What is the purpose of this study in the licensing process of your country:

− respect of some criteria: yes / no (*)

[yes] Specify the dose limits  to respect:

− the results define an upper limit for radiological consequences of other accidents:
yes / no (*)

[yes] What type of doses are calculated (ingestion, inhalation, critical person,
population, organ, whole body, effective doses...)?

− other: ....................................................................

If calculations are made with conservative models and with more realistic ones, specify their
use in the licensing process:
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If conservative and more realistic hypotheses/models are used, please indicate both in the
following paragraphs.

��� 'HVLJQ�)HDWXUHV

����3ODQW��SHU�GHVLJQ�

1. Name: ....................

2. Core power: PN = ....................MWth

����(PHUJHQF\�FRUH�FRROLQJ�V\VWHP

1. Safety Injection mode: into the cold legs only or into both hot and cold legs (just after the
accident)?

− cold legs / hot and cold legs (*)

2. Capacity of the safety injection system:

− high pressure injection:

− number of trains: ....................

− capacity per train: .................... m3/h =  .................... % of the nominal capacity

− low pressure injection:

− number of trains: ....................

− capacity per train: .................... m3/h =  .................... % of the nominal capacity

− accumulators:

− number of trains: ....................

− capacity per train: .................... m3 =  .................... % of the nominal capacity

3. Presence of additive elements in the water during the recirculation phase:

− yes / no (*)

− [yes]: additive elements: NaOH ?   others: ............................
 pH of the solution: (min = ........., max = ..........)

����6SUD\�V\VWHP��LI�DQ\�

1. Capacity of the spray system:

− number of trains: ....................

− capacity per train: .................... m3/h =  .................... % of the nominal capacity

 Precise if differences exist between use during injection  and  recirculation phases:

 

2. Signal initiating spray:
 ......................................................................................................................................

3. Presence of additive elements in the spray solution:

− yes / no (*)
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− [yes]: additive elements: NaOH ?   others: ..................................................................................
 possible delay (or precise if it is only added during the recirculation phase): ..........................

���� )DQ�FRROHU�
Are the fan coolers qualified for post-LOCA conditions?

− yes / no (*)

[yes] capacity:

− number of fan coolers: ....................

− flow rate (per fan cooler): .................... m3/h =  .................... % of the nominal capacity

− heat removal capacity in case of LOCA (per fan cooler): .................... MW

at conditions:

− flow rate: .................... m3/h

− inlet atmosphere temperature: .................... °C

− cooling water flow rate: .................... m3/h

− inlet cooling water temperature: .................... °C

Precise if differences exist between use during injection and recirculation phases:

����&RPPHQWV

��� )DXOW�VHTXHQFH
The LBLOCA study involves several steps. A first step consists in a thermalhydraulic study. A
next step is the calculation of the radiological consequences. The aim of the thermalhydraulic
study  is to verify that some criteria are respected (the USNRC 10-CFR-50.46 criteria for
example). The two studies may be coupled, for example if the number of failed pins
considered in the study of radiological consequences is deduced from the thermalhydraulic
study. But the radiological consequences study may also be quasi independent of  the
thermalhydraulic study, assuming very conservative hypotheses for the release of  fission
products (based on the regulatory guide 1. 4) and for other parameters (evolution of
containment pressure in time, ...).

The next three parts of the questionnaire concern more the thermalhydraulic part of the study.
Please feel free to add comments to clarify the answers, to explain the basis of the
hypotheses...

����3XUSRVH�RI�WKH�WKHUPDOK\GUDXOLF�VWXG\ ��

− respect of the USNRC 10-CFR-50.46 criteria,

− ECCS evaluation in conformance with appendix K of USNRC 10-CFR-50,

− determination of the percentage of failed fuel pins,
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− other:.........................................................................................................................

����,QLWLDO�FRQGLWLRQV

1. Localisation of the break:

− cold leg / hot leg (*)

2. Dimension, discharge coefficient:

− diameter = ..................................

− CD= ............................................

3. Initial conditions for the core and the primary circuit:

− core power = .............. MWth = .............. % PN

− core type: UO2 / MOX / both are considered (*)

− cycle position (end of an equilibrium cycle, after X days full power....) Precise what is
considered:

− steam generator plugging rate: ............... % per steam generator

4. Initial conditions in the containment:

− temperature = ...............°C

− pressure = .....................abs. bar

5. Worsening circumstances / Supplementary failures:

− loss of off-site power: yes / no (*)

− single failure criteria: assumed additional failure and its consequences, justification of
this choice:

6. others:

7. Comments, additional information:

����0DLQ�HYHQWV�WLPH�VHTXHQFH

Precise if the event is considered and if it is, precise the time of occurrence

1. Break occurrence: t = 0 s

2. Reactor trip signal:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

3. Recovery of power (diesel start):

− t = ...............s       or   NOT CONSIDERED / COMPUTED

4. Safety injection:

− signal:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− start:

− t = ...............s       or   NOT CONSIDERED / COMPUTED
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− effective capacity (HP+LP) (taken into account for the computation):

− loss of the water injected into the fault leg: yes / no (*)

− number of effective trains: ........................

− numerical value: ...........................m3/h (total)

5. Accumulator injection:

− start:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− end of core by-pass:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− accumulator empty:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− effective capacity (taken into account for the computation):

− loss of the water injected into the fault leg: yes / no (*)

− number of effective accumulators: ........................

− numerical value: ...........................m3 (total)

6. End of blowdown:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

7. End of refill = begin of reflood (the water level reaches the bottom of the core):

− t = ...............s       or   NOT CONSIDERED / COMPUTED

8. End of reflood phase:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

9. Start of the recirculation phase:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

10. Realignment of a safety injection pump for hot leg injection (design with only cold leg
injection):

− t = ...............s       or   NOT CONSIDERED / COMPUTED
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11. Release of fission products:

− distinction between the dry and wet phase releases: yes / no (*)

− [yes]: begin of the wet phase release: t = ...............s

− end of the wet phase release: t = ...............s

− begin of the dry phase release: t = ...............s

− end of the dry phase release: t = ...............s

− [no]: begin of the release: t = ...............s

− end of the release: t = ...............s

or time NOT COMPUTED

12. Spray (if applicable):

− start:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− end:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− effective capacity (taken into account for the computation):

− number of working trains: .................

− numerical value: ...........................m3/h (total)

13. Containment ventilation (if applicable):

− start:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− end:

− t = ...............s       or   NOT CONSIDERED / COMPUTED

− effective capacity (taken into account for the computation):

− number of working fan coolers: .................

����2SHUDWRU�DFWLRQV

What operator actions are assumed during the accidental sequence? (if any)
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����&RPPHQWV

��� &RPSXWDWLRQ�RI�WKH�ILVVLRQ�SURGXFW�UHOHDVH

���� ,QWURGXFWLRQ

Precise if this computation is coupled to the thermalhydraulic study or not. Precise also the
particular assumptions used such as the worsening circumstances (for example, the single
failure) if they differ from the thermalhydraulic study:

���� ,QLWLDO�FRRODQW�DFWLYLW\

− is it taken into account? yes / no (*)

− [yes] comments:

− pre-accident iodine spike: yes / no (*)

− [yes] Precise:

���� &RUH�LQYHQWRU\

− code: ................................

− comments:

���� 5DGLRORJLFDO�FRQVHTXHQFHV���,VRWRSHV

− list of the isotopes (noble gases, iodine, caesium....) for which the source term is
computed: (*)

− Kr85m, Kr85, Kr87, Kr88, Kr89

− Xe131m, Xe133, Xe133m, Xe135m, Xe135,Xe137 ,Xe138

− I131, I132, I133, I134, I135

− Cs134, Cs137

− others:

���� &RPSXWDWLRQ�RI�WKH�UHOHDVHG�FRUH�LQYHQWRU\�IUDFWLRQ

− percentage of failed pins: ..............................%

− If the percentage is computed, what code is used? What failure criteria are used?

− If less than 100% of the pins is assumed to fail, which are the failed pins (in view of
their burnup)?

− Is the gap inventory taken into account? yes / no (*)

− comments:
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A. [gap inventory not taken into account]

− percentage of the inventory of a failed pin that is released (per element):

− if dry and wet release phases are distinguished:

− proportion released in the wet phase (per element):

− proportion released in the dry phase (per element):

B. [gap inventory taken into account]

− How is the gap inventory calculated?

− Percentage of core inventory assumed to be in the gap (per element):

− Is the gap inventory entirely released: yes / no (*)

[no] released fraction of the gap inventory (per element):

− if dry and wet release phases are distinguished:

− proportion of the gap released in the wet phase (per element):

− proportion of the gap released in the dry phase (per element):

− additional release from the fuel matrix: yes / no (*)

[yes] additional released fraction of the inventory of a pin (per element):

− if dry and wet release phases are distinguished:

− proportion of the additional release in the wet phase (per element):

− proportion of the additional release in the dry phase (per element):

���� )RUP�RI�WKH�LQLWLDO�UHOHDVH

Per element (noble gases, iodine, caesium, others), specify the phase (liquid, gas, aerosol) and
the chemical form (iodine: molecular, particulate, organic) of the release (percentage). If it is
applicable, specify the assumptions for the dry and wet phases of release. For example,
Belgium does not consider wet and dry release phases; 25% of the released iodine is airborne.
The airborne iodine is in the atmosphere containment as molecular iodine (91%), particulate
iodine (5%) and organic iodine (4%). To compute the liquid activity, 50% of the released
iodine is assumed to be in the sump water. No assumption is made about the chemical form of
iodine in the liquid phase. The rest of the iodine is considered to be plated out into the primary
containment structures or retained in the primary coolant circuit. Noble gases are of course
entirely airborne.

− Noble gases:

− Iodine:

− Caesium:

− ............
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���� 7LPH�GHSHQGHQW�SKHQRPHQD�LQVLGH�WKH�FRQWDLQPHQW
What phenomena are considered:

− radioactive decay: yes / no (*)
− decay products (for example, Xe is producted as a daughter product of the iodine

radioactive decay) :
− yes / no (*)

[yes] Specify what is considered:
− containment leakage:

− yes / no (*)
[yes] what leakage rate is assumed?....................................................%/day

− removal process:
 Specify the removal rates for the aerosols in general and for the three chemical forms
of iodine. How are the rates computed? Which phenomena do they include (spray
effect (taking into account the effect of the additive elements as NaOH), impaction,
interception and Brownian diffusion, wake capture, diffusiophoresis, gravitational
sedimentation...). Give the numerical values of the rates and the maximal
decontamination factors.
 Specify also how the removal rates are used to compute the concentration. For
example, Belgium divides the containment into two parts, with a mixing flowrate; the
spray system acting only in the first one.

− the behaviour of iodine:

− Is it modeled? yes / no (*)

[yes]: what phenomena are taken into account? (radiolytic production of I2,
hydrolysis to HOI, partitioning of volatile iodine, production of volatile iodine
in the boiling coolant, pH effect of the sump water...) Which computer code do
you use?

− iodine composition at equilibrium in containment atmosphere (if computed), time to
reach equilibrium:

���� /LTXLG�DFWLYLW\�LQ�WKH�VXPS

Is the liquid activity computed?

− yes / no (*)

[yes] How is computed the liquid activity (per element)?

Is liquid leakage (for example via ECCS recirculation) being considered for the computation of
the radiological consequences of this accident?

− yes / no (*)

Why?

��� 3UHVHQW�UHVHDUFK
Does your country perform new research and developments to make the calculation of the
LBLOCA consequences more realistic? yes / no (*)

If yes, could you give some detail about the present projects?
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$SSHQGL[�,,,�%��$QVZHUV�WR�WKH�TXHVWLRQQDLUH�
5HFDSLWXODWLYH�WDEOH
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&RXQWU\ %HOJLXP )UDQFH *HUPDQ\
'HVLJQ�IHDWXUHV

Limit doses limits for class 4 accidents (site dependent) 500m - 2 h offsite reference doses - 50 year practice

Effective dose

Whole body x x 0.05 Sv

Thyroid x x 0.15 and other organs

... skin hands, ankles 0.6 Sv ; bone 0.3 Sv - 0.15 Sv
other organs

31 (MWth) 2895 / 3 loops 2775 / 3 loops 3765 / 4 loops

(&&6 cold leg cold leg hot and cold legs

HP LP Accu HP LP Accu HP LP Accu

number of trains 3 3 3 2 2 3
4 (HL - intact
loops / CL -

brooken loop)

4 (50% HL -
50% CL)

8 (4 HL - 4
CL)

capacity 129.6 m3/h 225 m3/h 28.3 m3 85 m3/h (with
LPSI at 1 bar) 1020 m3/h 27 m3 270 m3/h 1200 m3/h 34 m3

(1 train) 100% 100% 50% 100% 100% 100% 50% 50% 25%

635$< none

actuation very high containment pressure  high containment pressure (> 2.4 bar abs.)

number of trains 3 2

capacity 520 m3/h - 50% 925 (direct injection) - 1050 (recirculation)
m3/h - 100%

DGGLWLYH�HOHPHQWV NaOH  - recirculation NaOH -  5min after spray actuation none

)DQ�FRROHUV not qualified for this plant not qualified none

number/capacity



III B - 3

&RXQWU\ %HOJLXP )UDQFH *HUPDQ\
7KHUPDOK\GUDXOLF�VWXG\

Purpose 10 CFR 50.46 10 CFR 50.46 + app. K (new: % failed pins) 10 CFR 50.46 + app. K + % failed pin

Break local. cold leg cold leg Both

Diam, CD 2A - CD = 0.6
2A - CD =

0.6 (core cooling study)
1 (containment pressure boundary)

2A

initial power 102% 102%

UO2/MOX Both (values given for for UO2) Both Both

Cycle pos. RC: end of life RC: 2.5 years full-load operation

SG plugging rate 5% 5 - 20%

T_cont °C 30 20 25

p_cont   abs bar 0.993 0.98 1

Loss of offsite power YES YES NO

Single Failure Criterion
(SFC)

SILP pump - minimise cont. pressure

core cooling study: 1 SILP – 2 spray trains
working
containment pressure study: 2 SILP – 1
spray train working

consider as a design requirement for the
safety systems

other wors. circumst.

loss of the water into the
broken leg YES YES YES

SI effective trains * 2 HP (/3) - 1LP  (/3) ����RI�WRWDO�FDSDFLW\�+3�/3�a���P��K 4 HP - 4 LP

eff. capacity accu * 2 accus (/3)  ~58 m3 2 accus (/3) ~54 m3 8

* for the non-participating country it is not always clear if the effective capacity is interpreted as "number of working components" or as "number of effective components
(not taken into account those injecting into the break)"

eff. capacity spray 3 trains (/3) 2 trains (/2) NA

eff. capacity cont. vent. NA NA NA

Operator action NaOH injection after 20 min
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&RXQWU\ %HOJLXP )UDQFH *HUPDQ\
&RPSXWDWLRQ�RI�WKH�ILVVLRQ�SURGXFW�UHOHDVH

Coupling with the TH study NO

SFC  = 1 DG failure for the RC study SFC  = 1spray failure for the RC study

code for CI ORIGEN 2 3(3,1�

% failed pins 100% 100% * 10%

? failed pins NA NA

gap inventory NO - 100% of the CI is released YES §28.3 StrlSchv, based on old calcul.

No gap computed: Iodine
release

25% atm. - 50% sumps

code for gap computation NA PROFIP

% of CI in the gap NA Kr85: 30 % * NG: 2 % * I: 3% * NG: 10% , hal.+ alk.: 1% , other solids: 0.01%

% of the gap release NA 100% * 100% - to the atm: NG: 100% , hal.+alk. :
10% , other solids: 1%

additional release from the
fuel

NA YES (implicitely) Halogens + alkalis: 5%  - other solids 0.5%

Timing of release immediate release immediate release * bursting - leaching

Dry phase release NA NA * blowdown phase: act. coolant

Wet phase release NA NA * reflood-refill phase: bursting - leaching

)RUP�RI�WKH�LQLWLDO�UHOHDVH

Noble gases gas gas gas

Iodine mol. part. organic mol. part. organic

     atm. 91% 5% 4% 90% * 0% * 10% * 5min-24h in the annulus: 50% org. - 50% I2

     dry phase NA NA * blowdown: activity coolant 10% I2 - 90%
aerosol

     wet phase NA NA * 10% of the gap release  to the atm.

Caesium - - * 10% of the gap release  to the atm.

Others - - *

  * updated hypothesis are under discussion
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&RXQWU\ %HOJLXP )UDQFH *HUPDQ\
7LPH�GHSHQGHQW�SKHQRPHQD�LQVLGH�WKH�FRQWDLQPHQW

radioactive decay YES YES Not in the cont. -Yes, in the environment

decay products YES (I→Xe), Kr85 YES Not in the cont. -Yes, in the environment

containment leakage 0.5%/day  (≤24h) , 0.25%/day (>24h) 0.3%/day at p_acc, ↓ with p YES

Iodine removal rate mol. part. organic mol. part. organic

h-1 0 (<20min) -
10

0.8 0 immediate 0 0 time to reach iodine composition at
equilibrium: 7h

maximum DF (France: /
conc. max)

100 100 - 1000 - - I_water / I_gas = 10000 (equilibrium)

Behavior of iodine not modelled not modelled not modelled

/LTXLG�DFWLYLW\

Initial coolant activity NO NO YES

sump activity YES: 50% of the Iodine is assumed to be in
the sumps

YES NO

liquid leakage YES: ECSS leakage to the annulus YES: ECCS leakage to the aux. building YES

3UHVHQW�UHVHDUFK

new methodology developed by the Utilities
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&RXQWU\ 6SDLQ 8. &]HFK�5HSXEOLF
'HVLJQ�IHDWXUHV

Limit doses exclusion
area - 2h

outer boundary -low
population zone SUJB Reg.  184  (based on IAEA Basic Safety Standard)

Effective dose dose limites based on the event frequency (*)

Whole body 0.25 Sv 0.25 Sv

Thyroid 3 Sv (inh.) 3 Sv (inh.) x

...

31 (MWth) 2900 / 3 loops 3411 3000 VVER/ 4loops 1375 VVER (6loops)

(&&6 cold leg cold leg hot and cold legs hot and cold legs

HP LP Accu HP LP Accu HP LP Accu HP LP Accu

number of trains 3 2 3 4 2 4 3 CL

2 into reactor
vessel + 1

H&C legs of
the 4th loop

4 into reactor
vessel 3 CL

2 into reactor
vessel + 1

H&C legs of
the 4th loop

4 into reactor
vessel

capacity 147.5 m3/h 1022 m3/h 29 m3 320 m3/h 690 m3/h 36 m3 160 m3/h 800 m3/h 50 m3/h 150 m3/h max 360 m3/h max 40 m3

(1 train) 100% 100% 100% 100% 100% 100% 100% 100% 33% 100% 100% 50%

635$<

actuation very high containment pressure high containment pressure very high containment pressure (>0.114 Mpa) very high pressure (>0.106 Mpa)

number of trains 2 2 3 3

capacity 885.3 m3/h - 100 % 870 m3/h (minimum) - 100% 700 m3/h (100%) + recirculation 520 m3/h (100%) + recirculation

DGGLWLYH�HOHPHQWV Na3PO4  -  recirculation Na3PO4 - H3BO3  -  recirculation N2H4 + K- N2H4 + KOH

)DQ�FRROHUV qualified for this plant qualified none none

number/capacity 4 - 118500 m3/h - 100% 4 - 238000 m3/h - 100%
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&RXQWU\ 6SDLQ 8. &]HFK�5HSXEOLF
7KHUPDOK\GUDXOLF�VWXG\

Purpose app. K 10 CFR 50.46  IAEA & national reg; body recomm.

Break local. cold leg Both cold leg cold leg

Diam, CD 91.44 cm  - CD = 0.4 74 cm and 79 cm 85cm - CD = 0.8 49.6 cm - CD = 1.2

initial power 102% 102% 104% 104%

UO2/MOX UO2 UO2 UO2

Cycle pos. eq. core - 105%  100 days bounding cycle   RC: end of eq. cycle core burnup: 100MWD/MTU sensitivity study

SG plugging rate 4% 0% 5% 0%

T_cont °C 32.2 50 20 - 30 20 - 30

p_cont   abs bar 1.014 1 1.5 1 - 1.5

Loss of offsite power YES Both YES

Single Failure Criterion
(SFC) YES YES

1 SI train (since PCT occurs prior to ECCS
initiation, there is no actual limiting single

failure)
1 DG (→1 SIHP, 1 SILP and 1AFWP)

other wors. circumst. control rods do not enter the core
1 DG and 1 HA unav (maintenance)   -  make-
up system unav.   - steam dump to condenser

unav.  - 1st reactor trip signal ignored
loss of the water into the
broken leg

YES YES if cold leg break YES (1 SIHP connected to the broken loop)

SI effective trains * 1 HP (/3) - 1 LP (/2)  ~717 m3/h 1 HP (/4) - 2 (/2) LP 890~m3/h 2 (HP + LP) / 3 1 LP (/3)

eff. capacity accu * 2 accus (/3) ~58 m3 2 accus (/4) ~71m3 3 accus (/4) 3 accus (/4)

* for the non-participating country it is not always clear if the effective capacity is interpreted as "number of working components" or as "number of effective components (not taken into account those injecting into the
break)"

eff. capacity spray 2 trains (/2) ~1510 m3/h 2 trains (/2) ~2050m3/h

eff. capacity cont. vent. 1 fan cooler (/4) 4 fan coolers (/4)

Operator action semi-automatic recirculation manual realignement to hot leg injection none none
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&RXQWU\ 6SDLQ 8. &]HFK�5HSXEOLF
&RPSXWDWLRQ�RI�WKH�ILVVLRQ�SURGXFW�UHOHDVH

Coupling with the TH study NO YES - STCP-M code = integral USNRC code
for VVER)

YES - STCP-M code = integral USNRC code
for VVER)

code for CI ORIGEN 2 FISPIN ORIGEN 2 ORIGEN 2

% failed pins 100% 100% 100% 100%

? failed pins NA NA

gap inventory NO - 100% of the CI is released YES: exp. data & diffusion calculations YES YES

No gap computed: Iodine
release 50% atm. - 50% sumps

code for gap computation NA CORSOR CORSOR

% of CI in the gap NA  = f(λ)  - Kr85: 1% , Xe133: 0.2%, I131: 0.25%
, Cs134&137: 1%

% of the gap release NA 100%

additional release from the
fuel

NA  = f(λ)  Kr85:6.5% , Xe133: 1.95% ,
I131=0.4% , Cs134: 0.86 , Cs137: 1% of CI

Timing of release immediate release distinction dry/wet phases

Dry phase release NA 10% of the gap release - (100% NG)

Wet phase release NA 90% of the gap release

)RUP�RI�WKH�LQLWLDO�UHOHDVH

Noble gases gas gas

Iodine mol. part. organic mol. part. organic

     atm. 95.5% 2.5% 2% 2% total
release of I

0.2% dry
phase

     dry phase NA  as CsI

     wet phase NA sumps

Caesium - as CsI

Others - dry phase: aerosol / wet phase: sumps
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&RXQWU\ 6SDLQ 8. &]HFK�5HSXEOLF
7LPH�GHSHQGHQW�SKHQRPHQD�LQVLGH�WKH�FRQWDLQPHQW

radioactive decay YES YES

decay products YES (I→Xe), Kr85 NO

containment leakage 0.1 % / day (24h) , 0.05%/day 0.1%/day - 10% penetrations 0.1%/day 16%/day

Iodine removal rate mol. part. organic mol. part. organic

h-1 20 (spray)+3.13(deposition) 5.46(DF:50) -
0.55

0 0 1.3 (<0.6h)
0.5

0

maximum DF (France: / conc. max) 100 - - - 10000 -

Behavior of iodine not modelled
YES: radiolytic prod I2 / hydroysis HOI / part.

volatile I, prod. of volatile I in the boiling coolant,
pH effect) Code INSPECT

/LTXLG�DFWLYLW\

Initial coolant activity NO NO

sump activity YES: 50% of iodine is assumed to be in the sump. YES (for Iodine)

liquid leakage YES: ECCS leakage to aux. building NO

3UHVHQW�UHVHDUFK

Clad failure, iodine chemistry, containment
leakage

Uncertainty methods for advanced best estimate hydraulic
code applications for VVER reactors for LBLOCA.
It aims to replace the computation made with several values of
parameters to find the most penalizing by a computation made
only with the nominal values

(*) dose limits for UK

BSL = Basic Safety Limits

BSO = Basic safety objective

dose limits Frequency/y

mSv BSL BSO

0.1 - 1 1 0.01

1 - 10 0.1 0.001

10 - 100 0.01 0.0001

100 - 1000 0.001 0.00001

> 1000 0.0001 0.000001
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&RXQWU\ )LQODQG +XQJDU\ ,WDO\ 1HWKHUODQGV
'HVLJQ�IHDWXUHV

Limit doses period for one year plant site / outside

Effective dose 0.005 Sv 0.05  / 0.005 Sv 0.1 Sv 0.015 Sv

Whole body x

Thyroid 0.5  / 0.05 Sv (inh.) x

... x 0.15 Sv - individual organ dose equivalent

31 (MWth) 1500 1375 VVER / 4 loops 2900 1365

(&&6 hot and cold legs hot and cold legs cold leg hot & cold legs

HP LP Accu HP LP Accu HP LP Accu HP LP Accu

number of trains 4 4 4 3 CL

2 into reactor
vessel + 1

H&C legs of
the 4th loop

4 into reactor
vessel 2 2 3 2 (2 pumps

each)
2 (2 pumps

each)

4 (on each
cold and hot

leg)

capacity 133 m3/h 400 m3/h 34 m3 65-130 m3/h 280 m3/h 40 m3 295.2 m3/h 774 m3/h 28 m3 380m3/h 930 m3/h 21.5 m3

(1 train) 100% 100% 100% 100% 50% 100% 100% 50%

635$< → no spray:

actuation pressure i+T27n the upper part of the
containment > 1.18 bar abs 0.01 MPa overpressure in the containment very high containment pressure spray is not intended to reduce the pressure

but for cleaning cont. atm.

number of trains 4 3 2

capacity 810 m3/h - 100 % 600 m3/h 558 m3/h (injection) 659 m3/h (recirculation) -
100%

DGGLWLYH�HOHPHQWV
(ECCS - ice condenser: Na2B4O7.10(H2O) )

- spray: N2H4 - KOH
Spray N2H4-KOH - not considered in DBAs

but for severe accidents
NaOH  -  spray -

)DQ�FRROHUV not qualified none qualified no

number/capacity 2 x 2 - 183600 m3/h - 50% -
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&RXQWU\ )LQODQG +XQJDU\ ,WDO\ 1HWKHUODQGV
7KHUPDOK\GUDXOLF�VWXG\

Purpose % failed pins + Finnish safety criteria criteria similar to 10 CFR 50.46 10 CFR 50.46, app.K , % failed pins app.K

Break local. cold leg both cold leg cold leg

Diam, CD 49.6cm - CD = 1 49.2 cm - CD = 1 69.85 cm - CD = 0.4 - 1 2A - CD = 1

initial power 102% 104% 102% 112%

UO2/MOX UO2 UO2 UO2 UO2

Cycle pos. many cases core kinetic: BOC / decay heat: EOC end of an equilibrium cycle

SG plugging rate 0% 0% 0%

T_cont °C 55 39 25

p_cont   abs bar 1 0.993 1 1

Loss of offsite power YES YES YES YES

Single Failure Criterion
(SFC) YES (n-2 criteria) 1 SI train OR���DFFX 1 DG unavailable

other wors. circumst. Avail.: 1SIHP, 1 SILP, 1EFWpump, 2 accus

loss of the water into the
broken leg

YES YES YES YES

SI effective trains * 1 HP (/4) - 1 LP (/4) 2 (HP+LP) /3 OR ���+3�/3���� 1 (/2)

eff. capacity accu * 2 accus (/4) 4/4 OR ��� (160 OR�����m3) 2 accus (/3) 3 accus (/4) ~64.5 m3

* for the non-participating country it is not always clear if the effective capacity is interpreted as "number of working components" or as "number of effective components (not taken into account those injecting into the
break)"

eff. capacity spray 2/3 OR���� 1 (/2) NA

eff. capacity cont. vent. NA NA no credit NA

Operator action none none switch to long term circulation none
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&RXQWU\ )LQODQG +XQJDU\ ,WDO\ 1HWKHUODQGV
&RPSXWDWLRQ�RI�WKH�ILVVLRQ�SURGXFW�UHOHDVH

Coupling with the TH study NO (excepted for the timing of release) NO NO

safeguard systems available

code for CI ORIGEN 2 ORIGEN 2 ORIGEN ORIGEN

% failed pins 100% 100% 100% 10% (postulated)

? failed pins NA NA NA average core inventory

gap inventory YES: exp. data & diffusion calculations YES YES NO

No gap computed: Iodine
release

IN CONT:  NG: 10%, I-, volatiles: 2.5%, non-
volatiles: 0.25%    /                              IN

PRIMARY COOLANT: I-volatiles: 7.5%, non-
vol. 0.75%

code for gap computation modified Booth diffusion model NA

% of CI in the gap NG: 0.2-3.5% , I: 0.3-2.2%, others: 0.2-3.3% Kr85: 19.5%, Xe133:0.4%, I131:.5%, Cs137:
0.34% ... NA

% of the gap release 100% 100% NG, hal., alk. : 100% - Te: 10%, others: 1% NA

additional release from the
fuel

YES: 1/3 added during transient NO NO NO

Timing of release distinction dry/wet phases
"puff" release:      release of FP proportional
to the coolant loss. Halogens: 3% , alkalis:

1%, others : 0.1% in gaseous phase
immediate release immediate release

Dry phase release 10% of the gap release - (100% NG) NA NA

Wet phase release 90% of the gap release NA NA

)RUP�RI�WKH�LQLWLDO�UHOHDVH

Noble gases gas gas gas gas

Iodine mol. part. organic mol. part. organic mol. part. organic mol. part. organic

     atm. x 49.5% 49.5% 1% 50% 0% 50%

     dry phase 100% NA NA

     wet phase 55% (→ atm) NA NA

Caesium -

Others -
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&RXQWU\ )LQODQG +XQJDU\ ,WDO\ 1HWKHUODQGV
7LPH�GHSHQGHQW�SKHQRPHQD�LQVLGH�WKH�FRQWDLQPHQW

radioactive decay YES YES YES YES

decay products YES (I→Xe) YES NO YES

containment leakage 0.2% /day (24h) - 0.1% 14.7%/day max -- leak = c x
sqrt(overpressure) 0.5%/day  (24h) , 0.25%/day  0.25%/day - first 5min: annulus filter bybass: 333m3

Idine removal rate mol. part. organic mol. part. organic

h-1 spray effects for aerosol behavior taken into
account 12 3.1 0 - - -

maximum DF (France: /
conc. max) 200 200 - - - -

Behavior of iodine

YES: radiolytic prod I2 / hydroysis HOI /
part. volatile I, prod. of volatile I in the
boiling coolant, pH effect) Code ACT

WATCH

not modelled not modelled not modelled

/LTXLG�DFWLYLW\

Initial coolant activity YES but no significance NO YES NO

sump activity YES NO YES: 100% gap release activity present
in the recirculation water YES: postulated

liquid leakage YES to auxiliary building YES: ECSS leakage = 7.6 l/h YES:  leakage considered for the first 30min

3UHVHQW�UHVHDUFK

severe accident research code development for the determination of
the number of failed pins NO NO

Frequency dose limits (mSv)

/year child adult

≥ 0.1 0.015 0.04

0.1 - 0.01 0.15 0.4

0.01 - 0.0001 1.5 4

0.0001 -
0.000001 15 40
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&RXQWU\ 6ORYHQLD 6ZLW]HUODQG
'HVLJQ�IHDWXUHV

Limit doses

Effective dose 0.1 Sv

Whole body 0.25 Sv

Thyroid 3 Sv (inh.)

...

31 (MWth) 1876 1130

(&&6 cold leg hot an cold legs (hot=upper plenum injection)

HP LP Accu HP LP Accu

number of trains 2 2 2 3
low pressure
injection by

ISHP pumps
2

capacity 158 m3/h 511 m3/h 36.4m3 203 m3/h 33 m3

(1 train) 100% 100% 100% 50%

635$<

actuation high containment pressure containment pressure (1.31 bar rel)

number of trains 2 2

capacity 269.1 m3/h 342 m3/h - 100%

DGGLWLYH�HOHPHQWV NaOH (direct injection and recirculation) -

)DQ�FRROHUV qualified qualified

number/capacity 4 - 164000m3/h - 100% 4 - 85000 m3/h
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&RXQWU\ 6ORYHQLD 6ZLW]HUODQG
7KHUPDOK\GUDXOLF�VWXG\

Purpose 10 CFR 50.46 + app. K + % failed pins 10 CFR 50.46 for core cooling - another study
is done for the containment cooling

Break local. cold leg cold leg

Diam, CD 0.4-1  diam. CL - CD= 0.4-0.8 2A - 70 cm - CD = 0.4

initial power 102% 102%

UO2/MOX UO2 Both

Cycle pos. 650 full power days end of equilibrium cycle

SG plugging rate 0% (FSAR)  /  27%  (USAR) 0%

T_cont °C 32 50

p_cont   abs bar 1 1

Loss of offsite power YES YES

Single Failure Criterion
(SFC) loss of a DG 6kV electrical bus -> loss of a safety injection

pump ; only 1 spray + 1 fan cooler available

other wors. circumst.

loss of the water into the
broken leg YES YES

SI effective trains * 1 HP (/2) - 1 LP (/2) 2 HP (/3)

eff. capacity accu * 1 accus (/2)  ~36.4 m3 1/2 ~ 33-36 m3

* for the non-participating country it is not always clear if the effective capacity is interpreted as "number of working
components" or as "number of effective components (not taken into account those injecting into the break)"

eff. capacity spray 1 train (/2) 2

eff. capacity cont. vent. 4 4(/4)

Operator action recirculation -
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&RXQWU\ 6ORYHQLD 6ZLW]HUODQG
&RPSXWDWLRQ�RI�WKH�ILVVLRQ�SURGXFW�UHOHDVH

Coupling with the TH study YES NO

code for CI TID 14844 ORIGEN 2

% failed pins 1% 10%

? failed pins LOCBART code average core byrnup at EOC

gap inventory YES NO (cf Germany)

No gap computed: Iodine
release

However the gap inv. is computed, one
assumes that 25% of the iodine CI is released

to the atm. (and 100% for NG)

Total release: NG: 10% - hal+alk: 6% - others:
0.51% (cf Germany)

code for gap computation

% of CI in the gap Kr85: 19.2% , Xe133: 0.839% , I131: 1.03%

% of the gap release 100%

additional release from the
fuel

YES

Timing of release -

Dry phase release

Wet phase release

)RUP�RI�WKH�LQLWLDO�UHOHDVH

Noble gases gas gas

Iodine mol. part. organic mol. part. organic

     atm. 91% 5% 4% 1.7% airborne 1.% airborne

     dry phase

     wet phase

Caesium aerosol

Others
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&RXQWU\ 6ORYHQLD 6ZLW]HUODQG
7LPH�GHSHQGHQW�SKHQRPHQD�LQVLGH�WKH�FRQWDLQPHQW

radioactive decay YES YES

decay products YES YES

containment leakage 0.2%/day (24h) - 0.1%/day 0.07%/day  (this low value is specific for this
plant and due to an unique design feature)

Iodine removal rate mol. part. organic mol. part. organic

h-1 19.4 / 10 0.456 / 3.8 0

linear
decrease
during 4 h
(→ 0.5%)

maximum DF (France: /
conc. max)

100 100 -

Behavior of iodine YES (INHEC code) not modelled

/LTXLG�DFWLYLW\

Initial coolant activity YES NO

sump activity YES (50% halogens) NO

liquid leakage NO only for small break loca - if high pressure
recirculation is needed

3UHVHQW�UHVHDUFK

 - -
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$SSHQGL[�9,,,�$�
$�UHDOLVWLF�DSSURDFK�WR�WKH�WUDQVSRUW�DQG

UHWHQWLRQ�RI�ILVVLRQ�SURGXFWV�LQ�WKH�5&6�GXULQJ�D
'HVLJQ�%DVLV�$FFLGHQW�4XHVWLRQQDLUH
DXWKRUV��5DIDHO�,JOHVLDV�)HUUHU��-RVp�$QWRQLR�)HUQDQGH]�%HQLWH]

�8QLYHUVLGDG�3ROLWHFQLFD�GH�0DGULG�

��� ,QWURGXFWLRQ

This document tries to provide a realistic approach to the retention of fission
products in the reactor coolant system (RCS) in a DBA conditions. It is part of the
Spanish contribution to the European Nuclear Regulators Working Group of the
project on “Determination of offsite releases for Design Basis Accident”.

The report is splitted into three different sections:

In the first one, the phenomena and topics concerning transport and deposition of
fission products in the RCS are illustrated as well as considerations about the
mechanisms of aerosol and vapours retention in the RCS. The re-entrance of
radionuclide deposits in the circuit is also analysed. It is mainly based on reference
[VIII.A.3].

The second section is inspired on reference [VIII.A.1], and concerns with the
particular case of a DBA, defining the release phases and the most probable
chemical species for the released elements. A set of recommendations are delivered
related to the retention capability in the primary circuit.

Finally, a set of calculations have been executed using a lumped parameter integral
code (MELCOR) to simulate a successful large cold leg LOCA with actuation of
ECCS. In this section the compatibility of the code predictions are checked against
the theoretical recommendations described in section 2.

��� 7KH�WUDQVSRUW�RI�ILVVLRQ�SURGXFWV�LQ�WKH�SULPDU\�V\VWHP
Following its release from the nuclear fuel, fission products would be transported
through some portion of the reactor coolant system (RCS) before being emitted to
the containment. The transport way depends on the position of the break or on the
point of discharge. During this transport, fission products are subject to different
physical and chemical processes that can modify the nature, magnitude and timing
of the release.

The source term to the containment depends not only on its magnitude, but also on
the chemical species of the fission products. At the same time processes of re-
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vaporisation and re-suspension can influence the release to the containment by
introducing a delay between the release from the fuel and the escape to the
containment.

Traditionally, the release from the fuel has been identified with the source term to
the containment, and the retention mechanisms of aerosols and vapours in the
primary circuit have not been considered. Different studies  have demonstrated the
importance of the retention processes and that the assumption of no retention results
to be very conservative (reference [VIII.A.3] contains up to 138 basic references).

The phenomenology of the processes of transport and retention of fission products
in the primary circuit could be summarised in the following:

1. Vapour - phase phenomena

− Thermodynamics and speciation.

− Vapour condensation.

− Vapour-surface and vapour- aerosol reactions.

2. Aerosol Nucleation and Characterisation

− Nucleation.

− Growth (final particle size distribution)

3. Aerosol Transport and Relocation

− Transport and deposition.

− Resuspension.

− Revaporisation.

����9DSRXU���3KDVH�3KHQRPHQD

Nearly all of the radioactive and non-radioactive materials escaping the reactor core
during a severe accident are released by vaporisation rather than by mechanical
processes. Some condensation of vapours may begin within the core region.
Nevertheless, substantial amounts of condensable vapour are expected to emerge
from the core region into the rest of the RCS. The noble gases (Xenon and Krypton)
are the first to be released and, taking into account that they do not interact with the
structures, they will form directly part of the source term to the containment. In
particular, the radiological important elements caesium and iodine are expected to
be in vapour form when they emerge from the core region. Considering that the
conditions in the core are different from the rest of the circuit (temperatures,
concentrations of gases, etc) it is possible that these vapours deposit on the
structures of the system or on the surface of the aerosol particles. Deposition may be
by simple condensation, or it may be by chemical reaction.
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������ 7KHUPRG\QDPLFV�DQG�6SHFLDWLRQ

The laws that govern the processes of vapour deposition in the primary circuit are
based on the differences between the prevailing conditions and the conditions of
chemical equilibrium between the gas phase and the condensed phase. Quantitative
definition of the equilibrium states is obtained by determining the equilibrium
partial pressures of the various vapour species in the gas phase. This determination
requires knowing what vapour species can be formed and what condensed phases
will exist.

Early attempts to predict vapour pressures in the RCS only considered a few vapour
species such as CsOH(g), CsI(g), and Te(g). Condensed phases considered were
simply CsOH(s,l), CsI(s,l), Te(s), and a non-volatile product of the Tellurium
vapour reaction with structural surfaces. However the environment of the RCS
during a severe accident is chemical more complex than this simple prescription
suggests. Many diverse condensed and vapour phase species can be formed. The
apparent volatility increases with gas phase speciation.

Analysis of vapour deposition, then, should begin with the solution of the
thermodynamic problem involving the gas phase and the condensed phase. The
equilibrium vapour pressures are compared with the prevailing vapour pressures to
determine the driving force for deposition. The prevailing vapour pressures in the
gas phase are also found by assuming that the gas phase is chemically equilibrated.
Several kinetic analysis of gas phase reactions have shown that the assumption of
chemical equilibrium is adequate for most purposes of reactor accident analyses.

������ 9DSRXU�'HSRVLWLRQ�RQ�6WUXFWXUDO�6XUIDFHV

The rate at which the vapour deposits on structural surfaces (mol/m2s) is a function
of the difference between partial and equilibrium pressures of the vapour and the
temperature of the gas. This formal definition is equally applicable whether
deposition is caused by simple condensation on the surface or by chemical reaction
of the vapour with the surface. This formal definition of the deposition velocity can
also be used to describe re-vaporisation.

The vapour deposition velocity is not a constant, but rather a mass transport
coefficient that describes all the principal mechanisms to deposition. These can be
categorised as:

− Gas phase mass transport to a surface,

− chemical kinetics of reaction at the surface, and

− mass transport within the surface layer.

Consequently, vapour deposition velocities can have quite complicated functional
dependencies on chemical and physical conditions. They are, however, usually
known only as function of temperature, pressure, and flow velocity.

For vapour fluxes to structural surfaces typically encountered in reactor accident
analyses, gas phase mass transport can usually be described adequately by simple
analogies to convective heat transport to the surfaces.
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Definition of the appropriate thermal-hydraulic regime is not a trivial task for such a
complex system as the RCS is. Most of the available mass transport and heat
transport correlations are devised for far simpler configurations and do not account
for complexities such as safety relief valves or bursts of steam flow as core debris
falls into the lower plenum water. Particular complex can be the natural circulation
countercurrent flows in the RCS.

Diffusion coefficients for the non-common vapour species of interest in reactor
accident analyses have not been measured.

Chemical reaction kinetics are believed to limit the rate of deposition of species
such as CsOH(g) on stainless steel. Deposition of CsOH was found to take place in
two ways. At low temperatures, the predominant mode of deposition was as a water
soluble surface species. This species is often thought to be CsOH, but often is found
associated with other elements. At elevated temperatures (> 1100K), the dominant
mode of CsOH deposition yields a water insoluble product bound within the oxide
formed by steam oxidation of stainless steel.

The decomposition of the CsI in the gas phase in CsOH and HI is very small at
temperatures close to 1200K. However, the CsOH can deposit on the stainless steel
surfaces to form a low volatile product, leaving HI free to pass out of the system.

More extensive deposition of CsOH and apparent decomposition of CsI can occur in
a pressurised water reactor if structural surfaces are coated with boric oxide left
after the boiloff of the coolant.

Caesium borate formed by these reactions is less volatile than either caesium
hydroxide or caesium iodine and would be expected to condense on surfaces more
readily. However, other reactions may consume boric oxide before it can react with
caesium species. Evidence exists of strong interactions between boric oxide and the
iron oxides found on the surfaces of oxidised stainless steel.

Vapour deposited on the surfaces may not be initially in the most
thermodynamically stable form. The deposited material can continue to evolve
chemically on the surface. For instance, caesium hydroxide can diffuse into the
oxides on stainless steel surfaces to form a less volatile species. Evolution of
tellurium deposited on stainless steel to more stable chemical forms are thought to
occur. Similar transformations of the other deposited radionuclides can be imagined
to occur as a result of chemical interactions with surface oxides or with other
deposited materials. Formation of solid or molten solutions can be quite important.
Chemical activity and, consequently, volatile of radionuclides can be quite low in
these solutions.

������ 9DSRXU�'HSRVLWLRQ�RQ�$HURVROV

Considering the available surface area, vapour deposition on aerosol surfaces should
be far more extensive than deposition on structural surfaces in the RCS.
Radionuclide vapours deposited on structural surfaces are temporarily lost from the
potential source term, whereas radioactive vapours deposited on aerosols may not
be removed from the potential source term.
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However the extent of vapour deposition on aerosol surfaces is not just a matter of
the available surface area. Throughout much of the RCS, aerosol surfaces will be
hotter than structural surfaces. Vapour pressures in equilibrium with these aerosol
surfaces may be essentially equal to ambient partial pressures, so no net deposition
occurs. For very small aerosol particles (<0.1µm), surface curvature effects (Kelvin
effect) raise the equilibrium vapour pressures significantly above the values that
would be calculated for bulk materials.

If vapour deposition on aerosol particles can occur, the rates of deposition are
governed by the same kinetic effects that limit the deposition on structural surfaces,
i.e., gas phase mass transport, chemical kinetics, and condensed phase mass
transport. Another effect to consider is the availability of heat released by
condensation or by chemical reactions of vapours with aerosols.

����$HURVRO�)RUPDWLRQ�DQG�*URZWK

Eventually, all the vapours discharge from the core, but noble gases and iodine gas
will either deposit on structural surfaces or contribute to the formation and growth
of aerosols. Interest in the behaviour of aerosols in the RCS stems from the
deposition of these radioactive particles in the RCS and the subsequent reduction of
the source term. The behaviour of aerosols in the RCS is almost entirely dependent
on the size distribution of the aerosol particles.

������ 1XFOHDWLRQ

Aerosols can form when vapours are cooled sufficiently to reach critical levels of
supersaturation. Direct nucleation from the vapour is usually predicted to proceed at
readily detectable rates when the ambient partial pressure of the condensable vapour
exceeds the equilibrium partial pressure by about a factor of four. Nucleation on
ions can occur at lower supersaturation rations. Hence, when the vapours pass
quickly through large temperature gradients and the supersaturation of the vapour
suddenly becomes large, nucleation is more likely to occur than condensation of
vapour on surfaces. The temperature change experienced by vapours as they emerge
from the reactor core into the RCS is likely to produce nucleation. Nucleation is also
possible when vapours can react to form a much less volatile product. The reaction
of CsOH(g) with HBO2(g) is a well know example of a gas phase reaction that can
lead to nucleation.

������ *URZWK

Once aerosols nucleate, they grow by condensation of vapour or by coagulation.
Coagulation of aerosols is an entirely physical process. When relative movements of
aerosols bring particles into contact, they bind together as a result of surface free-
energy or Van der Waals forces.

Relative movement between aerosol particles can be produced by:

− Brownian motion

− gravitational settling, and

− turbulence.
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There is a fourth factor that can affect coagulation of aerosol particles. Aerosols in
the RCS will be radioactive and exposed to an intense radiation field. The particles
can become electrostatically charged. Depending on the relative signs of the
charges, these electrostatic interactions can create a force that enhances or inhibits
coagulation.

A usual assumption has been that impacts on charged aerosol particles by ions
produced by the intense radiation field would discharge the aerosol particles.
Recently, there have been suggestions in the sense that ion hydration in high-
pressure steam may affect the mobility of positive and negative ions differently.
Therefore, considering electrostatic forces in the predictions of aerosol growth may
be necessary.

����$HURVRO�7UDQVSRUW�DQG�5HORFDWLRQ

Deposition of aerosols may not permanently remove radioactive materials from
source term considerations. Deposited aerosols may be re-suspended by sudden
increases in flow, if surfaces supporting the aerosols are accelerated by shock waves
or vibrations. Radioactive decay heating of deposits may raise temperatures to the
point that volatile constituents, including volatile radionuclides, vaporise. Re-
vaporisation is of particular concern if the ambient chemistry of the RCS suddenly
changes, such as when the RCS is depressurised or ruptured.

������ $HURVRO�GHSRVLWLRQ

Aerosol particles are small enough so they are affected by Brownian motion,
temperature gradients, concentration gradients, and electrostatic forces. On the other
hand, aerosol particles are big enough as to separate from flow streams by inertia or
because of gravitational forces. Any of these forces or phenomena can lead to
aerosol deposition. Aerosols are held to the surfaces by Van der Waals forces,
electrostatic forces or, when liquid is present, surface tension. Once on the surface,
the particle can be further bound by chemical reaction with surface materials or by
sintering with other deposited materials.

Deposition of aerosol particles by diffusion is most important for very small
particles (< 0.1 µm).

������ $HURVRO�5H�VXVSHQVLRQ�

Deposited aerosol particles can be re-suspended if there is drastic change in flow
conditions or acceleration of the surfaces loaded with deposited particles. Such
changes in flow conditions are expected to occur in the RCS. Collapse of molten
core debris into water in the lower plenum of the reactor vessel, penetration of the
reactor vessel by core debris, or even operation of safety relief valves could produce
enough changes in the turbulent flows near the surface as to lift particles off
structural surfaces. Because shock waves will pass through the surfaces or the
surfaces will vibrate during many of the changes in flow conditions, the conditions
for re-suspension clearly would be established.

On the other hand, there is resistance to re-suspension of particles. Van der Waals or
electrostatic forces that initially bound the particles to the surface may not be
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overcome by the turbulent lift forces. During the period in which the particles are at
rest on the surface, there may be reaction with the surface or the deposited particles
may be hot enough to sinter together into a compact mass that would be difficult to
re-suspend.

������ 5H�YDSRULVDWLRQ

Early analyses of radionuclide retention in the RCS assumed that chemical reactions
of vapour with structural surfaces and aerosols were irreversible. However, reversal
of reactions of vapours with structures and aerosols becomes of interest if
radioactive vapours are regenerated. This regeneration of vapours can reverse the
source term mitigation that was achieved by deposition of vapours and aerosols.

Chemical reactions and condensation in the RCS can reverse when the equilibrium
vapour pressure over the deposited material exceeds the ambient partial pressures of
these vapours. Common reasons for equilibrium vapour pressures to exceed ambient
partial pressures include:

− Deposited materials being heated by decay of radionuclides and convective
heating and

− Changes occurring in the chemical environment within the RCS.

Decay heating of deposited materials is particularly important in regions where
aerosols preferentially deposit. Areas of preferential deposition include bends,
discontinuities in the flow paths, and regions that at least at one time experience
sharp temperature gradients.

Rupture of the RCS can produce radical changes in the chemical environment of
deposits. Air can ingress into the system, and this will dramatically raise the oxygen
potential of the atmosphere. Oxidation of the metal iodine could produce gaseous,
elemental iodine, which could be readily swept out of the RCS. Air could oxidise
metal telluride to produce volatile tellurium oxides.

The fate of re-vaporised material depends on the same factors than affect vapours
released directly from the core. The re-vaporised materials may re-deposit in cooler
regions of the RCS or they may be swept out of the system.

��� 7KH�UHWHQWLRQ�RI�ILVVLRQ�SURGXFWV�LQ�WKH�SULPDU\�FLUFXLW
GXULQJ�D�GHVLJQ�EDVLV�DFFLGHQW��'%$�

The retention of the fission products released in case of DBA in the reactor coolant
system depends on the amount of the fission products released as well as of the
boundary conditions in the reactor coolant system. Therefore, it is not possible to
separate the processes of retention and release of fission products.

����5HOHDVH�SKDVHV

The phases of fission products release during the design bases accident may be
considered as follows:
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− Phase 0: During the normal operation of the plant, there is some activity in
the reactor coolant system coming from the activation processes 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 re-suspension.
This release (activation plus leakage) is very small compared with the release
during heating of the fuel.

− Phase 1 (Dry phase): After the depressurisation of the reactor coolant system,
about 25-30 sec, the reactor pressure vessel loses the coolant and the fuel is
out of coolant. The fuel cladding temperature rises with the corresponding lost
of the integrity. The fuel fission product inventory of the failed cladding will
be release (gap release). This phase takes place up to the re-flood of the core.
Taking into account the predictions of the codes, this process take place at the
200-250 sec, after the beginning of the accident.

If the ECCS injection is only into the cold legs the re-flood of the core occur
from the bottom of the reactor pressure vessel. The water in contact with the
heated fuel evaporates and creates a flow of vapour that circulates through the
higher part of the reactor pressure vessel. The radioactive material that was
release instantaneous from the failed claddings incorporates to that flow. This
radioactive material moves through the reactor coolant system and finally
escapes through the break.

− Phase 2 (Wet phase): The cooling of the fuel is not effective in a short period
of time, because the injected coolant from the ECCS begin to evaporate when
it takes contact with the hot fuel cladding. It is necessary take into account,
that the injection in the breaking cold leg is lost completely (this event is
usually considered in simulation of the accident), while the injection in the
other cold legs is partially lost because the water go through the downcomer
in direction to the break. During this phase, the fission products release
continues and the activity is incorporated to the two phase coolant flowing up
to the core.

− Phase 3: This phase starts in the onset of the cold leg re-circulation phase up
to the hot leg recirculation. In this phase, ECCS pumps take suction from the
containment sump, because of the depletion of the Reactor Water Storage
Tank. pH of the containment sump water is higher than the pH of the coolant,
and as a consequence, the pH of the coolant increases from 5 to the value of 8
in a short period of time after the onset of the cold leg re-circulation. This
restricts the release of volatile iodine because it is a function of the pH of the
water. Evidently, the pH increase is due to the use of additive elements in the
containment sumps, but notice that this strategy is not performed in all
countries.
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The core is re-flooded, but the generation of steam is under way. The release
mechanisms are the same as in the previous phase.

− Phase 4: After some hours of the start of the cold leg re-circulation, the LPIS
pumps are realigned in order to inject into the hot legs. The reason for that is
to prevent the build-up boron concentration in the core to the point where it
could crystallise out and block some fuel channels. The injection re-floods the
core from de upper part of the reactor pressure vessel, stopping the steam
generation. The release of fission product is retained into the coolant.

The chemical form of the fission products released from the fuel is very
important in order to calculate its retention in the reactor coolant system. In
general, the more volatile products escape to the containment, whereas the
less volatile ones will be retaining in reactor coolant system. Fission products
behaviour depends on the phase in which were generated, therefore, dry phase
and wet phase will be treated separately.

����7KH�IRUP�RI�ILVVLRQ�SURGXFWV�UHOHDVHG�GXULQJ�GU\�SKDVH

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

The iodine in the gap between the fuel and the cladding is in form of caesium iodine
(CsI). When it is released from the failed fuel to the steam filled core it will exist as
CsI vapour. At temperatures higher than 1275 K, CsI dissociates to iodide anion (I-)
and the caesium cation (Cs+). However, this temperature is only reached by a small
percentage of the fuel rods (approximately less than 2%). The presence of anion I- is
a potential source for the formation of molecular iodine I2. It is considered that only
a maximum of 2% of the total mass of released iodine escapes from the reactor
coolant system in form of molecular iodine during dry phase.

Approximately 10% of the caesium released from the fuel is expected to be in the
form of caesium iodine, while the remaining 90% will be in the form of CsOH.

Except noble gases, the release in dry phase is a 10% of the total quantity released
for every element. Notice, that although the fuel temperature during the dry phase is
greater than in the wet phase (1300 K versus 1000 K), wet phase is much longer
than dry phase (200 seconds versus nearly 24 hours).

����5HWHQWLRQ�RI�ILVVLRQ�SURGXFWV�LQ�WKH�5&6�GXULQJ�WKH�GU\�SKDVH�

Traditionally, the retention of fission products in the reactor coolant system is not
credited in the determination of the source term in case of DBA. As it will be shown
later, it is a very conservative approach.

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, there exist potential for the fission products
retention in the cold walls of the reactor coolant system.

The vapours of fission products move across the reactor coolant system legs before
escaping  to the containment atmosphere. Fission products moves through the
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steam generator tubes (15 m long, ID=16 mm), as well as, through "U"-pipe of the
pumps, probably water flooded.  Computer codes estimate that about 70-90% of CsI
mass released is retained in the RCS (reference [VIII.A.1]).

NOTE: this retention percentage is only valid for a cold leg break (in case of a hot
leg break the retention is obviously smaller, around 15-30%, according to the
reference [VIII.A.1]).

����7KH�IRUP�RI�ILVVLRQ�SURGXFWV�UHOHDVHG�GXULQJ�ZHW�SKDVH�

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

The oxidation process is not easy at low temperature (< 500 K), so the quantity of I2

that can be generated is very small. In particular, it will be necessary to take into
account the oxidation of I- in I2, as result of the reaction of I- with products of the
water radiolysis.

Theoretical and experimental studies (see reference [VIII.A.1]) show that the
reaction rate reaches an stationary value, at temperatures of 400 K, it implies a
fraction of vaporisation of 10-3. The volatile products are then partially transferred
from the liquid to the gas phase, transported by the steam generated due to annular
boiling of the coolant around the fuel rods. The transferred fraction (the partitioning
coefficient between 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 the
equilibrium between the iodine concentration in the liquid and the steam phases.
Different studies have showed the strength of that approach. Taking into account
this hypothesis, the capacity of the retention in the vessel pool is about 40% of the
total iodine release during the wet phase.

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

��� $QDO\VLV�RI�D�'%$�XVLQJ�D�OXPSHG�SDUDPHWHUV�FRGH
In this section, it will be checked if the previous recommendations are ratified by
the computer code which can reproduce the phenomenology of this accident.
MELCOR code was used for these calculations.

In this calculation a typical three loops PWR-W plant (100% power) has been
modelled. The break has been located in one of the cold legs (200% guillotine).
Scram is concurrent with the rupture. A 30 seconds delay is considered for the LPIS
actuation. The borated water from the ECCS is injected only into the three cold legs.
Recirculation phase is suppose to start around 1800-2000 seconds.

The thermalhydraulic calculations (see figures VIII.A.1 VIII.A.2) done by
MELCOR are appropriate because they show the vaporisation of the mayor part of
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the coolant that take place after the break, the emptying of the core and the lower
plenum, as well as, the re-flood of the core as a result of the action of the ECCS
subsystems:  accumulators and Low Pressure Injection System (LPIS). Table
VIII.A.1 shows the timing events, and they are in reasonable agreement with similar
studies (see table VIII.A.1).

After re-flood of the core (around 200 sec) and in a stationary situation, LPIS flow
is enough for keeping in cooling situation the core although part of the injected
water escapes through the upper part of the downcomer via the break.

Water inventory in the reactor coolant system is not completely lost after the
blowdown. Some water remains in the "U"-pipe of the reactor coolant system
between the outlet of the steam generator and the intake of the reactor coolant
system main coolant  pumps. This seal water impedes or reduces the steam flow
coming from the steam generator. Following the accident, the water in the "U"-pipe
of the broken loop will evaporate, the water of the "U"-pipe of the intact legs will
remain or increase because a fraction of the water injected by the LPIS will flow to
the "U"-pipe.
The above mentioned assumptions have a great significance in the development of
the process of release and retention of the fission products in the RCS. The
following four classes of fission products have been considered for the study: noble
gases, caesium, tellurium, and iodine. Chemical form of this elements in the base
case is as follows: noble gases, CsOH, TeO, CsI. They have been selected by the
user. Barium has also been considered in order to show the negligible amount of
mass released.

During phase of re-flooding (that begins with the refill, around the 30 sec), the core
is out of water and the temperature of fuel rises. The two inner rings (of the 7 rings
that have been used) reach temperatures close to the clad failure ( by default is
1173K) resulting in the release of the fission products from the gap between fuel
and cladding. It is necessary to note that the margin of temperature is very narrow
and the results are very sensible to the core nodalisation as well as to the distribution
of the residual power. The two inner rings have 36 fuel elements, which implies
23% of the degraded fuel rod clads. This value is very high in comparison with
previous studies on fuel rod cladding failures. In our estimations, MELCOR
requires at least 15 fuel elements per ring in order to obtain an adequate thermal
response.

Clad failure occurs simultaneously in the two rings and in a time around 60 sec.,
from the beginning of the accident in the re-flood phase. The gap inventory was
selected by the user take into account values used in other similarly calculations.

The magnitude of the release from the gap is about 0.9 % of the total mass of noble
gases in the fuel, 1.5 % for the caesium, 0.36% for the tellurium, and 0.51% for the
iodine. Iodine is combined instantaneously with caesium. This data is summarised
in Table VIII.A.2. Notice that gap inventory for each element (or "class" in
MELCOR) is defined by user through the input deck. In this case typical values
have been employed.
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(Notice the negligible release of Te and Ba in comparison with the rest of the
radionuclides in the table)
Theoretically, release during the dry phase consists of a partial release of the gap
inventory and a more intense release from the fragmented fuel due to heating. The
code is unable to calculate fission products released from the fragmented fuel, since
it would be necessary that cladding keep a high temperature for a long time.
Nevertheless, fuel temperature is over the threshold minimum value required by
CORSOR model (responsible for the core release evaluation) only during 100 sec,
approximately. The same argument is valid to explain the negligible amount of mass
released from the fuel during the wet phase.

The radioactive material released escapes from gap to the gaseous phase of the core
and moves to the upper plenum. There is a small percentage of the retention on the
upper walls of the reactor pressure vessel for deposition of the aerosol particles. It
only happens for a brief period of time (about 100 sec after the gap release) in
which the RCS walls are colder than the bulk gas. It also explains the sudden
deposition in hot legs and steam generators.

The remaining released mass reaching the top of the reactor pressure vessel is
distributed between the hot legs, with preference for the broken loop. There is a
natural circulation of steam through the complete loop, that contributes to the
radioactive materials retention, over all in the "U"-pipe pools of water.

However, the vaporisation of the water of the "U"-pipe of the pumps allows the re-
entrance of the fission products in the circuit. The circulation of the steam through
the intact loops is complete, so that radionuclide mass contained in the bulk gas is
transferred to the vessel pool of coolant, where is retained. Since a portion of the
emergency coolant injected escapes through the break, the radionuclide
concentration in the containment sump increases gradually. In the case of the broken
leg, the gas circulation is not complete, and therefore the fission products escape
directly to the containment atmosphere.

There are no significant differences among the retention capacity of the reactor
coolant system for caesium hydroxide, caesium iodide and tellurium oxide, although
the amounts of masses released are notably different.

The final result for the caesium hydroxide (similar results for the rest of the
compounds considered, with the exception of the noble gases) is that approximately
the 47% of the total mass released (of CsOH) reaches the containment via break
(adding gas and liquid leakage) although majority is retained in the containment
sumps.

Only a 9.7% of the total mass released is found in the containment atmosphere, and,
so, takes part of the source term. Notice that the fraction of the released mass
contained into the sumps is not considered taking part of the source term. That
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means that the fission products retention in the RCS plus containment sump is about
90% of the total mass released.

According to the MELCOR calculation, the distribution of the mass retained is the
following: the 24% is retained in the vessel, mainly as a aerosol mass in a liquid
pool. Only a few percentage of 6% (of total release) is due to early deposits onto
walls vessel (as previously mentioned). The 17 % is still in the liquid pool of the
"U"-pipe of the pumps, and the rest (10%) is deposited on the steam generators
walls. Figures  VIII.A.5 and VII.A.6 shows the results for CsOH and CsI.

The following table VIII.A.3 shows the information concerning the retention of
fission products in the RCS, according to the code calculation. The noble gases
escape totally to the containment atmosphere.

6HQVLWLYLW\�DQDO\VLV
Additional MELCOR calculations have been executed using the wide flexibility and
capability of MELCOR in order to reproduce several phenomena of interest
described in previous sections.

1. In the first sensitivity calculation, CsI was substituted by molecular iodine I2.
(Notice that chemical compounds are defined by user). As predictable according
to the high vapour pressure, all the I2 mass was released directly to the
containment atmosphere (like noble gases).

2. In the base case no fission products release (or negligible) by fuel heat up was
detected. It was due to the limited temperature of the fuel (1000-1200 K in the
dry phase and 1000-800 K in the wet phase) that results in a negligible value of
the total mass released according to the CORSOR model equations. Artificially,
the coefficients governing these equations were changed in order to increase the
mass released. As a consequence, a significant amount of Cs was released
gradually during the approximately 200 seconds of the dry phase. The behaviour
of this Cs released during this 200 seconds is similar to that released from fuel
gap, so that a high percentage of retention in the RCS must be supposed for the
whole release during the dry phase.

3. The code flexibility in the discretisation allowed to modify the thermal
behaviour of the fuel cladding, by decreasing the cooling of the inner rings. So,
in a third sensitivity study, although since 250 sec in the accident the core liquid
level was recovered, the temperature of the innermost fuel cladding was high
enough due to film boiling heat transfer. It resulted in a non-negligible fission
products release into the pool of coolant. It was not possible to evaluate
separately the radionuclide retention in this wet phase, but the contribution to
the total retention in the RCS was positive, that is, the ratio "mass retained to
mass released" increased due to the retention capability of the vessel pool of
water.

4. Making use of the CORSOR model expressions and supposing a fuel
temperature profile function of time (24 hours, that is, until ECCS injecting
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through the hot legs) the distribution of radionuclide released mass could be
approximated by 10% in dry phase and 90% in wet phase. See the following
table VIII.A.4:

All these sensitivity studies together with the MELCOR basic calculation seem to
be in agreement with the comments in reference [VIII.A.1] and, therefore, support
its recommendations.
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/RQJ�WHUP�FRROLQJ��LRGLQH�UHWHQWLRQ

As mentioned previously, iodine behaviour is quite different from the rest of the
elements considered. The chemical interaction between iodide anions and free
radicals resulting from water radiolysis leads to the molecular iodine formation.
This process is strongly dependent on a great number of parameters, i.e. radiation
field level, coolant temperature, impurities concentration, and over all, pH, which is
the dominant factor. There is not many detailed studies providing information
concerning the influence of such factors, or if so, the associated uncertainties are
important.

So, this study tries to give an estimated value of the iodine retention during the long
term cooling. In order to get it, some assumptions have been assumed:

− A typical fuel temperature profile is used for the damaged cladding during
the wet phase (between 1300 and 900 K). Similar to that used in the IV
Sensitivity Analysis

− CORSOR model (included in MELCOR) describes the mechanism of release
from the fragmented core as a function of the fuel temperature

− Molecular iodine formed by chemical reaction in the pool reaches an
equilibrium value of concentration. This "volatile fraction" is a function of
temperature: at 130º C (boiling pool at vessel pressure) is 10-3, assuming a
high radiation field and a 0.2M boric acid solution (reference [VIII.A.1])

− I2 formed is partitioned between liquid and gas phases (there is a steam mass
flow due to the pool boiling) in such a way that a simple equilibrium
concentration model is assumed (reference [VIII.A.2])

− A high (alkaline) pH in the containment sump is assumed (reference
[VIII.A.1]) and, therefore, I2 generation is stopped during the LPIS
recirculation phase

− Some parameters are taken from MELCOR simulation (steam mass flow rate,
vessel coolant inventory)

− Calculations are stopped at 24 hours when the hot leg injection starts

The equation that governs the iodine behaviour in the long term phase is the
following:

(TXDWLRQ����Model for the iodine retention in the vessel pool of water during the
injection phase
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with:

− I: iodine mass in the liquid phase

− R: gas constant
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− T: fuel temperature (K)

− Fv: volatile factor (~ 10-3)

− Vp: MELCOR calculated steam mass flow rate (~ 20-40 kg/s)

− Mw: MELCOR calculated vessel water inventory (~ 12000-13000 kg)

− Pm: partition factor (~ 5)

In this equation the reduction of the iodine inventory in the fuel has been considered
negligible since the total mass released is comparatively smaller.

The results of the application of this model are in good agreement with the
theoretical retention value (reference [VIII.A.1]). The illustration shows that at the
end of long term cooling (100000 seconds) more than a 40% of the iodine released
during the wet phase should be retained in the vessel pool of water. The rest (60%)
should be released to the containment atmosphere as volatile molecular iodine (see
figure VIII.A.7).

��� &RQFOXVLRQV
After a detailed review of concerning references, several calculations have been
done using MELCOR code in order to verify the assumptions summarised in the
mentioned studies.

In the base case, an initial coolant activity by activation of structures during the
normal operation was not considered, since its value is negligible in comparison
with the potential fission products release from the fuel after the accident.

The retention of radionuclide mass released from the gap of the damaged claddings
or due to the fuel heatup during the dry phase could be evaluated in a 90% for all
the elements considered, except the noble gases and I2 (that take part directly of the
source term), what is consistent with the results showed in the reference [VIII.A.1].

Concerning the wet phase release, no retention calculations could be made. First,
due to the complete cooling of all fuel rods predicted by MELCOR which leads to
fuel temperatures below the minimum values necessary for release; second, because
of the lack of a model to simulate the source of molecular iodine from the reaction
between I- and free radicals produced by water radiolysis. Anyway, with the
exception of I2, the most realistic approach should be the retention of all fission
products released from fuel into the vessel pool of water, such as the sensitivity
analysis with MELCOR seems to reveal.

Related to molecular iodine present in the boiling pool, reference [VIII.A.1]
assumes equilibrium of concentrations in both phases (liquid and gas), which
introduces a small -but conservative- error according to reference [VIII.A.2]. The
application of this assumption to a continuity equation for removal of volatile iodine
from the pool seems to lead to a 40% of retention capacity in the vessel pool of
water (ratio "iodine retained in vessel pool" to "total iodine release from fuel in wet
phase"). Although MELCOR does not allow evaluate directly this item, the
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calculation allows to gives validity to the value of the parameters employed in the
mentioned equation (steam mass flowrate and water volume in core) and together
with a iodine release estimation (based on fuel temperatures and CORSOR model)
the result seems to be in concordance with that.

Finally, several uncertainties are involved in MELCOR calculations. In particular,
the selected spatial discretisation and a more suitable distribution of fission products
inventory (and, hence, decay power) should have a significant effect on the thermal
response of cladding that should modify the number of damaged pins and the
amount of radionuclide mass released. Some other uncertainties are related to
speciation of fission products, chemical reactions, bend deposition, and formation of
multicomponent aerosols, such as is described in section one.

The next table VIII.A.5 summarises the retention factors (retained/released)
according to the mentioned references and those obtained in MELCOR calculations
and sensitivity analysis.

��� 5HIHUHQFHV

[VIII.A.1] W. Stephenson et al., Realistic methods for calculating the releases and
consequences of a large LOCA; Final report Contract No. ETNU-
0001/UK; EUR 14179 EN, 1992.

[VIII.A.2] D. Briney, Reduction of conservatisms in the treatment of some aspects
of aerosols behaviour following a large of coolant accident, EUR 15721
EN, 1994.

[VIII.A.3] AL. Wright, Primary system fission product release and transport.
(SOAR to the Commitee on the Safety of Nuclear Installations),
NUREG/CR-6193, 1994.
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7DEOHV

7DEOH�9,,,�$��� Events time sequence

No. Time (s) Events

1 0 Break on the cold legs. Reactor scram

2 5.0 Accumulator start (legs 2 and 3 )

3 30.0 LIPS starts

4 39.0 Accumulator empty

5 40.0 Refill

6 60.0 Gap release in the ring 1 (17 fuel elements) and Ring 2 (19 fuel elements).

7 200.0 Re-flood of the core

7DEOH�9,,,�$��� Radionuclide release from fuel gap

Element Total Release (kg)

Noble Gases 2.45

Caesium 2.26

Iodine 0.06

Tellurium 7.39 10-4

Barium 3.28 10-5

7DEOH�9,,,�$��� Summary of fission products retention in the RCS (% of total release)

Vessel Cold legs Steam
Generator

Other
(residual

mass)

Containment
Sumps

Containment
Atmosphere

(Source
Term)

CsOH 24 % 17 % 10.6 % 1.9 % 36.8 % 9.7 %

TeO 21 % 17 % 11 % 3 % 38 % 10 %

CsI 21.4 % 17 % 11 % 2.6 % 38 % 10 %

Noble Gases 0 % 0 % 0 % 0 % 0 % 100 %
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7DEOH�9,,,�$��� Approach to the mass released distribution during a DBA sequence

Timing (s) Average
Temperature (K)

Release (%) Ratio (%)

Dry Phase 150 1225 4.33 10-4 9.38

Wet Phase 100 1150 2.41 10-3 90.62

41000 1050 1.70 10-3

41000 950 7.43 10-5

7DEOH�9,,,�$��� Comparison of retention values (theoretical vs calculated)

REFERENCES MELCOR  & others

DRY PHASE release 10 % (from total) 9.38 %

noble gases 0 % 0 %

iodine (CsI) 70-90 % 90 % (*)

others 70-90 % 90 % (*)

WET PHASE release 90 % (from total) 90.62 %

noble gases 0% 0%

iodine (CsI+I2) 40 % 42 %

others 100 % 100%

(*) This value includes the retention in the RCS (around 52%) plus the retention in the
containment sump (around 38%)
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)LJXUHV

)LJXUH�9,,,�$��� Water inventory in vessel
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)LJXUH�9,,,�$��� Cladding temperature at mid-upper part of the core (different colours
represent radial rings)
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)LJXUH�9,,,�$��� Natural circulation of steam through the loops (broken loop in blue colour)
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)LJXUH�9,,,�$��� Time evolution of released mass of CsOH

'%$�6LPXODWLRQ

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

-50 200 450 700 950 1200 1450 1700 1950 2200

WLPH��VHF�

P
DV
V�
�N
J�

UHOHDVH

FRQWDLQPHQW

YHVVHO

FROG�OHJV

)LJXUH�9,,,�$��� Time evolution of released mass of CsI
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)LJXUH�9,,,�$��� Iodine retention during the wet phase
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$SSHQGL[�,;�$�
&2&26<6�FDOFXODWLRQ�RI�LRGLQH�FRQFHQWUDWLRQ�LQ�WKH

FRQWDLQPHQW�DWPRVSKHUH

��� ,QSXW�'DWD
The assumptions and parameters for these calculations are determined in the German
«Störfallberechnungsgrundlagen» [IX.A.1]. In this paper different cases are considered. The
case relevant to this task is the case: «Leak in the reactor coolant loop ». According to the
«Störfallberechnungsgrundlagen» two phases are to be considered:

����3KDVH���������VHF���5HOHDVH�GXULQJ�WKH�EORZGRZQ�SKDVH

Not relevant for this task, because the release is very low.

����3KDVH����5HOHDVH�GXULQJ�WKH�UHILOOLQJ�DQG�IORRGLQJ�SKDVH

It has to be postulated that a total of 10% of all fuel rods fail during the refilling and flooding
phase. Two pathways have to be differentiated with respect to the release from burst fuel rods.

5HOHDVH�FDXVHG�E\�EXUVWLQJ�

In the case of the halogens 1% of the inventory of the defective fuel rods are released
spontaneously during bursting.

Inside the reactor pressure vessel, during transport into the containment vessel and inside the
containment vessel itself, a certain amount is retained and transferred into the water phase by
means of fast separation processes.

10% of the halogens escape into the containment vessel atmosphere where a homogeneous
distribution has to be postulated.

5HOHDVH�FDXVHG�E\�OHDFKLQJ�

During and after the refilling and flooding phase, including sump operation, the inventory of
radioactive fission products remaining in the gap after the release caused by bursting is leached
out of the defective fuel rods by the emergency core cooling water and transferred into the water
phase. For calculation purposes, it has to be postulated that the liquid volume is equal to the
maximum sump volume.

It is assumed that 5% of the inventory of the halogens of the defective fuel rods are released.

Table IX.A.1 shows the IMPAIR input data calculated from the
«Störfallberechnungsgrundlagen»

The initial concentrations and release rates from this table are used to calculate the input data for
the calculations with the species I2 and CsI.

− The following assumptions were made for all cases:

− volume (gas phase): 70.000 m3

− volume (water phase): 1.700 m3

− surface of the sump (FSED): 250 m2

− painted surfaces in the gas phase (FOFGP): 55.000 m2
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− painted surfaces in the water phase (FOFWP): 1.000 m2

− T (Gas) = 90°C

− T(Water) = 90°C

− end of calculation: t = 100 h ( = 3.6 105 sec)

− the ozone reaction in the gas phase (I2 + O3) is not considered.

− Input data for the case: iodine entirely released in the containment as CsI without�VSUD\

− Release from defective fuel rods by bursting:

− 90% into the sump (6.16 10-8 mol/l CsI)

− 10% into the atmosphere of the containment in form of CsI aerosol (rate: 3.23 10-6

mol/sec CsI, release period 1 h)

− Release by leaching into the sump. Leaching period 1 h. rate: 1.61 10-4 mol/sec CsI

− Calculations were performed for the pH values: 5.5, 6.0, 7.0, 8.0, 9.0

− Input�GDWD�IRU�WKH�FDVH���LRGLQH�HQWLUHO\�UHOHDVHG�LQ�WKH�FRQWDLQPHQW�DV�I2�ZLWKRXW�VSUD\

− Release from defective fuel rods by bursting:

− 90% into the sump (3.08 10-8 mol/l I2)

− 10% into the atmosphere of the containment (8.3 10-11 mol/l I2)

− Release by leaching into the sump. Leaching period 1 h. rate: 8.05 10-5 mol/sec I2

− Calculations were performed for the pH values: 5.5, 6.0, 7.0, 8.0, 9.0

− Input� GDWD� IRU� WKH� FDVH�� � LRGLQH� HQWLUHO\� UHOHDVHG� LQ� WKH� FRQWDLQPHQW� DV� I2� ZLWK� VSUD\
V\VWHP

− Release from defective fuel rods by bursting:

− 90% into the sump (3.08 10-8 mol/l I2)

− 10% into the atmosphere of the containment (8.3 10-11 mol/l I2)

− Release by leaching into the sump. Leaching period 1 h. Rate: 8.05 10-5 mol/sec I2

− Calculations were performed for the pH values: 5.5

− The input data for the spray system are derived from the data of French plants [IX.A.2]:

− direct injection phase (between T= 0 to 3600 seconds)

− recirculation phase (after 3600 sec)

− spray-rate: 2000 m3/h = 0.56 m3/sec

− Droplet diameter: 2 mm

Table IX.A.2 shows a summary of the calculated cases.
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��� 5HVXOWV�RI�WKH�FDOFXODWLRQV
Table IX A 3 shows the amount of iodine in the gas phase, the water phase and on the painted
surfaces at the end of the calculation (t = 100 h). The iodine mass is normalized to the total
amount of iodine released into the containment.

Table 5 shows the amount of iodine in the gas phase and on the painted surfaces like table 3, but
two columns are added for a better comparison of the different calculations. For the gas phase
the values are normalized to the result of calculation no. 6 (pH = 5.5; iodine initially released as
I2). The column is named «GP/4.6 10-5». This shows the strong pH effect. In the columns
«GP/CsI same pH» and «GP/ I2 same pH» the amount of iodine is normalized to the result of the
calculation with the other initial species but the same pH. This shows the effect of the initial
iodine species. The lower part of the table shows the same representation for the painted
surfaces.

The amount of iodine in the sump is greater than 97% in all cases. The second important
location is the deposition of iodine on painted surfaces. This fraction is in the order of
magnitude of 1% in all cases. Only the iodine mass in the gas phase varies over more than 3
orders of magnitude. This variation is due to the variation of the pH, but it depends also on the
initial iodine species. The calculation with the volatile species I2 results in a higher amount of
iodine in the gas phase for pH = 7, 8 and 9. For pH = 5.5 and 6 the amount of iodine in the gas
phase is of the same order of magnitude.

Figure IX A 1 shows the distribution of iodine in the containment for the case without spray,
initial iodine species I2 and pH = 5.5. The iodine mass is normalized to the total amount of
iodine released into the containment. The iodine species are located in the gas phase, in the
water phase and on the painted surfaces. At the beginning of the calculation all the iodine mass
is located in the gas and in the water phase. Due to the chemical reactions the distribution
changed. The amount of iodine in the gas phase decreased, the iodine mass in the water phase
increased and iodine deposition appeared on painted surfaces. But after ca. 5 h an equilibrium is
reached and the iodine distribution is almost unchanged until the end of the calculation.

Figure IX A 2 shows the iodine distribution in the containment for the case No. 1 (pH=5.5,
initial species CsI, no spray). The plot shows the amount of iodine in the sump, the amount on
the painted surfaces, the amount of volatile iodine in the gas phase and the amount of CsI
aerosol in the gas phase. The amount of CsI aerosol in the gas phase is decreasing until the end
of the calculation (t = 100 h). At this time the aerosol mass is below the mass of volatile iodine
in the gas phase.

��� 5HVXOWV�RI�WKH�FDOFXODWLRQ�ZLWK�VSUD\�V\VWHP

����6SUD\�HIIHFW�ZLWK�LRGLQH�UHOHDVHG�DV�,�
Figure IX A 3 shows the distribution for the case with spray system. The situation is not very
different, compared with figure 1. Only the amount of iodine in the gas phase is slightly lower
than in the case without spray. The fraction of iodine in the water phase is higher than 90% in
both cases. The amount of iodine on painted surfaces is also slightly lower in the case with
spray. This is due to the fact, that the lower concentration of I2 in the gas phase causes a lower
deposition on the painted surfaces of the gas phase. Table IX A 4 shows a comparison between
the calculation with spray and without spray at the end of the calculation (t = 100 h). Table IX A
5 gives a comparison of this calculation with the other calculations for the gas phase and the
painted surfaces.
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The calculation shows, that the spray system is not very effective for gaseous iodine species. It
is to consider, that the used spray model is rather simple: The same transfer coefficient is used
for transfer into the sump and transfer into the droplets. No chemical reactions in the droplets
are considered. The pH of the spray water is of no direct influence. But spray water with a high
pH will increase the pH of the sump. In this case the spray system has an indirect effect on the
iodine distribution in the containment. But this case is included in the calculations for the higher
pH values.

����6SUD\�HIIHFW�ZLWK�LRGLQH�UHOHDVHG�DV�&V,

The case No. 1 was calculated without spray system, but in a case with spray in the containment,
the deposition of aerosol would be much faster. For this reason the plot of CsI aerosol in this
case is an upper limit for aerosol in the gas phase. In a calculation with spray system, the amount
of aerosol will reach much earlier a value below the value of volatile iodine species in the gas
phase.

��� 5HIHUHQFHV
[IX.A.1] Störfallberechnungsgrundlagen für die Leitlinien des BMI zur Beurteilung der

Auslegung von Kernkraftwerken mit DWR gemäß § 28 Abs. 3 StrlSchV vom 18.
Oktober 1983.

[IX.A.2]  personal communication, J. Oliveri, February 1999.
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7DEOHV
7DEOH�,;�$��� Calculation of the iodine release for the IMPAIR input

Release caused by bursting:

Defective fuel
rods

Iodine released
during bursting

Distribution
sump / atmosphere

Iodine
concentration

Release rate

10% 1% Sump: 90% 6.16 10-8 mol/l

Atmosphere: 10% 1.66 10-10 mol/l

Release caused by leaching:

Defective fuel
rods

Iodine released
during leaching

Distribution
sump / atmosphere

Iodine
concentration

Release rate

10% 5% Sump: 100% 1.61 10-4 mol/sec

7DEOH�,;�$��� The calculated cases

No Initial iodine
species

pH spray

1 CsI 5.5 no

2 CsI 6.0 no

3 CsI 7.0 no

4 CsI 8.0 no

5 CsI 9.0 no

6 I2 5.5 no

7 I2 6.0 no

8 I2 7.0 no

9 I2 8.0 no

10 I2 9.0 no

11 I2 5.5 \HV
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7DEOH�,;�$��� Results for the cases without spray system (amount of iodine in the gas phase,
the water phase and on the painted surfaces at the end of the calculation, t = 100 h. The iodine

mass is normalized to the total amount of iodine released into the containment)

Initial iodine species: I2

No. pH gas phase water phase painted surfaces

6 5.5 4.6 10-5 9.7 10-1 3.1 10-2

7 6.0 1.3 10-5 9.7 10-1 2.5 10-2

8 7.0 9.5 10-7 9.8 10-1 2.4 10-2

9 8.0 6.7 10-7 9.8 10-1 2.5 10-2

10 9.0 6.6 10-7 9.8 10-1 2.5 10-2

Initial iodine species: CsI

No. pH gas phase water phase painted surfaces

1 5.5 5.3 10-5 9.9 10-1 1.4 10-2

2 6.0 1.4 10-5 9.9 10-1 9.0 10-3

3 7.0 3.8 10-7 9.9 10-1 8.9 10-3

4 8.0 2.3 10-8 9.9 10-1 9.4 10-3

5 9.0 1.1 10-8 9.9 10-1 9.6 10-3

7DEOH�,;�$��� Comparison between the calculation with spray and without spray at the end of
the calculation (t = 100 h)

Initial iodine species: I2

No. pH gas phase water phase painted surfaces

6 Without spray 5.5 4.6 10-5 9.7 10-1 3.1 10-2

11 With spray 5.5 9.9 10-6 9.8 10-1 2.0 10-2
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7DEOH�,;�$��� Comparison of the results of all calculations for the gas phase and painted
surfaces

*DV�SKDVH

Initial iodine species: I2

No. pH GP *3����������� GP / CsI same pH

6 5.5 ��������� 1.0000 0.868

7 6.0 1.30 10-5 0.2826 0.929

8 7.0 9.50 10-7 0.0207 2.500

9 8.0 6.70 10-7 0.0146 29.130

10 9.0 6.60 10-7 0.0143 60.000

Initial iodine species: CsI

No. pH GP *3����������� GP / I2 same pH

1 5.5 5.30 10-5 1.1522 1.152

2 6.0 1.40 10-5 0.3043 1.077

3 7.0 3.80 10-7 0.0083 0.400

4 8.0 2.30 10-8 0.0005 0.034

5 9.0 1.10 10-8 0.0002 0.017

Initial iodine species: I2

No. pH GP GP  / 4.6 10-5

6 (no spray) 5.5 ��������� 1.0000

11 (spray) 5.5 9.90 10-6 0.2152

3DLQWHG�VXUIDFHV

Initial iodine species: I2

No. pH PS 36����������� PS / CsI same pH

6 5.5 ��������� 1.0000 2.214

7 6.0 2.50 10-2 0.8065 2.778

8 7.0 2.40 10-2 0.7742 2.697

9 8.0 2.50 10-2 0.8065 2.660

10 9.0 2.50 10-2 0.8065 2.604

Initial iodine species: CsI

No. pH PS 36����������� PS / I2 same pH

1 5.5 1.40 10-2 0.4516 0.452

2 6.0 9.00 10-3 0.2903 0.360

3 7.0 8.90 10-3 0.2871 0.371

4 8.0 9.40 10-3 0.3032 0.376

5 9.0 9.60 10-3 0.3097 0.384

Initial iodine species: I2

No. pH PS PS / ��������

6 (no spray) 5.5 ��������� 1.0000

11 (spray) 5.5 2.00 10-2 0.6452
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)LJXUHV
)LJXUH�,;�$����Distribution of iodine in the containment for the case without spray and I2 initial

iodine species

)LJXUH�,;�$����Distribution of iodine in the containment for the case without spray and CsI
initial iodine species
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)LJXUH�,;�$����Distribution of iodine in the containment for the case with spray system
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$SSHQGL[�,;�%�
,2'(�FDOFXODWLRQ�RI�LRGLQH�FRQFHQWUDWLRQ�LQ�WKH

FRQWDLQPHQW�DWPRVSKHUH

��� )UHQFK�VWXG\�ZLWK�,2'(�FRGH
IPSN calculated the iodine composition using two bounding conditions (iodine entirely released
in the containment as CsI or I2), with or without spray, and taking into account the evolution of
pH during a large loss of coolant accident (LOCA). The calculations have been performed with
the IODE code (version 4.2), which is the updated version of the code included in ESCADRE
1.2 code.

��� 3HUIRUPHG�VWXGLHV
3DUDPHWULF�VWXGLHV�

In a first time two studies have been performed in order to check the impact of the iodine form
released from the break (I2 or CsI).on the iodine atmosphere containment concentration, for the
cases with and without spray actuation.

Figures IX.B.1 and IX.B.2 show the iodine behaviour considering that all the iodine is released
as molecular iodine (I2) or aerosol CsI for the cases with spray (spray actuation leads to a basic
(pH=8.6) water sump). Concerning the aerosol CsI release case, the evaluation has been
performed with the assumption that at the time of the break all the aerosols are transferred
instantaneously to the water sump. For the molecular iodine release, the evaluation is performed
with the spray model in the IODE code (described above).

These calculations show that when the pH of the water sump is basic, iodine behaviour is very
different due to the fact that aerosol depleted to the water sump are not transferred as molecular
iodine to the containment atmosphere. Then the equilibrium gas concentration is very different
for molecular iodine, about 1000 times lower for the aerosol iodine release, and also for organic
iodine, 4 times lower for aerosol iodine release. Moreover, it can be seen that the required time
to reach the equilibrium concentrations in the containment atmosphere is about 2 hours in the
case of molecular iodine release and higher that 15 hours in the case of aerosol iodine release.

Concerning the case without spray, the iodine behaviour considering that all the iodine is
released as molecular iodine (I2) or aerosol CsI is presented in figures IX B 3 and IX B 4. In this
case the aerosol transferred to the sump leads to a molecular iodine release from the sump and
the final equilibrium concentration for the two cases is in the same range (0.2 to 0.4 %). In
opposition the equilibrium concentration for organic iodine is higher in the case of molecular
iodine released from the break. This is due to the formation of organic iodine from the dry
painting surfaces.

In conclusion the more important parameters are :

− the influence water sump pH (molecular iodine released from the sump),

− the dry painting surfaces deposition for organic iodine formation
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��� )UHQFK�DSSURDFK
The assumption  rod fails during the LOCA is 33 % of the total core rods. It is assumed that

2 % of  the inventory of the halogens of the defective fuel rods are released. The total mass in
iodine in the core (8.46 kg) is assumed for an equilibrium core (PWR 900 MWe), charged with
3.7 % enriched uranium at a time when the three regions of the core have average end of cycle
burn-ups of 10500, 21000, 31500 MWd/teU.

Two pathways have to be differentiated with respect to the activity release  from fuel rods, failed
during the occurrence of a large LOCA :

− before the reflood  phase (“dry phase”)

 In the design basis LOCA, the quantity of iodine released from the rod before the reflood
phase due to the interaction of steam and/or water with the contents of gap is generally
less than 10 % of the total  iodine released. Those 10 % are quickly carried to the
containment atmosphere without retention in the RCS as CsI  (9.9 %) and as I2 (0.1 %).

− during the reflood  phase (“wet phase”)

 During the second phase (“wet phase”), the fission products remaining in the gap (90 %)
after the release caused by bursting are leached out of the deflective fuel rods by the
emergency core cooling water and transferred in the water phase of the vessel as CsI
where it will dissolve and form the iodide anion I- and the caesium cation, Cs+. In the
water of the vessel, the involatile I- anion can be oxidised by radiolysis to the volatile
forms I2 which is partially transferred in the gas phase of the containment. When the
safety injection mode is changed to the hot leg (about 50400 seconds), the iodide anion I-

and the caesium cation, Cs+ remaining in the water of the vessel are transferred without
retention into the water of the sump.

 Table IX.B.1 shows the IODE 4.2 input data.

 The following assumptions were made for all cases:

− volume (gas phase): 50.000 m3

− volume (water phase): 1.886 m3

− surface of the sump: 1.000 m2

− painted surfaces in the gas phase : 24.200 m2

− painted surfaces in the water phase : 1.000 m2

− T (Gas) = 120°C

− T(Water) = 130°C

− end of calculation: t = 48 h ( = 1.72 105 sec)

− the ozone reaction in the gas phase (I2 + O3) is not considered

 In our calculations, two cases are assumed :

 &$6(����/2&$�ZLWK�VSUD\

 Input data for the spray system:

− direct injection phase (between t = 0 and t = 3800 seconds)
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− recirculation phase (after 3800 seconds)

− spray mass flow rate at 292 Kg s-1 (1051 m3 h-1)

− droplet diameter 1800 µm (value recommended to include agglomeration)

− the droplet fall height at 30 m

− the pH of droplets  is 9

The containment atmosphere is assumed to be stationary (T = 120° C, P = 3 bar) during the
calculation. In this case, the pH value in the sump becomes basic (pH = 8.7) at  300 seconds
(from the scram to this time, the pH value in the sump is 6.4).

&$6(����/2&$�ZLWKRXW�VSUD\

In this case, the pH value in the sump stays acid (pH = 6.4)

For our both cases with an without spray, we assumed that 10% of the total mass  iodine are
released in 250 seconds in the containment atmosphere. Moreover, we assumed too that the
aerosols of CsI release are removed from the atmosphere of  the primary containment with a
removal constant of 4 h-1 following the relation : C = C0 exp(-λt), where λ is the removal
constant, C0 the initial concentration and  t the time.

Concerning the organic iodine mass presents in the atmosphere containment and created from
dry painted surfaces and the wet painted surfaces, we assume that there is not removal of organic
iodine from atmosphere of the containment by the spray system.

��� 5HVXOWV�RI�WKH�FDOFXODWLRQV
The following table IX B 2 shows for the cases with and without spray the amounts of iodine in
the gas phase, the water phase and on the painted surfaces (dry and wet) at different times of
calculation. Figures IX B 5 and IX B 6 present for the both cases treated with an without spray,
the evolution in function of time of weight fractions of iodine normalised to the total mass of
iodine released in the containment during a large loss of coolant accident (LOCA). The
formation of volatile organic iodides (RI), such as methyl iodide by surface process has been
considered in our calculations. Concerning the formation of methyl iodide from wet surfaces, we
used the available actual IODE 4.2 model based on an empirical correlation deduced from work
performed by A.M.Deane ( ). On the other hand , the formation of methyl iodide from dry
surfaces is not modelled in the IODE 4.2 code and our approach was based on the organic iodide
production rate, expressed as a fraction of the iodine concentration in the dry surfaces equal to
10 %. This value is considered as a very conservative value for the IPSN source term
evaluations and has been deduced from the analysis of some IPSN experiments.

From the table IX B 2, it can be seen that :

− Concerning the molecular iodine, the most pessimistic case for the radiological
consequences is the one without spray. As a matter of fact, one hour after the scram, the
containment atmosphere iodine concentration is nine time more important without spray
than with spray. After two days following scram, this factor is still greater (≈ 5000).

− The iodine mass deposited on dry painted surfaces in the case with spray sharply
increases up to 2 hours for to reach  an equilibrium around 0.2 % of the total mass of the
iodine released during the LOCA. The iodine distribution is almost unchanged until the
end of calculation. The situation is different when we look into the case without spray, in
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fact, the equilibrium is reached after 16 hours and the quantity of iodine adsorbed on the
paint increases up to 16 % of the total mass in iodine released during the LOCA. This is
due to the fact that the concentration of iodine in the gas phase is larger in this last case
(without spray) and causes a greater deposition on the painted surfaces of the gas phase.

− The iodine mass in the water phase in the case with spray sharply increases up to 2 hours
to reach an equilibrium around 20 % of the total mass of the iodine released during the
LOCA (see figure IX B 5). At the same time, the iodine deposition appeared on wet
painted surfaces. Two hours after the scram, the fraction of iodine deposited on the wet
painted surfaces represents 2.3 10-7 % of the total mass of the iodine released during the
LOCA. This equilibrium lasts up to the hot leg injection occurs around 50400 seconds, at
this time, the concentration of iodine in the sump increases suddenly up to around ������
of the total mass of the iodine released during the LOCA. This is due to the fact, that the
iodide anion I- and the caesium cation, Cs+ remaining in the water of the vessel are
transferred straight into the water of the sump when the hot leg injection occurs at 50400
seconds. Concerning the case without spray, the concentration of iodine in the sump does
not reach an equilibrium but increases  regularly up to the hot leg  injection time (see
figure IX B 6). After this time and up to the end of calculation, an equilibrium appears for
an iodine fraction around ���� of the total mass of the iodine released during the LOCA.
Nevertheless, the calculation has been performed without considering the iodine mass
transfers from the wall to the sump by the film condensation.

− The organic iodide production in the containment atmosphere steadily  increases up to
reach an equilibrium representing  in the case with spray around ������ of the total mass
of the iodine released during the LOCA (see figure IX B 5) and up to ����� of the total
mass of the iodine released during the LOCA (see figure IX B 6) in the case without spray.
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7DEOHV

7DEOH�,;�%��� Calculation of the iodine release for the IODE input

Total mass of iodine released during the large LOCA

8.46 × 0.33 × 0.02 = 55.8 10-3 Kg

Iodine released before the reflood phase Iodine released during the reflood phase

10 % of the total mass  iodine

55,8 10-4 Kg 90 % of the total mass  iodine as I- in the water of the vessel

55.22 10-3 Kg

CsI aerosol

9.9 %

I2 molecular

0.1 %

1.132 10-2 Kg 5.584 10-5 Kg

7DEOH�,;�%��� Comparison between the calculation with spray and without spray at different
times of calculation

Time after the scram 1 hour 24 hours 48 hours

Cases

(total mass of iodine 5.58 10-2 Kg)

1

With
Spray

2

Without
Spray

1

With
Spray

2

Without
Spray

1

With
Spray

2

Without
Spray

Iodine mass (I2g)  in the gas phase
(Kg )

3.2 10-4 3.2 10-3 4.0 10-8 1.9 10-4 4.0 10-8 2.1 10-4

Organic iodine mass (CH3Ig)  in
the gas phase created from the
wet painted surfaces (Kg )

7.0 10-9 2.0 10-8 1.2 10-5 2.9 10-5 2.2 10-5 4.9 10-5

Organic iodine mass (CH3Ig)  in
the gas phase created from the dry
painted surfaces (Kg )

5.8 10-6 3.2 10-5 1.0 10-5 9.3 10-4 9.5 10-6 9.3 10-4

Iodine mass (I2g)  deposited on
dry painted surfaces (Kg )

5.8 10-5 3.2 10-4 1.0 10-4 9.3 10-3 9.5 10-5 9.3 10-3

Iodine mass (I2w)  deposited on
wet painted surfaces (Kg )

1.2 10-10 3.0 10-10 4.36 10-9 1.9 10-5 3.2 10-8 7.9 10-5

Iodine mass  in the water phase
under all forms (Kg )

8.6 10-3 5.8 10-3 5.57 10-2 4.6 10-2 5.57 10-2 4.6 10-2
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)LJXUHV

)LJXUH�,;�%����Distribution of iodine: initial release: I2, CASE 1: with spray

)LJXUH�,;�%����Distribution of iodine: initial release: I2, CASE 2: without spray
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)LJXUH�,;�%����Distribution of iodine: initial release: CsI, CASE 1: with spray

)LJXUH�,;�%����Distribution of iodine: initial release: CsI, CASE 2: without spray
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)LJXUH�,;�%����Distribution of iodine in the containment: CASE 1: with spray

)LJXUH�,;�%����Distribution of iodine in the containment: CASE 2: without spray
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$SSHQGL[�,;�&�
0HOFRU�FDOFXODWLRQ��,QIOXHQFH�RI�WKH�FRQWDLQPHQW�VDIHW\
V\VWHP�RQ�WKH�UHWHQWLRQ�RI�ILVVLRQ�SURGXFWV�GXULQJ�D

'HVLJQ�%DVLV�$FFLGHQW

��� ,QWURGXFWLRQ
The present work forms part of the Spanish contribution to the project on «Determination of
offsite releases for Design Basis Accident» of the European Nuclear Regulators Working
Group, and is a continuation of the early work presented in this Group: «A realistic approach
to the transport and retention of fission products in the RCS during a Design Basis Accident»
[IX.C.3].

As a result of previous analysis of the different studies presented by the members of the Group,
it has been recommended to elaborate a common technical position on this topic. This
document provides a study of the influence of the containment safety system on the retention
of fission products in the primary circuit.

��� 5HVXOWV�RI�WKH�LQYHVWLJDWLRQV�DQG�FDOFXODWLRQV
Calculations have been carried out with the objective of investigating the influence of the
containment safety system (spray system) on the retention of fission products released during a
DBA. With that purpose, the MELCOR code, version 1.8.3, was used.

����,QSXW�GDWD

− Previous to the accident, normal operation of the reactor (100% of power) was assumed.
The accident began with the break on the cold leg (time t=0 s).

− Only one train of the LPIS was assumed to operate, starting 30 seconds after the
beginning of the accident.

− Similarly, only one train of the containment spray system was considered, also starting
with a 30 seconds delay.

− The change between the mode of operation of both systems (injection and re-circulation
from the containment sump) is assumed to occur after 1800 seconds from the beginning
of the accident.

����%RXQGDU\�FRQGLWLRQV

The calculations were carried out by modelling the containment and using the results and
boundary conditions obtained in the previous study [IX.C.3]

A detailed model of the containment was used, with approximately 40 control volumes, 110
flow paths and 120 heat structures, corresponding to the rooms where the elements of the
primary circuit are located and to the upper part of the containment.

The source term of steam and liquid water, as well as the corresponding thermalhydraulic
conditions were taken from the previous study [IX.C.3] with the objective of a suitable
simulation of the containment conditions.
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The following considerations were taken into account in the evaluation of the source term of
fission products:

The inventory of fission products in the fuel was calculated with the ORIGEN code, whose
results are integrated into the MELCOR code.

The inventory of fission products in the fuel gap is 5% for the more volatile elements (noble
gases, iodine and caesium) and 1% for the less volatile (tellurium and barium). These values
are similar, or even more conservative, than those suggested in reference [IX.C.2].

In good agreement with the first conclusions of this Working Group, a degradation of 33% of
the fuel rods clad was postulated.

It was also assumed the release of fission products during 100 seconds, i.e. approximately the
duration of the re-flood phase (dry phase) [IX.C.3]

The injection of the source term to the containment is supposed through the room where the
broken leg is located, without consideration of the retention of the fission products in the
primary circuit. The wet phase was not taken into account.

����0RGHO�'HVFULSWLRQ

The MELCOR package for Containment Sprays (SPR) calculates the thermalhydraulic
behaviour associated with the sprays system, and is the same than that in the HECTR code. It
is coupled to the Radionuclide package (RN) for the calculation of aerosol washout and
decontamination of the atmosphere by the sprays.

Sprays droplets are assumed to be spherical and isothermal and falling down through the
containment vertically (without horizontal velocity component). Heatup and cooldown are
modelled by using a correlation for the calculation of forced convection heat transfer
coefficients. Evaporation and condensation are also calculated through the corresponding mass
transfer coefficients. These transfer rates are calculated over the fall height of the droplets to
obtain the final mass and temperature.

The RN removal by sprays is a mechanistic treatment of removal processes, closely coupled to
the thermalhydraulic behaviour calculated by the spray package. The model consists of a first-
order rate process where different rate constants are associated with removal processes for
vapours and aerosols.

For vapours, the rate constant depends on the total volume, the volumetric flow rate for
droplets, the adsorption efficiency (for each vapour class) and the water/gas partition
coefficient of the vapour. The latter could be modified (in the case of iodine) if the sprayed
water is containing different additives.

The vapour adsorption efficiency is expressed as a time-dependent exponential equation that
uses the gas and liquid boundary layer mass transfer coefficients, calculated with the Ranz and
Marshall approximation to the Frossling equation (gas) and the Griffith approximation (liquid).

Aerosol removal is calculated by inertial impaction and interception, -main contributors for a
big size range-, diffusiophoresis for a medium size range and diffusion effects for very small
droplets. The rate constant is also dependent on total volume, sprays volumetric flow rate,
droplet size, and likewise on the fall height of the droplets and the efficiency of collection of
aerosol particles by sprays droplets.
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For interception and inertial impaction, the collection efficiency combines potential and
viscous flows according to Reynolds and Stokes numbers. For diffusion, the collection
efficiency depends on Reynolds and Peclet numbers. For diffusiophoresis process, the
collection efficiency is related to the steam mass condensation rate on droplets. The final
collection efficiency is obtained by combining the calculated ones for the different processes.

����5HVXOWV

Calculations have been performed taking into account both with the operation of the spray
system and without it. Likewise, it was considered the chemical speciation of the most volatile
products (iodine and caesium forming I2, CsOH or CsI) and some other numerical aspects of
the implicated model (the MAEROS code, which is implemented in MELCOR to calculate
aerosol physics) like the number of employed components (that is, the number of different
aerosol families).

The results show that, approximately 6 hours after the beginning of the accident, 99% of the
Cs released in form of CsOH is eliminated from the containment atmosphere (mostly
evacuated to the sumps). The physical state of CsOH (aerosol or vapour) is automatically
calculated by MELCOR according to the atmosphere conditions. The case of CsI is similar to
that of CsOH, or even deeper (99.98%). Although vapour pressure curves are quite different
(taken from a so relevant code as VICTORIA) it seems that, for the implicated temperature
range (Figure IX C 2), they behave as liquid aerosols.

Figures IX C 3 and IX C 4 show the time evolution of the airborne concentration of CsOH and
CsI, in a typical volume in the upper part of the containment. The exact values are out of our
interest, but the decaying shape of the curve confirms the rapid decontamination process of the
atmosphere (asymptotic value is clearly reached before 6 hours). In the same figures, the
concentration in absence of the sprays effect is illustrated, showing almost no decrease for the
represented period compared with the former.

On the other hand, vapours of molecular iodine are practically not eliminated from the
containment (Figure IX C 5). The atmosphere washout is less effective for vapours than for
aerosols. (The implicated phenomena are completely different and thus the HECTR code
coupled to SPRAY package is implemented in MELCOR to evaluate their behaviour). Figure
IX C 5 shows the molecular iodine airborne concentration. Its slow decreasing is nearly
constant while spray system is activated, compared to the «without spray» curve. After 6
hours, the gas concentration has been reduced by a fraction of 25%.

Notice that the source of iodine is limited to the dry phase and that no new releases of iodine
form the containment sumps have been considered in the long-term for the calculations. On
this question, some other relevant conditions seem to be more determinant in the problem, as
the pH in the containment water sumps. Therefore, regardless of some other considerations the
calculations show the true extension of the iodine decontamination process.

The following tables IX C 1 – IX C 4 summarize the radionuclide mass distribution for the
different compounds at the end of calculations according to their location: aerosol in gas phase
(AER GAS); vapour in gas phase (VAP GAS); deposited on structures (DEPOS) or retained in
the containment sump (SUMP).
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��� &RQFOXVLRQV
The obtained results are in well agreement with other predictions with regard to aerosols
behaviour when the containment sprays are operating; for instance, in reference [IX.C.1] a
reduction by two orders of magnitude for aerosol concentrations in the containment
atmosphere was postulated, of the same range than that obtained in our calculations.

By comparison of these results with those obtained for the retention in the primary circuit
[IX.C.3], summarized in Table IX C 5, it is evident that, as much, the source term could be
reduced by one order of magnitude (case of CsOH) in the RCS while the Containment Spray
System seems to warrantee a reduction of two orders of magnitude.

In addition, the uncertainty in the evaluation of the RCS retention capacity is quite high, due to
the complex implicated phenomena and, therefore, difficult to simulate by means of global
codes, while more detailed and qualified codes (as VICTORIA) would be unable to face the
complete scenario. On the other hand, aerosol physics in the containment implicates a more
reduced phenomenology, better known and well characterized with currently available codes.

Finally, it could be concluded that, with the exception of the particular case of iodine vapours
(that demands a more specific work), the retention capacity of the Containment Spray System
is clearly more effective (by about or more than one order of magnitude) than that for the
different natural process in the RCS.

On the other hand, computer code calculations for DBA show that the Containment Spray
System is capable of reducing by two orders of magnitude the concentration of radionuclides
in the containment atmosphere, i.e., the operation of the Containment Spray System is much
more effective to decrease fission products concentration in the containment atmosphere than
any natural retention in the RCS.

Therefore, due to the existing uncertainties and to its relatively low efficiency with regard to
source term reduction, it is concluded that radionuclide retention processes in the RCS should
not be credited for DBA source term analysis.

��� 5HIHUHQFHV
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7DEOHV

7DEOH�,;�&��� Radionuclide Mass Distribution in kg at the end of calculations (approx. 6
hours) (all iodine in CsI chemical form; without sprays)

TOTAL AER GAS SUMP VAP GAS DEPOS

Noble Gases 4.27 0 0 4.27 0

CsOH 2.04 1.913 0.042 7.610-5 0.085

CsI 0.365 0.343 0.0075 0 0.015

TeO 0.074 0.069 0.0015 0 0.003

Ba 0.193 0.181 0.004 0 0.008

7DEOH�,;�&��� Radionuclide Mass Distribution in kg at the end of calculations (approx. 6
hours)(all iodine in CsI chemical form; with sprays)

TOTAL AER GAS SUMP VAP GAS DEPOS

Noble Gases 4.27 0 0 4.27 0

CsOH 2.04 0.022 1.968 0 0.14

CsI 0.365 0.004 0.336 0 0.025

TeO 0.074 0.001 0.067 0 0.005

Ba 0.193 0.003 0.176 0 0.013

7DEOH�,;�&��� Radionuclide Mass Distribution in kg at the end of calculations (approx. 6 hours)(all
iodine in I2 chemical form; without sprays)

TOTAL AER GAS SUMP VAP GAS DEPOS

Noble Gases Same as Table 1

CsOH 2.23 2.09 0.046 7.6E-5 0.092

I2 0.179 0 0 0.179 0

TeO Same as Table 1

Ba Same as Table 1
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7DEOH�,;�&��� Radionuclide Mass Distribution in kg at the end of calculations (approx. 6
hours)(all iodine in I2 chemical form; with sprays�

TOTAL AER GAS SUMP VAP GAS DEPOS

Noble Gases Same as Table 2

CsOH 2.23 0.024 2.04 0 0.162

I2 0.179 0 0.045 0.133 0

TeO Same as Table 2

Ba Same as Table 2

7DEOH�,;�&��� Predictions over the retention of fission products in the RCS

Species Retained fraction in RCS

Noble gases 0%

Iodine (vapours) 50-90%

Aerosols (CsOH, CsI, TeO, Ba) 40%
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)LJXUH�,;�&��� Pressure evolution
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)LJXUH�,;�&����CsI gas concentration
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)LJXUH�,;�&����I2 gas concentration
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AVN Association Vinçotte Nuclear
B Belgium
B.E. Best Estimate
BOL Beginning Of Life
BWR Boiling Water Reactor
CEC Commission European Communities
CFR Code of Federal Regulations
CH Switzerland
CSN Consejo de Seguridad Nuclear
CZ Czech Republic
D Germany
DBA Design Basis Accident
DBC Design Basis Condition (or Design Basis Category)
DEC Design Extension Condition
DG Directorate-General
E Spain
EC European Commission
ECC(S) Emergency Core Cooling (System)
EDF or EdF Electricité de France
EOL End Of Life
EPR European Pressurised water Reactor
EU European Union
EUR(D) European Utility Requirements (Document)
F France
FIN Finland
FP Fission Product
GPR Groupe Permanent chargé des Réacteurs nucléaires
GRS Gesellschaft für Anlagen- und Reaktorsicherheit
HP High Pressure
HPSI(S) High Pressure Safety Injection (System)
HU Hungary
I Italy
ICRP International Commission on Radiological Protection
IPSN Institut de Protection et de Sûreté Nucléaire
LBLOCA Large Break Loss Of Coolant Accident
LHSI(S) Low Head Safety Injection (System)
LOCA Loss Of Coolant Accident
LOOP Loss Of Offsite Power
LP Low Pressure
LPIS Low Pressure Injection System



LPSI(S) Low Pressure Safety Injection (System)
LWR Light Water Reactor
MHSI(S) Medium Head Safety Injection (System)
MOX Mixed OXide
NL The Netherlands
NPP Nuclear Power Plant
NRC Nuclear Regulatory Commission
NRWG Nuclear Regulators Working Group
OJ Official Journal
PWR Pressurised Water Reactor
R.G. Regulatory Guide
RCS Reactor Coolant System
RSK Reaktor-Sicherheitskommission
SFC Single Failure Criterion
SGTR Steam Generator Tube Rupture
SI(S) Safety Injection (System)
Sl Slovenia
TMI Three Mile Island
TSO Technical Safety Organisation
UK United Kingdom
US United States
USNRC United States Nuclear Regulatory Commission
VVER See WWER
WWER Water Water Energy Reactor


