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ORGANISATION FOR ECONOMIC CO-OPERATION
AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into
force on 30th September 1961, the Organisation for Economic Co-operation and Development (OECD) shall
promote policies designed:

— to achieve the highest sustainable economic growth and employment and a rising standard of living
in Member countries, while maintaining financial stability, and thus to contribute to the development
of the world economy; . .

— to contribute to sound economic expansion in Member as well as non-member countries in the
process of economic development; and )

— to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in
accordance with international obligations.

The original Member countries of the OECD are Austria, Belgium,Canada, Denmark, France, Germany,
Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland,
Turkey, the United Kingdom and the United States. The following countries became Members subsequently
through accession at the dates indicated hereafter: Japan (28th April 1964), Finland (28th January 1969),
Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th May 1994) the Czech Republic
(21st December 1995), Hungary (7th May 1996), Poland (22nd November 1996) and the Republic of Korea
(12th December 1996). The Commission of the European Communities takes part in the work of the OECD
(Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the
OEEC European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan
became its first non-European full Member. NEA membership today consists of all European Member countries
of OECD as well as Australia, Canada, Japan, Republic of Korea, Mexico and the United States. The
Commission of the European Communities takes part in the work of the Agency.

The primary objective of NEA is to promote co-operation among the governments of its participating
countries in furthering the development of nuclear power as a safe, environmentally acceptable and economic
energy source.

This is achieved by:

— encouraging harmonization of national regulatory policies and practices, with particular reference
to the safety of nuclear installations, protection of man against ionising radiation and preservation
of the environment, radioactive waste management, and nuclear third party liability and insurance;

—  assessing the contribution of nuclear power to the overall energy supply by keeping under review the
technical and economic aspects of nuclear power growth and forecasting demand and supply for the
different phases of the nuclear fuel cycle;

— developing exchanges of scientific and technical information particularly through participation in
common services;

— setting up international research and development programmes and joint undertakings.

In these and related tasks, NEA works in close collaboration with the International Atomic Energy

Agency in Vienna, with which it has concluded a Co-operation Agreement, as well as with other international
organisations in the nuclear field.
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The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee
made up of scientists and engineers. It was set up in 1973 to develop and co-ordinate the
activities of theé Nuclear Energy Agency concerning the technical aspects of the design,
construction and operation of nuclear installations insofar as they affect the safety of such
installations. The Committee’s purpose is to foster international co-operation in nuclear safety
amongst the OECD Member countries. '

CSNI constitutes a forum for the exchange of technical information and for -collaboration -
between organisations which can contribute, from their respective backgrounds in research,
development, engineering or regulation, to these activities and to the definition of its programme
of work. It also reviews the state of knowledge on selected topics of nuclear safety technology
and safety assessment, including operating experience. It initiates and conducts programmes
identified by these reviews and assessments in order to overcome discrepancies, develop
improvements and reach international consensus in different projects and International Standard
Problems, and assists in the feedback of the results to participating organisations. Full use is also
made of traditional methods of co-operation, such as information exchanges, establishment of
working groups and organisation of conferences and specialist meeting. '

The greater part of CSNI’s current programme of work is concerned with safety technology of
" water reactors. The principal areas covered are operating experience and the human factor,
reactor coolant, system behaviour, various aspects of reactor component integrity, the
phenomenology of radioactive releases in reactor accidents and their confinement, containment
performance, risk assessment and severe accidents. The Committee also studies the safety of the
fuel cycle, conducts periodic surveys of reactor safety research programmes and operates an
international mechanism for exchanging reports on nuclear power plant incidents. '

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s
Committee on Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency
concerning the regulation, licensing and inspection of nuclear installations with regard to safety.
It also co-operates with NEA’s Committee on Radiation Protection and Public Health and NEA’s
Radioactive Waste Management Committee on matters of common interest.
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OECD. WORKSHOP ON THE
CHEMISTRY OF IODINE IN REACTOR SAFETY

(Wiirenlingen, Switzerland; 10th-12th June 1996)

SUMMARY AND CONCLUSIONS

~ Introduction

The Fourth OECD Workshop on the Chemistry of Jodine in Reactor Safety was held in
Wiirenlingen, Switzerland from June 10th to 12th, 1996. It was organised in collaboration with the .
Paul Scherrer Institute. About seventy experts from fourteen OECD Member countries attended the
meeting, as well as experts from Latvia and the Commissio’xi of,‘the' European Communities. Thirty-

four papers were presented, in five sessions :

- national and international programmes - integral and intermediate-scale experiments
- experimental homogeneous phase chemistry

- sufface processes

- thermOdynaI-m‘c and kiﬁetic studies

- safety applications.

a

In addition, a final session was devoted to a general discussion on remaining research issues
relevant to reactor safety. Throughout the meeting, emphasis was placed on detailed and open

discussions.

The purpose of the Workshop was to exchange information on the iodine chemistry and other
important fission products relevant to reactor safety, to discuss the status of the open issues
identified during the previous Workshop held in 1991, to define remaining reactor safety issues and

to discuss developments and future plans.



These objectives were largely met. Since the presrious meeting, substantial progress was made in
understanding and predicting the iodine behaviour in the containment building of a reactor
following an accident. However, it was apparent at the Workshop that the translation of the
accumulated knowledge into accident management guidelines and proeedures Temains, to a large
extent, to be done. The Programme Committee is of the opinion that a meeting specifically devoted
to iodine chemistry aspects of severe accident management and their planned or effective
implementation, bringing together researchers, regulatory bodies and utiliﬁes, should be convened

within the next two to three years.

A brief assessment of the status of the main subject areas discussed during the Workshop is given
below. It is followed by conclusions (general and specific) and a summary of the views of the
Programme Committee and workshop participants regarding possible safety issues related to iodine
chemistry in a reactor, their significance, our state of knowledge concerning them and their
relevance for accident management. The last part of this report is devoted to each session

chairman’s summary of the highlights of papers presented and discussions made in their session.

The Workshop was opened by an invited paper presented by Dr. D.A. Powers A(Szindia National
Laboratories, USA) on ‘The Regulatory Impact of Ioaine Research’. It was closed by an invited
paper, presented by Mrs. C. Lecomte (Institut de Protection et de Streté Nucléaire) on ‘quine

Research Issues Relevant to Reactor Safety’.

The Proceedings of the Workshop will be published by Paul Scherrer Institute in the series of CSNI
Reports. |

Overview of National and International Programmes - Integral and Intermediate Scale

Experiments (prepared by S. Giintay, PSI, Switzerland)

The opening session provided overviews of the ACEX program, research in Canada and in France,
CEC co-ordinated activities, and selected results from the Radioiodine Test Facility (RTF)
experimental programme. The common aim is to achieve consensus on the ability to predict gas

phase iodine concentration to within an order of magnitude and to characterise the main pathways




for its generation and removal. The ultimate goals are assessment of the magnitude of iodine release

and its reduction via management of the sump and atm'ospheﬁc conditions.

Much progress was made toward providing data on fhe basic chemical processes; databaseé for
many of the thermal reactions are essentially complete; the role of metal ions and the chemical
form of liquid phase organic iodine species remain open questions. Painted surfaces afe a powerful
sink for iodine; research on adsorption by zinc primer (Canada) and epoxy-based paints (France) |
shows a complex behaviour which is not yet fully understood. Adsoxjpnwty by organic paint
| depends on many factors, bemg found to increase with radiation field strength and the age of the

paint. Other removal mechanisms being studied include washqut of aerosols and gaseous iodine by

sprays.

The most effective means of achieving low iodine volatility is to maintain alkaline conditions (pH >
8) in the water. However, the pH depends on many piocesses, such as the acid formation by
radiolysis of components from paints and PVC insulating material. From RTF experiments,
radiation is found to change the nature of the-processes affecting iodine volatility, introduce more
reactions, and cause kinetics (as opposed to thermodynamics) to become the dominant reglme
1nﬂuencmg iodine behaviour. The complex interactions therefore make it necessary to complement
the basic scientific databases with data from integral tests in conditions relevant to a nuclear plant
accident. Global and semi-global experiments, such as PHEBUS-FP, CAIMAN and RTF, are
important to identify integral effects and to support usable models for applications.

Overview of Experimental Homogeneous Phase Chemistry (p'reparcd'by Dr. S. Dickinson,
. AEA Technology, UK), '

Progress was made in understanding and quantifying inorganic iodine volatility from irradiated -
iodide solutions, focusing on the effects of pH temperature, I and O, concentration. On-line
measurernents of volatile species have eliminated problems of post~1rrad1aﬂon reactions, improving
the reliability of the data at high pH. All the experimental data confirm that jodine volatility
decreases strongly with i increasing pH, but the mechanisms are not completely understood at high

pH and low iodide concentration. Furthermore, atomic iodine may become the dominant inorganic



gas-phase species under these conditions, although the significance of this spcmes on iodine
volatility under actual reactor accident conditions is unclear at present. Work at elevated
temperature shows that iodine volatility is not a strong function of temperature over the range 25 -
125°C. Radiolytic production of L, in a solution is decreased at higher temperatures, largely due to
the activation e-nergy, of the I, - H,O, reaction. This counteracts the deércase in the partition
coefficient at high temperature, resulting in a maximum L, volatility at about 70°C. The reduction of
L, by H,0, plays a key role in determining the iodine volatility, and new kinetic data were obtained
for this reaction under pH conditions beyond the range of measurements on which the previously-
established mechanism was based. A mechanism was proposed which is consistent with earlier
wpfk in weakly acidic conditions but which leads to less L, reduction at pH > 7, significantly
improving the agreement of model predictions with experimental results in neutral and slightly
basic solution. There is strong evidence that the reaction is buffer-catalysed, but the mechanism is -
not fully established. The I, - H,O, reaction was also studied under acidic conditions (pH < 2)

where the mechanism is found to be very different.

Overview of Surface Processes (prepared by Dr. S. Hellmann, Siemens/KWU, Germany)

The work presented showed that the knowledge and insight of surface reactions has substantially
expanded since the last Iodine Workshop. Although interest focused primarily on containment
conditions, it was also demonstrated that vapour-aerosol interactions impact on iodine behaviour in
severe accident environments. The knowledgé of silver surfaces acting as an important iodine sink
was extended to accident-relevant temperatures. This topic appears to be drawing to an end, likely
to be concluded by a joint effort in the 4th European Framework Programme (1997-1998).
Regarding the role of paints, substantial progress was made in understanding chemical reactions
due to coatings and in quantifying the kinetics of deposition/resuspension at surfaces. Especially,
work from different authors confirmed the significance of the L, reduction to I by paints as a
reaction path‘ which reduces iodine volatility both in the sump and in the containment atmosphere.
There is general agreement on the need to extend the modelling of surface reactions by including

simple and robust correlations for mass transfer.




Overview of Thermodynamic and Kmetlc Studles (prepared by Dr. W. Kupferschmldt,
AECL/WL, Canada)

Substantial progress was made in advancing iodine modelling capability since the last Workshop.
The mechanistic models INSPECT and LIRIC 3.0 were substantially modified to better simulate
resul;; from bench-scale and Radioiodine Test Faeility experiments. Iﬁzpfovements include an
updatiog of the water radiolysis reactions and the mechanism for the reaction of L, with H,0,; the
latter is a result of a collaborative .program between AECL and AEA Technology. For both models,
agreement between experimehtal and calculated results was demonstrated over reasonably wide
 experimental conditions. This provides some assurance that our understanding of iodine behaviour
is steadily advancing. In addition, improvements were made to empirical models such as lMPAIR?:
and IODE. For the fomiéi; improi/ements include iodine transport between multiple compartments
and the ability to deal with changing boundary conditions (e.g., changing pH). Simulations of ‘
ACE/RTF Tests 3B and 4 using the updated IMPAIR3 were generally in good agreement with the
~experimental findings. Recent results from AEA and AECL bench-scale experiments were also
used to uﬁdate the IODE code.

Since the last Workshop, efforts were also. expended in developing or updating oiher ‘models.
Efforts are underway to develop a primary circuit iodine chemistry model, IMPRCS, Which would
eventually be included in IMPAIR3 as'a sub-model. In addition, models are being developed to
- calculate iodine release from liquid sodium pools, as part of Japan’s Fast Breeder Reactor program,

and CsI deposition in p1p1ng under severe accident condmons

*

‘Overview of Safety Appiications (pi'epared by Mr. J. Bardelay, IPSN, France)

The main objectives of accident studies are:

- accident prevention and management,




- consequence mitigation in terms of making adequate technical systems (spray, pH control,

filters, measurement devices etc.)

crisis management.

Due its radiological consequences, determination of the following ibdine release parameters is one
of the key issues of an accident analysis :

- jodine release quantity with a.special importance for short-term countermeasures,

- release kinetics which allow appropriate steps for accident management,

- important physical and chemical species to evaluate the efficiency of retention devices,

- environmental transport and biological effects. '

The open uncertainties can be divided in three categories: chemical reactions, mass transfer and
coupling between chemical reactions and mass transfers. Two chemical phenomena are very
important from the safety point of view:

- the radiolysis effect which creates molecular iodine and,

- organic iodine production, as they would be currently unfiltered during containment venting.

The mass transfers include different phenomena, that is, the iodine transport by evaporation and
condensation, convection patterns in the containment, adsorption/desorption on paints, scrubbing
effects and delay releases. All these phenomena are unequally important, but some are coupled with
chemieal reactions:

- adsorption/desorption on paints and orga}lic iodine behaviour,

- spray and iodine behaviour in containment,

- sump reactions,

- potential effect of combustion phenomena.

The choice of R&D priorities ‘(codes developments, validation experiments) depends on the
situation in each country but the choice must consider the objectives described above. It is essential
to study the phenomcna. in accordance with their importance towards the source term to the
environment. The link can be direct (effect of iodine behaviour in the reactor) or indirect
(preventive effect or mitigation procedures, systems etc.).

For the direct links, the major safety issues are the l_im_itation of gaseous iodine formation (effect of
basic pH), stability of potential trapping effects (reaction with silver and paints, re-entrainment

from filters) and the analysis of scale effect on mass transfers.
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For the direct links, the fbllowing questions can help to build a matrix of priorities:
- Prevention: _ |
What are the current ‘and future procedures linked to iodine problem prevenuon?
How are they or how will they be dimensioned and 1mp1emented‘7
What is or what will be the scheme for efficiency verification?
‘What are or what will be the administrative requirements for operating?
. ‘What are the consequences for the source-term? '
- Mitigation techniques (current and future);
. Passive systems (e.g.: soda addition)
. How are they or how will they be dimensioned and implemented?
-What are the consequénces on source-term? '
" Active systems (e.g.: containment sprays): ‘
In what form are they or will they take?
What are or what will be the criteria for operatmg the active systems?
What are the source term consequences if the systems are operating or not?
- Crisis management: |
‘What information is required to achieve a reliable di’agnosis during the accident?
v What tools are required to reliably predict the future course of the reactor accident?
. What is the situation today ? Is it acceptable?

It is possible, using the responses, to identify areas of our understanding which are inadequate.

11




Conclusions and Recommendations

General Conclusions

At the previous workshop(1991), conclusions of the status of our understanding of iodine chemistry
relevant to reactor safety were compiled and numerous recommendations were made as to the areas
where further work was needed to reduce significant uncertainties of iodine behaviour under

accident conditions. Included in these recommendations was the need to:

- bétter understand iodine interactions with c;rganic compounds and surfaces,

- establish the rates and mechanisms and H,0, and I, hydrolysis reactions,

- determine and quantify thev role of organic radiolysis on pH and iodine chemistry,

- identify the minimum pH required to suppress iodine volatility to acceptable levels under accident

conditions,

- ensure that surface phenomena are adequately addréssed in iodi_ne models, databases and codes,
- include the temperature dependence of reactions in iodine kinetic databases, and

- validate iodine codes/models against realistic integral data.

The papers presented at the 1996 iodine workshop have demonstrétcd that substantial progress was
made internationally in each of the above areas since the previous workshop. Although additional
research is still needed in several areas (see 'specific conclusions bclow), the nuclear industry is at a
point where it has become possible to define the principles of closure of iodine issues and to
prioritise' remaining issues that have an impact on the source term and accident management

strategies.

Outlined below are spéciﬁc conclusions arising from this workshop in the areas of homogenous
phase chemistry, surface reactions, mass transfer, modelling of iodine chemistry and applications to

analysis of severe accidents, and accident management and mitigation.
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Specific Conclusions

The following issues were identified during this workshop as being of particular relevance to

accident management or source term considerations:

Homogeneous Phase Iodine Chemistry

Iodine chemistry, both in -the liqﬁid and gaseous phase, can have an-important impact on the
“volatility of iodine within the containment following an acéident. The sump pH is the most
important parameter in determining the formation of volatile iodine in the aqueous-phase, and the
maintenance of a high pH could be an important accident management tool in many sequences. It is
therefore important that the factors leading to acidification of the sump - nitric acid formation,
radiolytic or thermal decomposition of organic materials from paiht and cable insulation are well
understood and quantified, which is not currently the case for all conditions of interest. The
radiolytic oxidation of I to I, is well understood at low pH, but some uncertainties remain
regarding the mechanism in alkaline solution, particularly at very low iodine concentrations. The |
sump temperanlrc is likely to be of secondary importance in determining iodine vblatility, and its
effect on inorganic iodine chemlstry are adequately understood However, there is a need for
further data at accident-relevant temperatures, parucularly concermng the hydrolys1s rates and
-part;UOn coefficients of organic iodides. Gas phase iodine chemistry is generally well understood,

particularly in dry air; however, there is a need for further data on the radiolytic oxidation of L, to

- 1073 in steam atmospheres.
Surface Reactions '

Reactions of iodine with structural or aerosol surfaces within the RCS could lead to changes in the
chemical form of the iodine which could change the source term to the containment. Reactions with
steel surfaces are generally well understood at ‘high RCS temperatures but are not as well
understood at lower containment temperatures. Reactions with aerosol particles are assumed to be‘

thermodynamically controlled, and this approaéh is satisfactory at high temperatures.
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'Reactions with surfaces in the containineht could affect the iodine volatility, either by permanent
trapping onto the surface, or by changing the chemical form of the iodine. Silver aerosol could be
an important iodine irap in the aqueous phase. The important factors affecting this reaction are

generally well understood, but further information is required on the effect of other anions (e.g.
NO; , CI') on the reaction kinetics, and on the radiation sfab_ility of the Agl product, particularly at

high dosc'rates. Data on the interaction of I, with Ag aerosol in the containment gas phaée are

limited but adequate, since this reaction would not have a large effect on iodine volatility.

Organic paints can also act as efficient iodine sinks; in addition, reaction with organic surface
materials may generate volatile organic iodides and convert I, to less volatile speciés (I' or soluble

organic iodides). There are many uncertainties still to be resolved in this area, in particular the

kinetics of iodine absorption and desorption, and the mechanism of organic iodide formation. The

effects of paint type, ageing and prototypic conditions of dose rate and temperature on the reactions

all need to be addressed. In addition to direct reactions with iodide, organic materials leached from

paint could have an important influence on the radiation chemistry of iodine, either via acid

formation (see above) or by competition in radical reéctions. More data are required before these

effects can be quantified. .

Reaction of gascdus jodine with inorganic paints (e.g. Zn primer) results in I, trapping and
reduction to ionic species. Understanding of this reaction is generally adequate, except under

condensing conditions where further data are required.

Reaction of gaseous iodine with dry steel surfaces would lead to temporary trapping of I; this
process is generally well understood but gas phase depositidn and desorption rates need to be
validated. Reaction with wet steel surfaces, in both the gas and water phases, leads in addition to

the reduction of I, to I"; quantification of this effect is adequate.

Very few data exist on the reaction of iodine with bare concrete surfaces; such reactions would not

be expected to have a significant impact on iodine volatility.

The decomposition of CsI to I, by hydrogen combustion is not well understood, and there is poor

agreement between the available data regarding the extent of decomposition and the influence of

thermal—'hydraulic conditions.




. Mass Transfer

The rate at which iodine is transferred between phases (sump, atmosphere, surface, spray, bubbles

etc.) can have a significant impact on:the gaseous species concentration. Uncertainties remdin as to

the mass transfer rates:
¢ from the sump to,tﬁg containmer;_t étmosphere, including the effect of sump boiling,
* from bubbles to the sump (pool scrubbing) including the effect of aerosel particles,

¢ from the éontainment, atmosphere to spray droplets, particularly the effects of pH and iodine

species concentration in the spray droplets, and

e for deposition onto surfaces, including the effects of wet surfaces.

Modelling of Todine Chemistry and Application to Analysfs of Severe Accidents

Phenomenolégical and mechanisﬁc modelling approaches were successfully applied in containment
iodine beha\;iour codes (IODE, IMPAIR 3 and LIRIC, INSPECT, respectively). The codes were
ﬁsed to predict iodine behaviour for given severe accident conditions. The uncertainties in the
predictions mainly stem from the uncertainties in the modelling_of several homogenous and
heterogeneous processes and mass transfer, as outlined in the previous - sections; in éddition there
are uncertainties in the thermal-hydraulic and aerosol conditions which affect the chemistry of
.iodine and its transport behaviour. The tHermodynamic database used in programé such as
VICTORIA is well established. Iiowever, the kinetic database, especially at high temperatures, and
useq in mechanistic codes, still needs further development. The databases used in the
phenomenological codes are valid only for the range of experimental conditions under which the
integral tests were conducted; care should be exercised not to extrapolate beyond that range. More

collaborative work is still needed to establish a common ground in comparison of the codes and the

databases employed.




Accident Management and Consequence Mitigation

The importance of pH of the reactor sump on iodine chemistry is well understood. Need for an -
‘adequate pH control is emphasised. Current research will improve the knowledge and decrease the
uncertainties involved in several reactions and interactions. However, there is a need to implement
the results of the past and current iodine research into better definition of requirements on the
efficiencies of the retention devices, accident managemcnt guidelines and procedures. To a large

extent, this work remains to be done
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Recommendations

of

The Programme Committee recommends the performance of an International Standard Problem as
the basis of an in-depth comparison of the models as well as conmbutmg to -the database for
vahdauon of iodine codes. The Programme Committee takes notes of a Canadlan offer to make the

results of an RTF test available for such an exercise.

The Programme Committee recommends that an updated iodine reaction database be maintained

for use by NEA Member countries.

It was apparent at the Workshop that the translation of the accumulated knowledge intc accident
management guidelines and procedures remains, to a large extent, to be done. The Programme
* Committee therefore recommends that a meeting specifically devoted to iodine chemistry aspects of

severe accident management and their planned or effective implementation, bringing together

researchers, regulatory bodies and utilities, should be convéned in the not too distant future,-

- probably as soon as 1998.

The Programme Committee recommends that CSNI-PWG4’s Task Group on Fission Product
Phenomena in the Primary Circuit and the Containment.(EPC) undertake to :

- define the principles of closure of iodine issues;
- draft a set of specific closure criteria; and

- prioritize remaining issues that have an impact on the source term and accident management

strategies.

The time-scale of this work should be such that a preliminary discussion document should be
.available by the time of the Workshop on iodine chemistry aspects of severe accident management
recommended for 1998. The Workshop will then review the document and provide useful mput for

its completion.
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Session Summaries




Session I: National and International Programmes - Integral and Intermediate Scale

Experiments (prepared by S. Giintay, PSI, Switzerland)

' Five papers presented at the Workshop provided an overview on the status of several programmes

conducted at the national and international levels.

The first paper described the international ACEX Program and summarised a part of five ACEX
activities concerning iodine behaviour, namely, quantifying the effects of organic reactions,

quantifying the effects of structural interactions, standardising the aqueous iodine kinetic database,
| specifying useful mass transfer models and defining a methodology for pH predictions. The ACEX
Program defined "closure’ criteria in terms of achieving a consensus on: reaching a state of
modelling which predicted the gaseous fraction of iodine within an order of magnitude; identifying
the main sinks and conditions for their stability; and understanding the impbrtant phenomena by
providing reasonable mechanistic explanations. The main objectives of the current activities are to
critically feview the iodine database obtained during the previous ACE Project and other openly
ayailable sources of data and ‘to reach consensus view on modelling. Areas identified as ‘remaining

issues needing further experimental work' will be co-ordinated and funded by the ACEX Project.

The second paper presented a comprehensive summary of iodine chemistry research in Canada and
its application to reactor safety. It was noted that future research in iodine chemistry in Cénadé is
expected to focus increasingly on applications and on the resolution of safety issues related to
iodine. Thé major recent advances reported enable a significantly improved understanding of iodine
chemistry in four areas. Kinetics and not thermodynamics is recognised as the major determinant of
iodine speciation, distribution and volatility. The key factor affecting iodine volatility above
solutions is pH. Aqueous organic impurities have an important but complex effect on iodine
volatility through the production of organic acids, the production of low molecular weighf organic
iodides and the production of high molecular weight iodides. Predictive capability appears to have
improved notably. Work is still needed on the mechanisms for release of organic impurities into the
aqueous phase and the their decompositioh schemes. Parallel modelling work is also needed. The
role of metal ions on iodine chemistry remains to be clarified. Finally, the suggestion that surfaces
may be sources of organic iodides needs further investigated. It was suggested that research
priorities should be guided increasingly by the need to close significant issues and to contribute to

the more important applications.
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* The third paper provided an overview on the research programme in France. The main objectives of

the French experimental programme on iodine are to understand and quantify important phenomena
in order to determine kinetic paramgtérs to be used in the French iodine code, IODE. Analytical (on
mass transfer, deposition, spray washout, etc.) and semi-integial experiments (CAIMAN), are used

to provide kinetic data The PHEBUS-FP Programme is an important source of data on integral

‘effects and 1nteract10ns with the thermal—hydrauhc and aerosol behaviour. In addition to the current

~ experimental programmes ‘a detailed experimental project was proposed in the framework of

CEC’s 4th Framework Programme (1997-1998) with AEA Technology and VTT to study the
following fﬁncipal organic iodine formation mechanisms : paint-iodine interaction in 12/I- aqueous
solutions and in gas phase; aerosol deposition on painted surfaces and formation from orgahic
matérials. Mass transfer under dry, condensing and isothermal conditions is studied in
PHEBUS/RTF 3 and 4, and CAIMAN. Further work is planned to investigate paint behaviour and

- paint trapping in reactor conditions in CAIMAN lodine washout by spray droplets will be

systemancally studied in the CARAIDAS experiments. Radiolysis experiments in the presence of
pamted surfaces indicated a substantial rTeduction of I, volatility when pH was increased from pH 5
to pH 8.2. Epoxy paint is demonstrated to be a powerful sink for gaseous jodine. More experiments
are planned to study the effect of integrated dose ahd temperature, initial iodide and iodine
concentrations and the buffer effect of the solution and perturbing ions. The PHEBUS FPTO test
exhibited that iodine was completely released from the fuel. A significant iodine fraction had
behaved differently and could be composed of either gaseous iodine or small-size iodine aerosols. -
An increased éo_ncenn'ation of insoluble iodine species in the sump after containment washing

suggested that Agl was present in the sump.

The fourth paper summarised the Commission of the European Communities activities relatéd @
iodine. The CEC co-ordinates and cosponsors extensive direct research in Laboratories of Joint
Research Centres, JRC Ispra and the JRC Institute for Transuranium Elements in Karlsruhe. It also
supports indirect research with three types of contracts, namely: the ;Study', the Reinforced
Concerted Action and the Shared Cost Action. The main aim is to reduce the uncertainty associated
with the impact of aerosols, mass transfer and forrﬁation of organic iodide. A specific research
programme was just started to study several issues, particularly, the effect of silver on iodine
volatility, as identified in the PHEBUS FPTO test.
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The final paper reviewed the principai findings from phase 2 of the Radioiodine Test Facility -
(RTF) experimental programme. A series of tests were conducted in a vinyl-coated carbon steel
vessel in both the presence and absence of radiation. This test series clearly demonstrated that
organics released from the surface coatings to the sump can result in a dramatic decrease in pH and
dissolved oxygen concentration, which in turn, result in increased formation of elemental iodine, in
particular, as well as organic iodides. Similar behaviour was noted when methyl ethyl ketone was
added separately. In the absence of radiation, low iodine volatility was observed throughout the
test. These observations are consistent with the radiolytic oxidation of organics to acids, which
result in decreased pH and elemental iodine formation. This programme also demonstrated the
value of maintaining alkaline pH conditions in the sumpj in tests conducted in high radiation fields,
jodine volatility was more than.an order of magnitude lower when the pH was held at 10 as
éompared to tests in which the pH was allowed to become acidic. The negative aspects of the vinyl
coating (i.e., organic release with resulting increased iodine volatility) were partially compensated
for by the coating’s affinity for gaseous elemental iodine; up to 75% of the original iodine
inventory was found to be adsorbed‘on surfaces in contact with the gas phase. Most of the adsorbed
iodine appeared to be irreversibly retained by the coating. This paper also outlined the effects of
hydrazine addition and venting on iodine behaviour.
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Session II: Experimental Homogeneous Phase Chemistry (prepared by Dr.S. Dickinson, AEA
Technolqu, UK)

The first four papers in this session described experimental studies of the volatility of iodine from

irradiated dilute aqﬁeous iodine solutions under a rangé of conditions. Sims et al. used a sparging
technique in which the volatile species formed during the irradiation of an “I-labelled solution

were removed by bubbling a gas through the solution. The volatile species were thus transferred to

a ﬁap in which the iodine concentration was contiriuously monitored. This on-line technique

eliminéted the problems of post-irradiation reactions which had introduced uncertainties in previous _
experimental results, particularly at high pH., Experiments were performed over a range of
conditions of pH, dose rate, temperature, iodide concentration, sparge gas composition, impurities
and phosphate concentration, and a comparison of the experimental data with the predictions of a
mechanistic model were presented in a later session. The experiments confirmed earlier findings
that iodine volatility decreased with increasing solﬁtion PH, but the effect was less than predicted
by mechanistic models. This -discrepancy was attributed partly to the increasing importance of
atomic iodine as a volatile species at high pH, and thermodynamic data from the literature were
used to calculate a partition coefficient for I of 1.9 at 20°C. The reaction of H,0, with I, and other
radiolysis products was shown to be important in determining the iodine volatility; a detailed study

of the kinetics of these reactions was the subject of a separate paper.

Further nieasurements of the 'i_od'ine volatilisation rate from irradiated soluﬁons were presented by
Evans. In these experiments, iodine mass transfer out of sohition was not forced by a gas flow, and
extensive supporting.' experiments were done to define the interfacial mass transfer rate in the
experimental apparatus under different conditions. It was found that the liquid- and gas-phase mass
transfer coefficients could be changed by a order of magnitude.by varying the liquid volume and
stu'rmg rate. The measured iodine volatilisation rates were compared with model predlctlons over a
range of pH, and the predicted values were found to be much closer to the expenmental results at
pH 7 and .above when atomic I was considered as a volatile species. Whilst the model correctly
predicted the trend towards decreased volatility at high pH, there was a consistent discrepancy
between the theoretical and experimental results. Since the measured iodine volatility was lower
than predicted, considerable effort was made to investigate factors which may have decreased the

iodine volatilisation rates in the apparatus, such as reaction with the stainless steel surfaces, the




H,PO, buffer, or materials from the charcoal traps and dissolved oxygen probe. None of these were

found to have a significant impact on the results.

The third paper investigated the effects of nitrogen and oxygen on the radiolysis of iodide solutions.
The presence of oxygen in solution reduced the amount of oxidation of I to I,, and the importance

of H;0, as a reductant for iodine was reiterated. An analytical model was formulated which
predicted the formatioh of 103, H, and O, in good agreement with experiments. The presence of a
100-fold excess of chloride ions did not affect the radidlysis of dilute ‘iodide solutions. The yields
of NOj ions in N2/02/I-120 mixtures wcre. measured as a function of absorbed dose, and the G

values were found to be 3.5 and 2.4 / 100eV absorbed by N, in the gas and liquid phases
respectively. The concentration of nitric acid which would be formed in the suppression pool in a
BWR severe accident was estimated to be about 10° M, which would not significantly lower the
pH. It was noted that the main source of nitrate ions in this assessment was the gas phase, and that

the gas/liquid volume ratio was much smaller than would be the case in a PWR containment.

“The fourth paper described a Smdy of the effect of temperature on iodine volatility from irradiated
iodide solutions in the range 40 to 130°C. These experiments showed that the radiolytic production
of 1, in solution decreases at higher temperatures, which counteracts the decrease in partition .
coefficient and results in a maximum I, volatility at about 70°C. The experimental data were
interpreted on the basis that the reaction between I, and H,O, determined the temperature
dependence. Rate constants for the reaction were inferred and found to be in agreement with
literatufe‘ data for the assumed mechanism. The presence of boric acid in solution was found to
decrease the rate of reduction of I, by H,0,, a result which is not consistent with buffer effects

found in other work.

The fifth paper in this sessioh described an on-line method for the measurement of low
concentrations of I, in the gas phase. The technique was based upon detecting the microstructure of
the I, absorption in the range 520 to 560 nm, using a “white cell” technique with a high number of
traversals to increase the sensitivity. An advantage of the technique is that it is not subject to
interference from particles or other gases, and can be used in a combined system for aerosol and
iodine monitoring. The method was applied to the study of I, formation from CsI under thermal
stress. It was found that 12 to 14% decomposition of Csl occurred at 500°C in a hydrogen flame,
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‘Whereas less I, was liberated in the presence of steam, or under thermal stress in the absence of a

flame. The I, concentrations measured in this work were in the range 10" to 10® mol dm™.

The next paper described a kinetic study of the reduction of iodine by hydroxylamine, which is of
interest in the development of spent fuel reprocessing procedures. Spectrophotometric and
voltame&i§ techniques were used to monitor the concentrations of I', I, and I3. The reaction was
showh to be highly complex, involving four competing reactions. Although the particular reaction
under study was hot of direct relevance to reactor accident studies, this paper illustrated the

similarity of problems in different fields concerning the application of experimental kinetic studies .

_ to the elucidation of complex reaction mechanisms.

The last two papers in this session described experimental studies of the reaction between I, and
H,0,. Ball et al had used a stopped-flow technique to study the reaction kinetics in neutral and
slightly alkaline solutions as a function of acid, iodide, peroxide and buffer concentration. It was
found that thé inverse square dependence of the rate on the H' ion concentration, found in earlier
studies in slightly acidic solutions, did not hold under these conditions. Two possible mechanisms
were therefore proposed, both involving HOOI as an intermediate, which adequately described the
experimental data and were equivalent to the previously-accepted mechanism at lower pH. Rate
constants for the different reaction steps were inferred from the experimental data; where these
could be directly compared with literature values, the agreement was good. The work also
confirmed that the reaction by buffers such as phosphate or barbital, although the nature of the

catalysis is still not understood.

In the final papér, Cantrel described studies of the I, - H,O, reaction under more acidic conditions
(pH < 2). The méchaﬁism under these conditions is very different from that discussed in the
previous paper, with I, being oxidised to IO;. Spectrophotometric and amperometric techniques |
were used to monitor the concentrations of I, and I'. The reaction was concluded to be a two-stage
process, the first step being zero-order in [L,], and the second step being first-order. The kinetic
data for the second step were in good agreement with previous determinations, and the rate
determining step was thought to be the hydrolysis of I, to H20i*. Further work vwas'underway to
establish a mechanistic model for the reaction. It was noted in the diScussion that some of the

reactions postulated in this work were very different from accepted radiochemistry mechanisms,

and that there was a need to try and resolve these differences.




One of the subjects of the general discussion of this session was the relative importance of
radiochemical and mass transfer processes on iodine volatility in a real accident situation. It was
stressed that, if iodine is released to the containment as caesium iodide, radiolysis is the only
process which would lead to I, formation. The need for kinetic data at high temperature,
particularly for the thermal reactions, was also highlighted although it is thought to be conservative

to use room temperature data for accident analyses.

It was observed that there is a good understandmg of the chemistry under the conditions which
would lead to the most severe consequences: high iodine concentrations and low pH. The
uncertamty is greater under conditions which would lead to less severe consequences, but these are
the conditions which it was hoped would be achieved. It is therefore important to understand the
mechanisms underlying the pH effect in order to establish the conditions required to reduce the
iodine volatility and to be sure that any measures taken to achieve these conditions will be
effective. To this end, detailed consideration of factors which could change the pH is required.
Finally, more contact between researchers and safety case workers is needed to define the

requirements for closure of this issue.
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Session III: Surface Processes (prepared by Dr. S. Hellmann, Siemens/KWU, Germany)

In this session seven papers were presented. Four papers dealt with the reactions of iodine with

* coatings, both in the gas phaée and in the liquid phase. One paper focused on the interaction of

iodine vapours with cadmium aerosols. The role of silver surfaces for the retention of iodine in the

sump was- highlighted by another paper. Also views on how to prevent orgamc iodide formation in

BWRs were presented.

In the first paper, presented by the University of Toronto, the gas phase adsorétion of mélecular
iodine and the desorption from an inorganic zinc based primer were studied at 23 - 90 °C The
authors showed that the adsorption velocity is dependent on temperature and humldlty, which in
turn controls the amount of water present on the surface. Rapid adsorption, which was
predominantly mass transfer limited at room temperature decreased by about one order of
magnitude on proceeding from high to. low humidity. It was confirmed that the rate law is first
order, which allows a ,straightférward modelling of this process. Most of the surface iodine was
chemisorbed in ionic form, of which only one third could be resolved to be iodide. Consistent with
this f’mding,'desorption rates were low. Hovﬁ:ver, the easy removal of the ionic iodine with water
suggests that previously adsorbed iodine (I,) will be effectively washed down from containment

walls into sumps, after conversion into ionic form.

The second paper summarised studies ’By AEA Technology on the interaction of iodine vapours
with Cd aerosols. The reaction kinetics, monitored by a laser fluorescence technique over a range of
temperatures (20 - 350 °C), showed that the reaction is first order with respect to cadmium and
iodine. The relatively high velocity of this reaction (half life of 0.3 s) confirmed that the
assumption used in primary circuit codes such as VICTORIA of a mass-transfer limited reaction is
clearly justified. Analysis of the. aerosol morphology showed that the volatility of the cadmium
iodide played a significant role, leading to co-condensation as an important mechanistic step. The
existing multi-component model in VICTORIA_is deemed suitable for caseé where the saturated
vai)our pressures of the reaction product and one of the reagents (present in excess) are similar.
However, the majority of the cases will reéluire a model in which layers of volatile material are
deposited oﬁ a low-volatile pnmary particle. Further studies are recommended to ’tést .the
assumption that all reactions in the primary circuit are mass-transfer limited and to provide insight

into the mechanism of formation of multi-component aerosol particles.




The third paper, contributed by Siemens KWU, presented the results of an experimental parameter
study on the reaction kinetics of"iodinc and suspended silver particles in solution. Both molecular
iodine and iodide were studied under a variety of accident-relevant parameters including
temperatures of up to 160 °C, however without radiation. The initially fast silver-iodine reéction is
followed by a slower reaction phase. The reason for this behaviour could not be resolved. However,
it does not depend on the formation of Agl layers on the silver participles. The majority of the
parameter changes (temperature, iodine concentration, nature of silver, pH, boric acid) did not have
a significant influence on the kinetic rate constants. As can be expected for fast reactions, however,
the importance of including mass transfer contributions when modelling the whole process was
highlighted. One important result in terms of source term significance is that the reaction of I' with
Ag to yield Agl requires oxygen in solution. Therefore, in the case of boiling sumps, this reaction
path has to be neglected. Furthermore, a suitable kinetic modelling approach for the silver-iodine
reaction in iodine codes was proposed. Additionally, inconsistencies of the solubility of Agl at
containment-relevant temperatures were resolved. In the discussion it was emphasised that the
radiation stability of Agl at a high dose rate is still an uncertainty. However, it is expected that this
open point will be clarified by an European Commission programme already under way which aims

at a concluding rationale for the silver-iodine issue.

In the fourth paper results from a comprehensive research programme conducted by AECL
Whiteshell were prescnted.' This programme dealt with the influence of painted surfaces on iodine
volatility under postulated reactor accident conditions. The main objective of the study was to
assess the effects of radiolysis of organic compounds in the aqueous phase, thermal and radiolytic
formation and decomposition of organic iodidés, leaching of organic solvents from painted
surfaces, and gas-phase adsorption and desorption of iodine on painted surfaces. To this end, the
RTF facility is an important source of information on a semi-integral scale and is complemented by
bench-scale separate effects tcsts: The studies show that organic compounds leached from various
paints decrease the pH and dissolved oxygen concentration of the sump water, two key factors
affecting iodine 'volatil'it'y through increased formation of I, from I' in the presence of radiation. The
rates of these processes appear to be linked to the dissolution (“leaching™) kinetics. The paper
concludes that organic iodide formation will predominantly take place in the aqueous phase
(thermal and radiolyﬁc reactions) and not on surfaces or in the gas phase. Additionally,ihe authors

recommend that future efforts to model organic iodide formation should incorporate soluble higher
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molecular weight organic iodides, as these may have more impact on the total iodine volatility than
methyl iodide.

The fifth paper, contributed by Siemens KWU, outlined efforts to induce kinetic rate cohstants for
the deposition and reguspension processes at epoxy-type coatings, both in the gas and in the liquid
phase. The tests were especially designed to yield information at accident-relevant containment
temperatures, in dry and wet steam for .gas phase tests, however without radiation. In thc'gas phase -
~ the interaction of iodine ‘with the éurface is strongly dependent on steam condensation. In a dry
atmosphere (air, dry steam) I, is rapidly absorbed and then released in comparable amounts as L,
and organic iodide. In agreement with other results presented in this session, the deposiﬁon pfocess
appeared to be mass transfer limited. In condensing steam, the resuspension is governed by the
release of iodide, thus leading to an overall reduction of molecular iodine in the containment
atmosphere. The liquid phasé tests showed that the rapid I, absorption is efficiently counteracted by .
an L/T-conversion at.temperatures of 90°C and higher. This reduction reaction, due to reducing
agents leachcd from the paint, proceeds with a half-life time of about 30 min and needs to be
included in modellmg In paralle]l with thc results of the gas phase tests under steam condensation,
jodine is predominantly re-suspended at these temperatures as iodide whereds organic iodide release
is insignificant. It was concluded that both the jodide resuspension from epoxy paints in wet steam
and the L/T-conversion due to these coatings in the sump may significantly contribute towards

decreasing volatile iodine in the containment atmosphere.

The sixth paper, presehted by IPSN, was devoted to the adsorption process of molecular iodine onto
epoxy coatings in the gas phase. ‘This study aimed at quantifying the I, mass transfer contribution to
the absorption kinetics under conditions relevant to a hypothetical severe accident. To this end, a
series of experiments conducted over the temperature range 28 - 130°C with varying humidity of
the carrier gas and employing painted samples with or without therm"al pre-treatment, were carried
out. From the experimentally determined initial deposition rate constant and the calculated
- corresponding mass transfer coefficient the (chemical) surface reaction rate constant was inferred.
The main conclusions from this study were that the interaction is essentially chemical in nature. In
air the I-epoxy paint mass transfer is limited by the chemical interaction of I, with. the painted
surface. In the presence of steam, however, the chemical reactivity of L, with the paint is enhanced
and leads in turn to an evolution of the limiting phase of the overall process. In some cases the

dei)osiﬁon velocity appeared to be limited by mass transfer rather than the chemical surface




reaction. In conditions relevant to a reactor accident, this study highlights the important role of

humidity on the I, trapping onto the epoxy paint.

The final paper of the session was a collaborative effort between the Finnish Centre for Raidiation
and Nuclear Safety (STUK) and VTT on the prevention of organic iodide formation in BWRs. The
special role of organic iodide results from the fact that accident measures such as filters and sprays
are much less effective with organic iodide than with other jodine forms. In certain conditibns the
maih production route for organic jodide is estimated to proceed via rﬁblyﬁcﬂly produced organic
radicals and molecular iodine. Sources for organic materials are abundant, e.g. methane following
boron carbide oxidation and pyrolysis of cables. To suppress organic iodide formation it would be
necessary to maintain a high pH. However, this measure could also have adverse effects in terms of
accelerated corrosion rates of containment materials notably zinc and aluminium. To shed light on

this issue a study was initiated by STUK.

The session concluded with a discussion period. The importance of mass transfer was stressed and
the need was emphasised to include simple and robust correlations in the codes. Generally, it was
- felt that the role of paint is much better understood, howcvér, a conclusive picture is not achieved
yet. For example, the reduction of I, to I appéars to be much more significant than the
adsorption/desorption of iodine as organic iqdine but this needs to be'quantiﬁéd. A “unified* theory
of organic iodide formation is deemed very difficult to achieve as the boundary conditions for

iodine chemistry (e.g. paint type, temperature, dry or wet atmosphere, B/y dose rate) vary very

much for different countries and reactor types. However, it is expected that the expertise brought
together in well defined international programmes such as ACEX, CEC’s 4th Framework
Programme and PHEBUS will lead to a concluding rationale for single topics.
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Session IV_: Thermodynamic and Kinetic Studies (prepared by Dr. W. Kupferschmidt,
AECL/WL, Canada)

. Seven papers were presented in this session. One paper dealt with evaporati've release of ﬁ§sion
products from liquid sodium pool reactors. Two other papers dealt with modelling iodine behaviour
" in the primary circuit, one focusing on gas and aqﬁeous phase chemistry while the other
" investigated the deposition of vapqrised CsI. on piping. The remaining four papers focused on

containment aspects of modelling iodine behaviour in water-cooled reactors.

The first paper, presented by PNC (Japan), dealt with the development and validation. of anaiytical
models for volatile fission product release.fr‘om liquid sodium pools in sodium-cooled Faét Breedér
Reactors (FBR) under accident conditions. The authors developed and assessed three analytical
models for the transient release rates of sodiuni '(Na) and fission product iodine (the latter as Nal).

The results of these models were then compared with actual-release rates of Na and Nal in the

FRAT-1 test rig. The sodium release rate observed in the FRAT-1 test was conservatively

' .modelled using a model based on heterogeneous nucleaﬁdn theory,y wheréas Nal release was best
modelled using Hill’s theory. The authors acknowledged that .further studies on fission product

vaporisation relevant to FBR’s are needed in order to develop better release models.

.The second paper, jointly authored by the Paul Scherrer Institute and Los Alamos Technical
Associates Inc., presented recent work on expanding the modelling capability of IMPAIR3,
primarily a containment chemistry code, in support of the US Department of Energy’,é Advanced
Reactor Severe Accident Program (ARSAP). This involved the development of a stand-alone
. iodine chemistry program IMPRCS' (IMPAIR—Reactof Coolant System) which utilises a
thermochemical equilibrium iodine model i)revidusly developed for high temperature conditions;
Ten elementary iodine reac_tions,‘ involving éaesium, iodiné, hydrogen and steam ‘are modelled in
IMPRCS; in its current version, IMPRCS also calculates surface deposition of selected iodine
species as well as iodine and caesium RCS releases using rate constant values applied to the input

by the modeller. A preliminary evaluation of IMPRCS against several test problems rele\}ant to a

small-break loss of coolant accident, designed spécifically for the Advanced Light Water Reactor,

was judged to be acceptable (i.e., dominant iodine release from RCS is in the form of CsI).

However, the authors acknowledged that further assessment of the rate coefficients in IMPRCS is

<«

needed and that actual release models for Cs and I from fuel or core _débris must be added, as well |




‘as models for deposition/desorption phenomena. Future work will also include the implementation
of IMPRCS as a subroutine within IMPAIR3. Discussion of this paper focused primarily on
whether there was a need to model RCS chemistry kinetically versus thermodynamically,'given th;:
high temperatures within the RCS. |

The third paper outlined recent efforts at the Paul Scherrer Institute (PSI) to assess IMPAIR3
against selected cxpcriinents conducted within the Advanced Containment Experiment (ACE)
Radioiodine Test Facility experimental programme. In particular, the IMPAIR3 code, which was
recently updated from IMPAIR 2.2 to include iodine transport between multiple compartments,
changing sump pH and releases to the environment, was compared against results from ACE/RTF
Tests 3B and 4. In general, the comparison between experimental and calculated results was
reasonable; IMPAIR3 demonstrated it is capable of handling changing boundary conditions and
reproduced most of the trends observed in these tests. In particular, the total iodine partition
coefficient was routinely calculated to be within an order of magnitudé of that observéd
experimentally. However, significant discrepancies between calculation and experiment were
observed in some aspects of ACE/RTF Test 4, in particular, molecular iodine concentrations in the
gas and aqueous phase during the acidic stage. The authors noted the need for more data to further
validate the various models contained within IMPAIR3.

The fourth paper, a contribution from IPSN-Cadarache, outlined efforts to utilise the results from
bench-scale experiments conducted at AEA-Harwell and AECL-Whiteshell to update the French
IODE code. In particular, using the AEA work on the radiolytic oxidation of I' determined as a
function of A dose, pH, temperature, gas flow rate-and I' concentration, the authors empirically fitted
the results to two reactions within JODE: the aqueous phase radiolytic oxidation of T to L, and the
radiolytic reduction of iodate to I'. This version of IODE was then used to simulate results from the
AECL bench-scale studies on iodine behaviour in the presence of ripilon-coated coupons; in
general, good agreement on the éxtcnt of surface adsorption was obtained between calculation and
experiment. Where differences were observed, the authors suggested that in addition to L, I may
also adsorb on surfaces in contact with aqueous solution. Such a reaction is not currently included
within IODE. | | |

The fifth and sixth papers in the Session, contributed by AEA-Harwell and AECL Whiteshell,
outlined recent modifications to the mechanistic models INSPECT and LIRIC. For the former,

 significant improvements include updated rate constants and activation energies for the water
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radiol&sis reactiéns,modiﬁcdmecﬁmﬁsms and rate constants for the I, hydrolysis reaction and the
reaction of I, with hydrogen peroxide, an additional mechanism for the disproporu'onation of O,
* and inclusion of atomic iodine (I) as a volatile species. These changes to INSPECT have resulicd in
improved modelling of iodine volatility over a wider pH raﬁge, although iodine volatility is still
.underpre&icted at pH 8 and above. The authors also purport that the effects of temperature and

. oXygen concentrations in the gas phase are well modelled by INSPECT. Similarly, the LIRIC 3.0 |
paper focused on the areas wheré significant improvements Were made since the model was last
reported (in 1991 as LIRIC 2.0). In parficular, LIRIC 3.0 was critically evaluated for self-
consistency and numerous additions were made, including sub-models on organic radiolysis,
thermal and radiolytic organic formation, trace metal reactions and surface adsorpﬁon/desorpﬁbn

processes. Results from recent pulse radiolysis studies on iodine radiolysis reactions were also

- added to LIRIC 3.0, as has new mechanistic information on the I-H.0, reaction. The LIRIC 3.0

* paper also outlined numerous simulations of various Radioiodine Test Facility experiments,
including -experiments in- stainless steel and vinyl- and epoxy-coated vessels. In general,
experimental and calculated results were in good agreement, often within a factor of three.
However, the authors noted that several areas of uncertainty still remain. These include choosing,
for actual containinent conditions, effective metal ion concentraﬁons, which can significantly
influence iodine chemistry, and appropriate rate constants for adsorption/desorption processes.
Also, modelling the effects of -organic surfaces on the time-dependent behaviour of pH, dissolved
oxygen concentrétion and organic iodine formation is not yet adequate. Discussions following the
latter paper focused on the need to obtain additional data on the effects of aged containment paints

on iodine behaviour.

The final paper of the Session was a collaborative effort between JAERI and the Toshiba Advanced
System Corporation on the dcposmon of vaporised CsI on piping under severe accident condmons
This contribution outhned recent studies within JAERI’s WAVE (Wide range Aerosol model
VErification) facility and attempts to analyse the experimental results using the SPRAC, ART and
VICTORIA codes. This work rcveél,ed that the nature of the carrier gas impacted: significantly on
the extent and nature of CsI deposition in the piping. In tests done with nitrogen carrier gas, the
authors state that aerosol deposition was consistent with thefmophoresis dominating aerosol
deposition and that the experimental results were adequately modelled -by the three codes
‘previously citéd. However, in tests with superheated steam as carrier gas, the deposited aerosols

were appreciably larger than with nitrogen as carrier gas. The authors note that existing aerosol




growth models in ART and VICTORIA cannot account for this observation; only by - arbitrarily
increasing the aerosol size in the ART calculations were the authors able to simmlate the

experimental findings. Further experimental and modelling work in this area was recommended.

The Session concluded with a discussion period focusing on whéther there was a need to
“harmonise the different national codes and databases on iodine chemistry. At present, various
modelling strategies are being developed which range from being predominantly empirical (IODE,
IMPAIR 3.0) fo mechanistic INSPECT, LIRIC 3.0) in nature. Although the participants generally
expressed intércst in maintaining close contacts with programs in other countries, it was judged that
developing a mechanism to co-ordinate iodine model development amongst NEA Member

countries would be impractical.
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Session V: Safety Applications (prepared by Mr. J. Bardelay, IPSN, France)

Six papers were presented in this session. The first paper dealt with Tellurium (Te) behaviour in
CANDU reactors. The other ‘presentations can be classified in two categories: reactor calculations

~ and phenomena modelization (pool scrubbing).

The aimi of the first paper was to provide some information on the chemical behaviour of the fission
product Te under severe accident conditions. It can be transported, under these conditions, within
the RCS as SnTe, Cs,Te and Tez. Their behaviour depends on the type of accident scenario. Te can
contribute directly to iodine volatility since the isotope, *'Te, is a precursor of the iodine isotope,
1132

However, the authors noted that under most circumstances, Te does not contribute significantly

to fission product release.

Reactor calculations’

-The second paper descnbed iodine behaviour calcnlatrons using the FIPLOC/IMPAIR code for an

accident in a German plant.

The FIFLOC code is-an integrated program which uses lumped parameter techniques. It can be
used, with some linked modules, to analyse thermal-hydraulics (RALOC 2.1 module), aerosol
behaviour (MAEROS, MGA MONAM, SPARC modules) and iodine behaviour (IMPAIR3). It

considers the fission product decay

| The calculated scenario ‘was initiated by loss of main feed water supply to steam generators and the
four redundant (mactrve) auxiliary feed water systems Fourteen hours after the acmdent start, the
core melt makes contact with the sump. Several hours from start, the venting system is started‘
(containment pressure: 6 bar). Regarding iodine behaviour, the calculated results show that the
different species are unevenly disnibutcd within the containment. Two hours after its release, Csl is

higher between the concrete wall around the inner compartment and the steel shell of the
containment. The dominant species in the sump are I' and 1073, followed by HOI and L. The
concentration of orgamc species is very low. Initially there is a high I, concentratron in the gas

phase which decreases due to oxidation by ozone producing eventually iodate. Hence the release to

the environment is dominated by iodate, the amount of other species being more than two orders of

A}

magnitude lower.




This calculation depends on different hypothesis. In particular, the iodate production is described '
by a model based on experimental results obtained from a dry atmosphere. Hence, it should be
important to verify the model’s validity using data obtained in experiments performed under wet

atmosphere conditions(see recommendations).

The third paper was devoted to a work based on iodine behaviour in two types of scenarios. Data
were obtained using each of the threc codes: INSPECT, IODE and IMPAIR. The purpose of the

work was to identify the most 1mportant models and data for the evaluation of release.

The first code is a ‘mechanistic -che’ and the others are ‘semi-embirical’ codes. The difference
between them was discussed during Session IV of the Workshop. An important mechanism, under
condensing conditions, which reduces the amount of leakage is the iodine returning to the sump
after depositing on gas phase surfaces. Organic iodine is not modelled in INSPECT.

The scenarios which were studied are large LOCA and a by-pass into auxiliary buildings. The plant
model was Sizewell-B. In the LOCA sequence, the cumulative leakage given by the three codes are

not signiﬁcantiy different when sump pH is not controlled. The radiolytic production of nitric acid
| could be a major factor in pH determination. When the pH is controlled (pH 8), the three codes
predict that the oxidation of iodine to produce gas phase species does not make a significant
contribution to the source term. In the case of by-pass, the content of the RCS is discharged into a
water pool in the pump room (auxiliary building). The I, fraction available for release depends on
competition between mass transfer and Agl formation. If the water is not boiling, all the codes
predict a leakage of <2% (iodine reacts with silver). If water is boiling, between 25% and 65% of
iodine will leak out of the building. These results are given for 5 um silver particle size. There is an

inverse relationship between silver particle size and production of silver iodide.

The fourth paper is divided in ,tw‘o parts. Firstly a description of the ACT WATCH code, which

allows an improved understanding of essential mechanisms, and secondly, reactor applications.

ACT WATCH is a code which calculates the beheviour of the chemical compounds and activity
transfer during a reactor accident. The thermal-hydraulic description of the accident sequence needs
to be defined by the user. The code allows the study of iodine behaviour and the relative significance

of various chemical forms and limiting factors. At present 15 different compounds (including pH
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additives such as H3BO;, NH; and KOH) and 50 reactions are allowed in the code. The reéetion :

equilibria depend on temperature. The activities and chemical effects are calculated simultaneously.

Regarding reﬁctor applications, the studied scenario was a LOCA with a discharge of RCS in.the
steam generator room (lower compartment). The plant model was Lovnsa which is equipped with an
Emergency Core Coolant system which feeds safety injection and a containment spray system
LOCA is a des1gn basis acmdent for Loviisa NPP. When steam is purged mto the lower
compartment, it passes through ice condensers (whlch include pH additives) into the main volume of
containment. Due to contamment pressurisation, there is a leakage from the main volume to the
outer annulus. The lower compartment and the outer annulus are ventilated and the gases are
collected through filters into the stack. The calculations show that there is a hxgh HOI release due to _
I; hydrolysis at high temperature. I is produced from I by radiolysis near the reactor core. I and
788t

HOTI are transferred to the gas phase via boiling of the coolant. The total cumulative

ac‘dvity
 releases at the stack are ~ 8. 10" Bq (HOI volatile) and ~ 4.10" Bq (HOI non-volatile). '

Comment on reactor calculations

The different scenarios which were calculated consider accident management and mitigation
aspects such as sprays. They show, however, that the results depend on the applied hypothesis and
data. ' '

For safety considerations, a ‘best-estimate’ source-term evaluation must include the followin
. . g

steps:
- First the chosen code must be well established in terms of:

. validation limits: ,
for example: FIPLOC/IMPAIR predlcts iodate main released spe01es into the environment,
- but the 103 3 formauon model (gas space) is not vahdated for wet condmons How vahd are

" the results ?

. uncertainties:

for example: how reliable are the kinetics constants ?




. scale effects
for example: how valid are analytical experiments performed in a cell for reactor accident

cases?
principal parameters and modelisation.
- Second, the source-term evaluation must include calculations on:

different scenarios close to the principal scenario to generate a matrix estimation:

for example: what are the effects if spraying is delayed ?

some parametric studies to take account of the code’s weaknesses (see ab‘ové)
code effects

for example: what are tﬁe consequences of a new containment nodalization ?

In addition the results must always be criticised, in particular, by a comparison with calculations

using other codes, if possible, using the same boundary conditions and phenomena.

The working method allows criticism of operator plan of actions in terms of prevention and
mitigation. As regards crisis management, scenario calculations allow one to predict the evaluation

of an hypothetical accident by comparing the real situation with these former calculations.

Pool scrubbing phenomena

The goal of the fifth paper was to summarise the models for pool scrubbing of gaseous iodine
components in the codes BUSCA, SPARC and SUPRA, to discuss the validation and to give an

assessment of the state of knowledge and the open questions.

In BUSCA, 1, and HI are considered (HI is treated like a non-soluble gas). The injection zone and
pool surface zone are not modelled. In the bubble rise zone, I, removal is calculated for a bubble of
spherical cap shape, where diffusion coefficients are determined for the gas and liquid sides of the
upper curved surface, while for the flat base only the liquid side mass transfer is taken into account.
Diffusive transport on the liquid and gas side are coupled by a Hcmy number at the interface. The
Henry number is essential for calculating I, déposition.
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In SPARC the species L, and CH,I are considered. The code has a model which estimates the L,
deposition on hygroscopic aerosols in the primary system before the injection into the pool The
- three zones are modelled. In the bubble rise zone, removal processes are calculated taking dissolved

v aerosols into account. The effects of temperature and pool pH are also considered.

In SUPRA,; gas species are I, CH,I, and CsI. The injection zone is' not simulated The models for
the bubble rise zone are similar for all codes. Heat ‘and mass transfer at the pool surface are
descnbed

To improve the codes, the authors recommend to include the effect on pool pH due to the deposited
alkaline aerosols and the coupling between containment thermal-hydraulics and pool scrubbing
models. Further work appears necessary in the context of modelisation (e.g. scrubbing in the

injection zone, resuspension in pool surface zone etc.), chemistry and validation using recent data.
The sixth and last paper extends the previous paper by focusing on the BUSCA and SPARC codes.

- After a presentation of available experimental data and different models description, sensitivity
analysis was presented, the initial conditions for analysis corresponding to the scenario of the
LACE-Espena program. The variables examined were pool temperature, incoming iodine
| cdncentration and steam mass fraction of the injected gas. The results show a different sensitivity to .
the incoming iodine concentration because BUSCA does not consider chemical interactions in

water. The incoming I, concentration may play an important role on the SPARC predictions.

An assessment of the two codes was performed on UKAEA experiments. The calculations show
that SPARC follows the experimental trend (small and large scale experiments) whereas BUSCA |
does not(large scale experiments only). The experimental results are much too uncertain to be

useful for validation purposes, but they are interesting for qualitative assessments.

For the future, the authors conclude that it should be very interesting to couple pool scrubbing
codes with other codes which could supply data on the different species at every time step. Broadly
speaking; there is a need for further research in the domain of vahdauon and on the role of iodine

aqueous chemistry in pool scrubbing scenarios.
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Comments on pool scrubbing phenomena

The BWRs are generally equipped with a pressure-suppression containment system which acts as a
 heat sink in case of a LOCA. This mitigation system provides retention capabilities for fission
products in a gas/steam mixture. Consequently, it is important to know the retention capability
particularly in the case of iodine. The two presentations show the differences betwecn_ the codes and

explain the different problems due to the lack of chemical modelisation and validation.

The different codes which were presented must be used with extreme caution because they are
validated at low pressure. In the case of a hypothetical accident, it is possible to find a water plug
crossed by a gas flow with iodine under higher pressure (for example, rupture of a PWR steam
gcnefator tube with water in the secondary circuit). For these situations there is no usable code. In
consequence, it is necessary to answer the following questions: what is the éffect of iodine
retention, and more generally, fission products in water volumes at higher pressure?; is it a
reduction of final source-term or a temporary reduction which will disappear with water
evaporation?. If the response is a temporary reduction, then it is not useful to develop codes for the

study of fission product retention from a safety point of view.
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