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CSNI Report 136 summarizes the results of the work performed by the 
Group of Experts on the Source Term (GREST) of CSNI's Principal Working Group 
No. 4 on the Source Term and Environmental Consequences (PWG4) during the 
period extending from 1983 to 1986. It consists of: 

— an Executive Summary (prepared by the Chairman of the Group); 

— a section on Conclusions and Recommendations; 

— five Technical Chapters, a Technical Annex and two Appendices. 

The Technical Chapters, Technical Annex and Appendices have been 
prepared by members of GREST and discussed at length at meetings of the Group; 
this does not mean, however, that every detail of each chapter has been fully 
endorsed by GREST as a whole. The various chapters provide material 
supporting the Conclusions and Recommendations of the report. These reflect 
the unanimous position of the Group. 

This report 1s complementary to Part 1, "Technical Status of the Source 
Term" of CSNI Report 135, "Report to CSNI on Source Term Assessment, 
Containment Atmosphere Control Systems, and Accident Consequences". While 
Part 1 of CSNI Report 135 was prepared essentially 1n the framework of an 
evaluation of source term studies available 1n 1985, this report considers 1n 
detail a number of very specific Issues thought to be Important 1n the source 
term area. These are not necessarily treated 1n any depth 1n Part 1 of CSNI 
Report 135. 

CSNI Report 136 was endorsed for publication by GREST, PWG4 and CSNI at 
the end of 1986. 
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State-of-the-Art Report of the CSNI/PWG4 Group of Experte 
on the Source Term on Selected Source Term Topics 

Executive Summary 

P N Clough, Chairman 

Introduction 

The Group of Experts on the Source Term (GREST), which first met in the 
autumn of 1982, was established by CSKI to continue the work of the Group of 
Experts on Nuclear Aerosols in Reactor Safety, but with a broadened remit. 
A stimulus for the formation of the GREST was the renewed interest and 
activity in source term research for water-cooled reactors in the aftermath 
of the TMI-2 accident. There was a consensus view that considerable 
Improvements could be made in the classic but conservative methodology for 
source term evaluation developed in WASH-1400. The key technical issues and 
route to an improved approach as seen at that time were reviewed in 
NUREG-0772 'Technical Basis for Estimating Fission Product Behaviour During 
LWR Accidents'. The main function of the GREST, in addition to 
international information exchange, was to keep under review the most 
significant areas of source term development in a rapidly evolving 
situation. Following the successful example of the predecessor Nuclear 
Aerosols group, the first chairman, Mr F Abbey, set in motion at the April 
meeting in 1984 the preparation of a State-of-the-Art Report on Selected 
Source Term Topics. The topics chosen were those agreed by the GREST 
membership, in consultation with PWG4, as being of high importance in the 
evaluation of source terms for severe accidents in water-cooled reactors. 
Nuclear aerosols were intentionally excluded in view of the work of the 
predecessor group. The Technical Chapters following this summary represent 
the product of that activity. It should be noted that the recent severe 
reactor accident at Chernobyl in the USSR is not viewed as affecting the 
conclusions of this work in any significant respect. 

There have been many important developments in source term research since 
the initiation of the GREST exercise. Large quantities of new experimental 
data have become available, and this process continues apace. In such a 
rapidly developing situation, no large-scale State-of-the-Art Report can 
hope to be fully up-to-date. The contents of the Technical Chapters should 
be seen as providing a position statement relating to early in 1986, when 
most of the drafts were complete. In addition, 1984/85 saw the publication 
of several key reviews of the state of source term development; the Report 
of the American Physical Society Study Group on Radionuclide Release from 
Severe Accidents at Nuclear Power Plants; the Report of the American Nuclear 
Society Special Committee on Source Terms; and the Summary Report of the 
Industry Degraded Core Rule-making Program Study on Nuclear Power Plant 
Response to Severe Accidents» In response to these and other reviews of 
source term issues, the CSKI at its November 1984 meeting decided to set up 
a Special Task Force on Source Terms. This group was very active throughout 
1985, and its Executive and Technical Summaries were published in March of 
this year. Since the activities of the Task Force, both in terms of 
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technical coverage and of the experts involved, overlap to some extent those 
of the GREST, some clarification of the respective roles nay be helpful. 

The remit of the Task Force was limited to intercomparing the contents of a 
number of key source term studies, including those mentioned above, and to 
identifying (a) areas where information appeared to be sufficient, (b) dis
agreements and the reasons for them, (c) generic source term issues, 
(d) obstacles to the generic application of results in different plants. A 
principal purpose was to draw attention to new technical understanding which 
might have implications for nuclear safety and regulatory issues, for the 
benefit of the Sub-Committee on Licencing* The aim was not to produce an 
original technical review of the issues, additional to the source material 
identified. In the event, however, the Technical Annexes to the Task Force 
Report do to some extent have the nature of State-of-the-Art reports. The 
purpose of the GREST activity can be distinguished in several important 
respects. The aim is to give the independent views of groups of 
international experts on the state of technical development and importance 
of key source term topics. Although strongly influenced by the source 
documents which concerned the Task Force, the products of the GREST activity 
represent original appraisals in no way confined with respect to source 
material. Additional technical detail is provided in many areas which can 
be seen as substantially supplementing the background to the Task Force 
report. Moreover, the quantitative impact on source terms of the issues 
reviewed only enters in assessing the relative importance, and it is not the 
intention of this work to provide judgements on the overall trend in source 
terms, upwards or downwards. 

The main body of the work is represented by the six Technical Chapters, one 
Annex, and two Appendices, which follow this summary. All of this material 
has been subject to review and comment by the whole of the GREST, but of 
course represents primarily the views of the authors. The Technical 
Chapters were agreed by the GREST as providing comprehensive 
State-of-the-Art reports on their subjects, and are presented in this light. 
However, on the topic of Fission Product Release from Fuel, there was no 
agreement by the Group as a whole that the Chapter provided represented a 
sufficiently wide-ranging review of this topic, being centred on one 
theoretical model. It was, however, accepted as providing some valuable 
insights on the subject, and is presented here as an Annex. The first of 
the Appendices, on leak path characteristics important for aerosol 
retention, is included to provide some Insights on a neglected aspect of 
source term analysis. The topic of Source Term Uncertainties is covered in 
the second Appendix. This does not imply that this topic is viewed as being 
less important, but reflects the fact that work began on it late relative to 
the other activities. A study of uncertainties will form a major future 
activity of the Group. It was originally intended that a Technical Chapter 
on coupling at the thermal-hydraulic/aerosol behaviour Interface should be 
included in the work. Unfortunately, this could not be completed in time to 
include with the present contributions, but the topic Is still viewed as 
important, and it is hoped that a future supplement to the report will be 
Issued on it. The conclusions arrived at in this work generally support 
those of the Task Force, although differences in emphasis may exist in some 
places. 

* 
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The important role played by the first chairman of the CREST, 
Mr Frank Abbey, In Initiating this activity and guiding it towards 
completion through much of its course, oust be fully acknowledged. The 
remainder of this Summary is concerned with presenting the chief conclusions 
of the work on each selected topic, chapter by chapter. 

Fission Product Chemistry in the Primary Circuit During Severe Accidents 

Fission products released from degrading fuel may undergo chemical changes 
within the primary circuit of a PWR or BWR, which could have a bearing on 
the magnitude, nature and timing of the source term for the potential 
radioactive release. The most important effects, as summarised below, 
concern iodine, caesium and tellurium, but barium, strontium and molybdenum 
may also undergo significant reactions. The following conclusions are based 
primarily on a consideration of PWRs, and certain BWR topics will therefore 
have been omitted. 

Hitherto most major reviews have assumed that Iodine would enter the primary 
circuit as caesium iodide, and would exhibit simple vapour deposition 
behaviour on circuit surfaces and aerosols. There is now strong 
experimental evidence that caesium iodide reacts with boric acid. Boric 
acid is present in the coolant and emergency cooling water, or is produced 
by the decomposition' of boron carbide control rods. If this reaction occurs 
to a significant extent in the coolant system, hydrogen iodide, HI, and 
caesium borates would be produced. Since HI is volatile and chemically 
reactive, it would Interact with circuit surfaces and aerosols. It would 
also generate an equilibrium concentration of elemental iodine in the 
circuit. These factors could alter the timing and magnitude of the iodine 
source term, but the extent would be strongly accident-specific Further 
quantification is required of the potential impact under accident 
conditions. 

The caesium source term could be attenuated in the primary circuit by any. 
reaction of both caesium iodide and caesium hydroxide with boric acid, 
because these give relatively involatile caesium borates. Caesium hydroxide 
also interacts with reactor steels, diffusing into the inner chromium oxide 
layer, providing further potential attenuation. 

The behaviour of tellurium depends on the extent of the oxidation of the 
Zlrcaloy fuel cladding. If it is low, tellurium would initially be retained 
In the cladding as zirconium tellurides, but a later release could occur if 
these were subsequently to react with steam. If the Zircaloy was 
extensively oxidised, tellurium would be released Into the circuit. There 
is evidence that elemental tellurium would probably react rapidly with metal 
aerosols and surfaces to form relatively involatile metal tellurides, but 
recent experimental data suggest that the release may be as stannous 
telluride, SnTe, through reaction with the tin component of the Zircaloy. 
The subsequent behaviour of SnTe is little known and requires further 
study. 

Barium and strontium oxides in the fuel matrix could react with unoxidlsed 
Zircaloy cladding to release volatile, elemental Ba and Sr to the circuit 
relatively early. These would form their hydroxides on contact with steam, 
which may exhibit similar behaviour to caesium hydroxide, eg reaction with 
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boric acid and steels. A proportion of the fission product molybdenum could 
be released to the circuit as the relatively volatile caesium molybdate, 
CS2M0O4. This may decompose in steam to give the more volatile molybdenum 
trioxide. All of these barium, strontium or molybdenum effects require 
proper study before they could be quantified. 

In order to achieve a sound mechanistic understanding of primary circuit 
fission product transport and retention for the development of relevant 
modelling codes» due allowance for chemical processes In the circuit 1B 
essential. Some success has now been achieved in quantifying these effects, 
but further work Is required. 

Resuspension in the Reactor Coolant Circuit and Containment 

As a result of the growth of knowledge regarding the fission product 
retention mechanisms, recent evaluations of fission product behaviour tend 
to assume lower releases of fission products to the environment than the 
conservative values given by the earlier risk studies. As a result, some 
phenomena which were considered of minor significance in the past have now 
become more important. One of these phenomena is the re-introduction into 
the gas phase (revolatilisation) of fission products previously deposited in 
the primary system and the containment building. 

Following a LWR core melt accident, the revolatilisation of fission products 
from surfaces may play an important role in the transport of fission 
products through the primary system and in the containment. 
Revolatilisation can occur by means of revaporisation, resuspension, or 
re-entrainment. Resuspension refers to the re-introduction of previously 
deposited solid particles into an air stream either from a surface or from a 
pool. Re-entrainment describes the formation of liquid solution droplets in 
the gas phase above a liquid surface by mechanical disintegration of the 
surface film during bubbly flow or of the bulk liquid during churn turbulent 
flow. Revaporisation of previously deposited liquid/solid particles can 
also re-introduce particles into the air stream as the re-evaporated vapour 
nucleates and/or condenses on existing aerosols. In the primary system, the 
flow of liquid films on walls may be a major mechanism for the mass 
transport of deposited liquid drops, and their subsequent re-injection into 
the containment atmosphere at the end of a broken pipe. Similarly, the 
transport of a large fraction of the solid particles deposited in the 
primary system may occur in the form of creep flow of the particles on the 
piping surfaces or saltation of the particles close to the surface. In a 
PWR containment, the condensed water on the surfaces can effectively wash 
most deposits down Into the sump. Similarly, the BWR suppression pool is a 
major trap for radioactive materials released in a BWR core melt/vessel 
failure accident* In both cases, only the boiling or flashing of the water 
in the sump or suppression pool could possibly cause a re-release of 
radioactive aerosols, if the containment dépressurises. 

From a review of the available data on resuspension rates, re-entrainment 
rates, and parametric calculations which evaluated the fraction of 
revolatillsed fission products that contribute to the radiological source 
term, the following conclusions can be drawn. 
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Re-entrainment of dissolved matter from aqueous pools during bubbly flow 
(superficial velocity less than 15 em/s) appears to be adequately described 
in the literature. Measured data show a clear dependence on the superficial 
velocity of the evaporated steam. A qualitative understanding of the 
mechanism of re-entrainment during bubbly flow is based on the -process of 
bubbles bursting at the water surface. The droplets generated from the 
bursting bubbles are carried away by the evaporating steam. «From this 
picture the influence parameters are easily understood to be evaporation 
rate, surface area, sise of the generated droplets and the geometry and 
saturation of the vapour space over the water surface. However, the 
influence of the geometry of the vapour space is incompletely understood. 
Re-entrainment of dissolved matter from aqueous pools during transition flow 
(steam flow In the range 15 to 45 cm/a) has not been investigated, but 
re-entrainment of dissolved matter from aqueous pools during churn turbulent 
flow (steam flow greater than 45 cm/s) in evaporators (with limited vapour 
space) has been widely reported in the literature. However, the 
re-entrainment behaviour of saturated aqueous pools undergoing rapid 
depressurisation as a result of (low probability) catastrophic failure of 
reactor containment has not been adequately investigated. 

Resuspension of particles from pools requires further investigation. 
Information for aqueous systems is very scarce; no mechanistic model is 
available. The few existing data suggest that resuspension rates are higher 
than re-entrainment rates under identical conditions. If resuspension is 
governed by the same bubble bursting phenomena as re-entrainment, then 
particles in aqueous suspensions must be enriched at the surface. Such a 
surface enrichment has been observed in liquid sodium systems, but has not 
been fully quantified for relevant aqueous systems. 

The applicability of pool re-entrainment and resuspension data to reactor 
accident analysis is impeded both by the Insufficient data that are directly 
applicable to LWR accident conditions, and the fact that reliable models are 
not available. This problem is more severe for pool resuspension than for 
pool re-entrainment. 

Resuspension of particles from solid reactor surfaces is even less well 
investigated. Most of the literatur'e refers to the resuspension from rough 
surfaces such as soil and asphalt, for which the resuspenslon rates are 
lower by 3 orders of magnitude from rates for smooth surfaces. Even in the 
most representative tests, dry de-agglomerated powders have been used 
instead of actual aerosols, which may agglomerate to larger sizes as they 
are deposited on the surface. Modelling is still in an elementary stage and 
comparisons to experiments are unsatisfactory. Resuspension of dry solid 
particles from smooth surfaces has been measured for only a few powders and 
these may not be representative of aerosols deposited in the containment* 

Calculation of aerosol behaviour in the Biblis B PWR with the NADA code 
shows - when directly based on literature re-entrainment and resuspension 
data - a strong relative increase in the radiological source term over the 
results of earlier studies. This increase was due to the inclusion of the 
effects of resuspension and re-entrainment from the Biblis B PWR sump 
following late slow overpressure failure of the containment after a core 
melt accident. The earlier studies had neglected these effects. The new 
calculations show that the additional contributions to the radiological 

* 
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source term occur after the containment failure, a time interval which had 
not been considered in the earlier calculations. Further calculations in 
which the literature data on resuspension and re-entrainment were reduced by 
plausibility considerations as far as possible, still resulted in a 
contribution of revolatilisation to the radiological source term that was of 
the sane magnitude as the direct release from the core. However, the 
absolute value of the best estimate source term was still small. 

Based on these conclusions the following recommendations for future study 
can be made. 

The entrainment models need better data on: (a) the droplet size spectrum 
characteristic of flashing pools of water; (b) the spectrum and volume of 
droplets produced in bubbly flow; and (c) the upper limit of droplet-radius 
which can be carried off by the flowing vapour. The re-entrainment source 
(the source mass rates, the droplet size spectra and chemical composition) 
should be measured more accurately under conditions that are applicable to 
LWR accidents. Detailed information on the dependence of this source on the 
geometry of the vapour space over the boiling pool should be gathered. 

The mechanism of particle resuspension from pools should be investigated to 
determine if an independent resuspenslon mechanism exists or if particulates 
are emitted from the pool by re-entrainment processes. If the latter case 
holds, surface enrichment factors will have to be determined. 

On the basis of such experimental data a model for re-entrainment and 
resuspension sources should be elaborated. This model should be generally 
applicable, but the emphasis should be on the application to core melt 
accident conditions in LWRs. 

A reassessment of the fission product leakage to the environment should be 
made taking Into account the new and better defined source model for 
re-entrainment and resuspension. The results will have to be compared to 
the present radiological source term values. 

The depressurisation rates of the primary system and containment for various 
LWR accident scenarios should be investigated in more detail. It has been 
shown that if the containment depressurisation occurs slowly, then 
additional source term attenuating mechanism come into play: viz continued 
fallout of the aerosols in the containment and trapping of the aerosols in 
the leak paths. 

Data Is needed on the surface tension and viscosity of water solutions of 
the mixtures of fission products and particles expected in a sump or 
suppression pool following LWR core melt accidents. 

In order to model re-evaporation of the fission products, an accurate 
description of the thermal-hydraulic conditions in the primary system, and 
of the chemical reactions of the fission products with the primary system 
walls is needed, as well as a description of the movement of the fission 
products on the primary system walls. 
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Iodine Behaviour in Containment Buildings 

The importance of the role of volatile iodine species, and of the 
distribution of iodine between the gas and aqueous phases, in severe 
accidents source terms, «ill be very dependent on the accident scenario. If 
the containment fails early, aerosol-borne iodine will probably represent 
the major initial release, and gaseous forms will feature more significantly 
in the subsequent release associated with resuspension. However, if the 
containment only leaks, or suffers a delayed failure when most of the 
aerosols have settled out, volatile forms of iodine will be major 
contributors. The data and understanding needed to predict the distribution 
of iodine between the volatile forms (I»» HI, HOI, organic iodides) and 
non-volatile forms (I~, 103') in these accident situations has improved 
greatly during the past three or so years. A CSNI Specialists' Meeting on 
Iodine Chemistry in Reactor Safety was held at Harwell in September 1985, to 
review the position at that time. The following picture of the current 
state of development is based largely on that meeting, supplemented by some 
more recent information. 

The data base relating to the kinetics and thermodynamics of the thermal and 
radiolytic interconversion of iodide, iodate, and intermediate oxidation 
states under controlled water chemistry conditions has increased enormously. 
It now covers temperatures up to 150*C, or even higher in some instances, 
and most other conditions such as the pH range relevant to severe accidents. 
The data is generally of high quality. Comprehensive computer models have 
been developed which account mechanistically for many of the observations 
with considerable success. Although a few outstanding differences and 
anomalies remain, the state of understanding of inorganic iodine chemistry 
and related volatility under controlled water conditions is very close to 
being adequate. 

The chief problem in application stems from uncertainties over the role of 
extraneous materials, both Inorganic and organic, in influencing iodine 
chemistry in the containment environment. Much evidence has accumulated 
that materials such as silver from PWR control rods can have a major 
influence on iodine volatility from solution under both radiolytic and 
non-radiolytlc conditions. It has long been known that organic sources such 
as paints will promote the formation of volatile organic iodides, but recent 
results show that almost any organic source material (gaseous methane, oils, 
cable insulation) can lead to formation of significant quantities of organic 
iodides by radiolytic processes. This evidence suggests that organic 
iodides will dominate iodine volatility in containment on accident 
timescales of a day or longer. Given the wide diversity of extraneous 
materials which might be expected from plant to plant, it Is unrealistic to 
expect that a generic answer to the question of iodine behaviour can be 
arrived at. However, one important result established by widespread 
observation is that iodine volatility can be effectively controlled if the 
solution pH is kept high & 8 ) . 

The experimental emphasis recently has been on small-scale, separate effects 
measurements* These have been invaluable for establishing the kinetic and 
mechanistic details of reactions, and some of the effects of extraneous 
materials, and they should continue. However, it is not possible to 
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confidently extrapolate from these results to the complex situation of a 
real accident due to uncertainties over the competing influences of 
different factors, especially extraneous materials. There is therefore a 
need for larger scale, integral-type simulation experiments which aim to 
measure iodine volatility for a variety of realistic post-accident 
conditions. Such experiments would provide essential validation for the new 
generation of Integral iodine behaviour modelling codes such as TRENDS. 

Finally, more attention needs to be given to the situation after containment 
failure in appropriate sequences, when ventilated conditions and dry-out of 
sump pools could result in substantial revolatilisation of iodine. 

Effects of Hydrogen Combustion, Steam Explosions and Pressurised Melt 
Ejection on Fission Product Behaviour 

The behaviour of fission products within containment during a severe 
accident is a function of the physical conditions which prevail. Three 
important phenomena which may affect the fission product environment have 
been reviewed; hydrogen combustion, steam explosion, and pressurised melt 
ejection. All are capable of depositing large amounts of energy into the 
containment atmosphere within a short time. Our current knowledge and 
ability to predict the consequences of such events for the source term is 
limited. Work is now in progress in areas which have only recently been 
recognised as potentially important. The following is a summary of some of 
the conclusions to date and of recommendations for work where existing 
knowledge is inadequate. 

Hydrogen combustion 

The temperature rise (to 1000-2200*C) and induced turbulence associated with 
hydrogen combustion can have both chemical and physical repercussions for 
fission products in the containment. 

a. Chemical effects 

Iodine is the only fission product for which significant chemical 
effects are expected. There is conclusive evidence that organic 
iodides will be decomposed to yield I2 or HI in hydrogen deflagration. 
The organic content of the atmosphere may be simultaneously enriched by 
the pyrolysis products of containment materials (eg cable insulation), 
but reformation of organic iodides in the gas phase is unlikely. Some 
conversion of aerosol-borne Csl to gaseous I« or HI Is expected. A 
pre-condition is dry-out of the aerosols concerned, and there is 
evidence that this will be achieved even for quite large droplets 
(500 urn) during passage of the flame front. The mechanism and extent 
of Csl decomposition is ill-characterised, but is probably of low 
Importance, since rapid re-attachment of the gaseous Iodine to aerosols 
will occur once the gas has cooled. Any HjTe or organic telluride 
vapours will probably be converted to Involatlle Te02 in a hydrogen 
burn, but experiments are required to investigate these effects. 
Release of volatile ruthenium oxides from aerosols is unlikely under 
flame conditions. 

* 
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b. Physical effects 

These relate to the changed characteristics and deposition of aerosols. 
Although several effects can be predicted, and some of these have been 
demonstrated, the impact on aerosol behaviour in containment is 
generally poorly defined, and requires a more systematic investigation. 
Turbulent inertial agglomeration of aerosols will be promoted by 
hydrogen detonation shocks, but enhancement of deposition will be 
minimal. Flame and shock turbulence has been shown to produce 
resuspension of dry deposited aerosol particles, and experiments are in 
progress to improve understanding and quantification of this effect. 
Wet aerosol deposits are unlikely to resuspend, since much higher shear 
forces are required. Particle morphology may change due to the high 
temperatures in hydrogen flames inducing melting and vaporisation. 
Dry-out of aqueous aerosols is expected, although this may be rapidly 
reveraed. Oxidation of combustible constituents of aerosols (eg 
unoxidlsed Fe) may contribute to the heat release associated with flame 
propagation. 

Steam explosions 

There is ample evidence that reactor cavity steam explosions will generate 
only very small proportions (<1Z) of aerosol-size particles injected into 
the containment atmosphere. The main physical result of steam explosions 
will be to suspend large quantities of water droplets and coarse core debris 
which will accelerate removal of pre-existing radioactive aerosols in the 
atmosphere. The magnitude of such an effect is not currently defined, and 
work is .required to measure the relevant droplet sizes and quantify the 
effect. 

Enhanced release of tellurium and ruthenium due to oxidation of core debris 
in steam explosions was incorporated in the source term methodology of the 
Reactor Safety Study. The effect for tellurium is viewed as influencing the 
time of release, rather than the release fraction from fuel, since other 
ex-vessel mechanisms may effectively free this fission product from the core 
debris. The experimental evidence for enhanced ruthenium release is 
considered inappropriate to the conditions of a steam explosion, but 
theoretical considerations suggest that the effect may be significant. 
Improved experimental investigation is called for. 

Pressurised melt ejection 

Extensive experiments already completed on pressurised melt ejection 
phenomenology have demonstrated the potential for injecting large quantities 
of aerosol-size core debris into the containment atmosphere. If the 
associated heat release leads to containment failure, a mechanism for 
greatly increased activity release to the environment exists. However, 
recent models of core heat-up and degradation in high-pressure accident 
sequences suggest that upper vessel or hot leg failure is likely before core 
slump, and the question of whether the conditions needed for pressurised 
•elt ejection will actually be encountered is of prime concern. 

If pressurised melt ejection continues to pose a major threat, considerable 
additional information will be needed. Experiments and improved models are 
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required to predict the characteristics of aerosol generation as a function 
of vessel pressure, melt temperature, and melt composition. The effects of 
reactor cavity and containment geometry on aerosol transport need 
clarification. Understanding of the chemical interactions of the core 
debris with the containment atmosphere must be improved. 

Radionuclide Removal by Pool Scrubbing 

In assessing the severity of degraded core accidents in light water 
reactors, limited credit is presently taken for fission product scrubbing in 
suppression water pools of BWR or the quench tank of PWRs in transient-type 
accidents. 

In modelling the physical phenomena involved In removing fission products 
and aerosols by suppression pools, four distinct zones are usually 
recognised: the emergence of the jet and formation of bubbles at the 
injection location within the pool: the rise cone for the bubbles to move to 
the surface of the pool; during this rise, the gas rapidly breaks up into a 
•warm of bubbles: the bursting of the bubbles as they pass through the 
surface (plus possible desorptlon at the pool surface): the pool compartment 
where significant condensation on the walls of the containment structure 
under saturated pool conditions can result in significant decontamination. 

The pool retention capability is expressed in terms of decontamination 
factor (DF). The DF for a given fission product or aerosol can be specified 
either as a differential value (rate in divided by rate out) or as an 
integral value evaluated over a time period (total in/total out). 

The mechanisms involved in this scrubbing effect are: injection rone 
modelling, rise zone modelling with gravitational settling, inertial 
impaction, diffusional plateout, convective transport, thermophoresis, 
diffusiophoresis, growth of particles, and surface zone modelling. The 
modelling of aerosols in the pool compartment is similar to the modelling of 
aerosols in a tank, where water condensation and sedimentation occur. 

All or part of these mechanism are included in computer codes, which 
calculate decontamination factors of suppression pools; they are the SUPRA, 
the GE and the SPARC codes. In summarising the parametric studies, one 
arrives at the conclusions that the most important factors influencing the 
DF are: 

1 For aerosol fission product removal.: 

o Particle size and density 
o Fraction of steam in inlet gas 
o Gas mass flow (» bubble size) and elliptlclty ratio of 

bubbles 
o Presence of surfactants - In pool (- quantity of water) 

(not yet fully verified) 

2 For gaseous fission product (FP) removal: 

o Type of FP and gas carrier 
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3 For hot pools: 

o Condensation in the compartment above the pool 

The less Important factors are: 

o pool temperature 
o pool depth 
o percentage of soluble material in particles 
o non condensable gas composition for aerosol removal 
o pressure above pool 

Extensive experimental work to validate the codes has been performed and 
continues in the USA, notably at Batelle Columbus Laboratories where a 
large-scale rig is employed to investigate DF as a function of conditions 
appropriate to BWR suppression pools. 

Planned extensive work in Italy (SPARTA Project) has the aim to measure 
overall scrubbing decontamination factors in a large pool (DFs) under 
hypothetical accident conditions and to obtain data for model development 
and validation. 

Fission Product Release from Fuel in Severe Accidents 

Release of radionuclides from overheated fuel in severe accidents is the 
essential starting point for source term analysis, and uncertainties 
associated with this stage are propagated through the whole of the 
subsequent treatment. In principle, it represents one of the simplest parts 
of the analysis, but in practice there are still numerous uncertainties. 
These are associated not so much with the volatile fission products (noble 
gases, I, Cs, Te), since all the evidence suggests that these will be 
entirely released from the fuel matrix if temperatures In excess of 2000K 
are sustained for some tens of minutes. Rather, the main problem persists 
over releases of the less volatile species (barium, ruthenium, and 
lanthanide/actinide groups in WASR-1400 terminology). There is, however, a 
continuing uncertainty concerning the retention of Te due to interaction 
with zircaloy clad. 

The codes designed to calculate fission product release range from the 
empirical (eg CORSOR) to the mechanistic (eg FASTGRASS). There are 
advantages and disadvantages to the alternative approaches. Empirical codes 
rely on a data base Involving wide scatter and diverse, sometimes 
Inappropriate, conditions. Mechanistic codes require a level of input 
detail which is often hard to supply. In any sound approach, there is a 
need to clearly distinguish the different temperature regions and associated 
physical process controlling the release rate. At temperatures below 
melting, solid state diffusion is the Important factor. Once appreciable 
liqulfaction has set in, vapour transport processes become more important. 
There is a need for a simple but physically-based model for the solid state 
release mechanism which can be incorporated in the codes. Such a model for 
the Internal grain transport of fission products is now described. 

* 
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Experimental data for the temperature dependence of the release rates of 
individual fission products from fuel can generally be fitted to an 
Arrhenius form:-

log f - -Cx/T + C2 

where 

f • 1st order release rate constant 
cl»c2 " constants for the fission product 

Both Cj and C2 are capable of a phj*JLc*l Interpretation in terms of the 
diffuslonal processes for a fission product «torn within the UO2 grain. Cj 
Is proportional to -the -activation «nergy q for lattice migration. 
Inspection of the data shows that fission products fall into two distinct 
groups each characterised by closely similar q values. 

Group 1* 

Here, the q value ~ 2.5 eV is close to that for interstitial diffusion of 
oxygen in UC^* Fission product atoms in this group migrate by interstitial 
diffusion. These include Se, Br, Kr, Rb, Te, I, Ze, Cs, Sr, Ba, Mo. 

Group 2. 

These have a much higher q value around 10 eV. This is of the order of 
metal-oxygen bond energies in the UO, lattice. Such atoms probably migrate 
by a substitutional mechanism involving strong bonding interactions. 
Elements in this group include La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Y, Zr, 
Nb, Tc, Ru, Rh, Pd. 

Consideration of intragranular diffusional physics shows that the constant 
C- must correlate strongly with the diffusional entropy, AS, for migration. 
As arises from the disorder associated with the insertion of the fission 
product atom in the host matrix. For elements in Group 1 which migrate by 
Interstitial diffusion, a simple relationship between AS and atomic radius 
can be derived which correlates well with the experimental data. For 
elements in Group 2, much larger lattice disruptions, and correspondingly 
high AS values arise, but the data can be adequately fitted by a constant C2 
value. 

This model can account for other important features relating to fission 
product release from fuel. Tor example* zhe model predicts increased 
release rates for elements in Group 1 with Increasing fuel BD. The release 
rate Is dependent on grain size, and with some modifications account can be 
taken of the effects of grain growth during heat-up. However, release of 
the grain boundary Inventories of fission products is not treated. In terms 
of this model, then, a relatively .straight forward picture of fission 
product release from DO. arlaes. Elements in Group 1 escape from the fuel 
relatively readily, and will have large release fractions if the temperature 
is maintained at elevated levels for long enough. Elements in Group 2 
escape only with great difficulty, at extremely high temperatures. They 
tend to be released in conjunction with evaporation of the U0» matrix 
itself. 
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Modelling of releases from two-phase solid/melt mixtures appears to be 
important only for these less volatile species. Models have been proposed 
for the in-vessel as well as ex-vessel releases which relate the release 
rates to the chemical interactions and mass transport conditions of fission 
product vapours. These have yet to be substantiated. Other empirical data 
suggest that the releases could be similar to those from solid fuel. A 
fundamental understanding of limiting release processes is emerging for 
•olid fuel, but it is apparently not yet available for the full range of 
fuel liquids that might be encountered in severe LWR accidents. The melt 
releases could be sensitive to the plant and accident scenario specific 
details. The range of experimentally determined release rates extends over 
several orders of magnitude at any given fuel temperature. The present 
models tend to give the upper bound of this range, by concentrating on the 
release enhancement processes and perhaps neglecting the important 
retardation phenomena. 
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CONCLUSIONS AND RECOMMENDATIONS 

Note 

There has been good progress in the state of our understanding of the 
source term topics covered in this report over the past few years. However, 
the progress in answering some questions has in turn generated other important 
questions, and has occasionally highlighted phenomena such as resuspension and 
pressurised melt ejection which were not previously considered. Thus the 
following conclusions and recommendations adopted by the GREST at its meeting 
on the 18th-19th September 1986, identify a considerable amount of further 
work which is needed to improve the determination of source terms over the 
full range of accident situations in diverse types of water-cooled reactors. 

• 
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State-of-the-Art Report of the CSNI/PWG 4 Group of Experts 

on the Source Term on Selected Source Term Topics 

CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations were adopted by GREST at 
a meeting held on 18th-19th September 1986: 

Fission Product Chemistry 1n the Primary Circuit during Severe Accidents 
1. Over the last few years, experimental work has Increasingly 

demonstrated that source term calculations which have assumed that 
fission products remain unchanged chemically within the primary circuit 
have neglected several significant chemical reactions. These could 
affect the magnitude, nature and timing of the potential source term to 
the containment (or by-passing 1t). 

2. In particular, caesium Iodide released Into the primary circuit may be 
decomposed to the more volatile forms hydrogen Iodide and elemental 
Iodine by reaction with boric add, which can be present 1n the circuit 
1n excess, as soluble moderator or from control rod decomposition. Such 
effects would be strongly scenario dependent, but could lead to 
attenuation or enhancement of the fraction of Iodine transported 
through the primary system, depending on the fate of the volatile 
Iodine species produced. The caesium fraction transported through the 
system could be considerably reduced by reaction of both Csl and CsOH 
with boric add to produce 1nvolat1le caesium borates, and by reaction 
of CsOH with steel circuit surfaces. Tellurium, molybdenum and barium 
releases may also be significantly affected by chemical changes 1n the 
circuit. 

3. The qualitative understanding of these primary circuit reactions has 
Improved but 1s still Inadequate. Quantitatively, many data are still 
required experimentally, and almost no modelling calculations have 
addressed these reactions. Even qualitatively, there has been little 
recognition of such effects 1n recent source term reviews. Key areas 
for further work Include: 
(a) quantification of the potential Impact of the CsI/bor1c add 

reaction on the fraction of Iodine released from the primary 
circuit, with particular emphasis on the timing and on the fate 
of the volatile species; 

(b) quantification of the potential Impact of reactions of CsOH and 
Csl with boric add and steel surfaces, on the release fraction 
of caesium from the primary circuit; 

(c) further Investigation of tellurium behaviour and the potential 
role of stannous tellurlde; 

(d) Incorporation of these reactions Into primary circuit modelling 
codes. 

Resuspens1on/Re-Sntra1nment of Aerosols 1n LWRs Following a Meltdown Accident 

1. Re-entralnment of dissolved matter from aqueous pools during bubbly 
flow appears to be adequately described 1n the literature. The 
Influence parameters, with the exception of the geometry of the vapour 
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space, are readily understood. While re-entrainment from aqueous pools during 
transition flow has not been Investigated, re-entra1nment during churn 
turbulent flow 1n evaporators has been widely reported. However, 
re-entra1nment during rapid depressurlzatlon as a result of catastrophic 
failure of reactor containment has not been adequately Investigated. The main 
needs are for better characterisation of the droplet properties 1n 
re-entra1nment, especially for conditions relevant to LWR accidents. 

2. Resuspension of particles from pools needs further study, as 
Information for aqueous systems 1s very scarce and no mechanistic models are 
available. The existing data suggest higher resuspension rates than 
re-entra1nment rates at the same conditions, .which infers particles enrichment 
at the surface. 

3. Resuspension of particles from solid surfaces is not well studied, as 
most investigations were performed on surfaces non-representative of those of 
reactors. Also, dry deagglomerated powders have been typically used rather 
than actual aerosols. Modelling is in an elementary stage and comparisons to 
experiments are unsatisfactory. The potential for significant dry resuspension 
under severe accident conditions needs to be carefully assessed. 

4. Modelling of the revolatiHsation contribution to the source term 1s at 
an early stage. Existing studies suggest that 1t can be relatively important 
in delayed containment failure situations, although actual releases remain 
small. A generally applicable model for re-entra1nment and resuspension 
sources is needed. 

5. RevolatiHsation phenomena 1n containment are strongly linked to the 
depressurisation conditions associated with containment leakage at failure. 
Improved definition of these conditions is an essential requirement for 
evaluating the importance of these phenomena. 

6. Other studies recommended include (1) detailed investigation of PCS and 
RCB depressurlzatlon rates for source term attenuation effects, (2) physical 
properties of water solutions of fission products and particles, (3) fission 
product aerosol generation data during core debris/concrete attack, and (4) 
description of the PCS thermal-hydraulics and fission product chemical 
reactions with and movement on the PCS walls for modelling of re-evaporat1on 
of fission products. 

Iodine Chemistry Under Severe Accident Conditions 

1. There has been valuable progress ift the past two years in establishing 
a basic understanding of the wide range of factors that will determine the 
behaviour of iodine 1n containment buildings. In particular the data base on 
thermal and radiolytic reactions on Inorganic iodine in solution is in near 
satisfactory state. However basic knowledge on the mechanisms of organic 
Iodide formation is lacking and more work is required on this topic. 

2. An outstanding issue is "the problem of applying the basic knowledge to 
prediction of the iodine source term from containment under accident 
conditions. This involves integration of the measured effects on "clean" 
systems to yield predictions of behaviour in realistic "dirty" systems. 
Important experiments on large-scale, integrated systems. Including radlolysis 
are in progress to address this issue. In addition, work must be continued on 
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the development of computer codes to satisfactorily describe Iodine behaviour 
under complex conditions. An area of neglect 1n severe accident analysis 1s 
the long-term release of Iodine from containment under conditions which may 
Include sump pool evaporation. More emphasis on the factors controlling 
long-term release of Iodine are required. More emphasis on the factors 
controlling long-term release of Iodine are required. 

3. While the progress 1n our knowledge of Iodine behaviour over the last 
few years has been Impressive, the complex nature of the problem does not bear 
easy understanding. Résolution of outstanding Issues and development of 
satisfactory, validated predictive tools are several years away. 

Effects of Combustion. Steam Explosions and Pressurised Melt Ejection on 
Fission Product Behaviour 

1. Our current level of knowledge and consequent ability to predict the 
effects of combustion and explosions on the source term 1s limited. However, 
there has been some progress from the state of -knowledge extant a few years 
ago. Furthermore, there are experimental programmes in progress which address 
some of the outstanding Issues. 

2. The effects of hydrogen combustion appear to be restricted mainly to an 
Impact on the Iodine source term. There 1s likely to be conversion of all 
forms of airborne Iodine to airborne 12 and HI with the quantitative Impact 
still uncertain. Hydrogen combustion may also have an impact on the tellurium 
source term and this should be addressed experimentally. 

3. Combustion and steam explosions will have complex effects on aerosols 
and deposited particles. Many of these effects are viewed as minor or 
beneficial 1n reducing the source term. Limited experimental work is required 
to confirm this conclusion. There are problems with the prediction of particle 
resuspension which must continue to be addressed. Steam Exposions are not 
likely to generate large quantities of aerosol material. 

4. The phenomenon of pressurized melt ejection has the potential to 
generate significant aerosol material but it 1s currently not fully 
understood. The need for further work in this area, however, depends on an 
assessment of the probability of such an event during the course of a severe 
accident. 

Radionuclide Removal by Pool Scrubbing 

1. Considerable effort lias been devoted to developing mechanistic 
modelling codes for pool scrubbing of aerosols, and to validating these 
against experiment. This has concentrated on conditions appropriate to BWR 
suppression pools, and the chief parametric dependences are now well 
established. 

2. A substantial experimental data base for BWR pool conditions has been 
established, although full details of this are not generally available. 
Further planned experiments should provide an expansion of these data to cover 
most conditions relevant to BWR and PWR accidents. 

3. In the light of this generally satisfactory situation, it is felt 
unnecessary to recommend any developments beyond those already in hand. 
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FISSION PRODUCT CHEMISTRY IN THE PRIMARY CIRCUIT 

OF A PWR DURING SEVERE ACCIDENTS 

B R BOWSHER* 

D M BRUCE+ 

SUMMARY 

This review considers fission product chemistry in the primary 

circuit of a pressurised water reactor (PWR) during severe 

accidents in three Key accident sequences (V, TMLB' and S 2D). 

The inventories, chemical forms and timing of fission products 

released from -the fuel are summarised, together with the major 

sources of inactive materials and their release character

istics. The chemistry of each main fission product species 

within the primary circuit is reviewed from available exper

imental and thermodynamic data and/or theoretical predictions. 

Modelling studies of primary circuit fission product behaviour 

are reviewed briefly and the principal requirements for further 

study assessed with respect to experimental and modelling 

programmes currently in progress. 

* Chemistry Division, AEE Winfrith, Dorchester, Dorset, UK 
+ Nuclear Installations Inspectorate, Thames House North, 

Millbank, London, UK 

(now Energy Technology Support Unit, AERE Harwell, Didcot, 

Oxon, UK) 
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1. INTRODUCTION 

1.1 BACKGROUND TO THE REVIEW 

In most of -the severe accident scenarios which have "been 

postulated in light water reactor risk studies, the fission 

products and other radioactive species released from -the core 

are assumed to pass through ±he primary circuit before they 

could reach the environment. In principle, many chemical and 

physical interactions could occur within these regions which 

could modify the behaviour of the released radionuclides, and 

so affect the magnitude, composition and timing of the source 

term. Such effects might include enhanced fission product 

retention, by the formation of involatile species or by 

chemisorption on -to surfaces, which -tends to reduce the source 

term. Alternatively, processes may occur that could aggravate 

the eventual release by, for example, the formation of more 

volatile chemical forms, or by reactions which cause the 

resuspension or revolatilisation of deposited species late in 

the accident sequence. 

In WASH-1400 (1), no primary circuit effects of this Kind were 

analysed, because the thermal hydraulic and structural 

conditions were judged to be too complex and poorly understood 

for reasonable calculations to be made. The fission product 

elements were simply grouped into classes of broadly similar 

behaviour. Their chemical properties were defined fairly 

coarsely, and were assumed to remain unchanged, at least until 

the containment was reached (2). In some subsequent studies 

based on WASH-1400 methodology, such as the UK Sizewell B 

probabilistic risk assessment (3) of 1982, this approximation 

was taken still further by assuming that all radionuclides 

except the noble gases, elemental iodine and organic iodides 

would behave as a single class defined as "particulates". 

7 
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It was widely believed, however, that significant potential 

retention of fission products was being omitted by such 

assumptions, especially following the discovery that the Three 

Mile Island (TMI) accident (4) produced a much lower iodine 

release than would have been predicted through application of 

WASH-1400 methodology. Stratton et al (5) and Levenson and 

others (6) drew attention to the role of natural chemical and 

physical processes in reducing the calculated source terms and, 

in particular, the likelihood that iodine would be released not 

in elemental form but as the less volatile salt, caesium 

iodide. In 1984 the BMI-2104 study reviewed the existing 

database, and suggested that in some» sequences up to 65% of the 

volatile fission product species (excluding the noble gases) 

and over-99% of the aerosols could be retained within the 

" primary circuit (7). 

It was clear that more detailed consideration of the physical 

and chemical processes was needed. Since about 1982, a 

substantial experimental effort has addressed this issue, both 

through detailed single-effect studies, notably at Oak Ridge, 

Sandia and Winfrith, and large-scale integral experiments such 

as at Marviken, LOFT and PBF. This has added substantially to 

the understanding of primary circuit fission product chemistry. 

In parallel to this, the modelling-of primary circuit chemistry 

has undergone substantial improvement. In the UK, the TRAPMELT 

code (7, 8, 9) has been recently revised to take account of 

chemical phenomena (10, 11). Hew codes under development such 

as VICTORIA (12) and MELCOR (13) allow for chemical changes to 

be calculated, which should lead to a better balance of 

chemical sensitivity and running-time than has been achieved to 

date in PRA studies. 

Over the same period a number of reviews have assessed primary 

circuit phenomena to a greater or lesser extent, starting with 

NURBG-0722 in 1981 (14), and including the UKAEA degraded core 

study (15) and an associated assessment of the likely source 

term reductions (16), the BMI-2104 study (7), the three more 

recent US source term reviews by the American Nuclear Society 

8 
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[ANS (17)], the American Physical Society EAPS (18)] and the 

Industry Degraded Core Rulemaking Program IIDCOR (19)3, and 

the UK PWR severe accident containment study (20). The role 

of primary circuit chemical phenomena in affecting source terms 

has been noted as a significant uncertainty in both the ANS and 

APS studies. 

1.2 SCOPE AND CONTENTS OF REVIEW 

With these developments/ it is now possible to assess in some 

detail the current understanding of the chemical changes that 

fission products may undergo in the primary circuit of a LWR 

following a severe accident. This review covers the period 

from the release from degrading fuel up to the time of 

postulated rupture of the reactor pressure vessel. Aerosol 

processes such as resuspension are discussed in other chapters 

and have been considered only where they have a major impact on 

chemical behaviour. Similarly, the principal thermal hydraulic 

and physical characteristics affecting chemistry are only 

briefly considered for the relevant accident sequences (Section 

2). Section 3 summarises the inventories, chemical forms and 

timing of fission products released from the fuel and discusses 

in some detail the sources and release characteristics of other 

materials which may also be present in the primary circuit. 

The modelling of fission product behaviour in the primary 

circuit is reviewed briefly in Section 4. Section 5 then 

reviews the chemistry of each main fission product species 

within the primary circuit from available experimental and 

thermodynamic data, and from modelling calculations. Finally, 

Section 6 summarises the principal requirements for further 

study in the context of the experimental and modelling studies 

which are currently in progress. 

2. RELEVANT ASPECTS OF KEY ACCIDENT SEQUENCES 

The formation and transport of aerosols and fission product 

vapours depend on the thermal hydraulic parameters of tempera

ture, pressure, flow conditions etc. Their chemical behaviour 

9 
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would be affected by the gas and surface temperatures, the 

hydrogen to steam ratio, and the extent of steam condensation. 

These conditions would be accident specific and it would be 

impractical to make rigorous predictions. For the purposes of 

this review, therefore, three sequences have been chosen - V, 

TMLB' and S2D (21) -to cover a representative range of the 

different environments of pressure, flow, temperature history, 

and degree of Zircaloy oxidation (and hence hydrogen to steam 

ratio). Since the details of these sequences are discussed 

fully in other chapters, only points of particular relevance to 

the chemistry are highlighted below. 

2.1 V SEQUENCE 

This is also considered to cover the AB (hot leg) sequence, 

except that in AB the circuit pressure is lower during the 

period of the major release of volatile fission products (16). 

The V and AB sequences are characterised by rapid core melting 

at relatively low pressure, with the release of volatile 

fission products after about 10 minutes into the increasingly 

hydrogen-rich steam. By the time of core slump (approximately 

40 minutes after uncovery begins) practically all of the 

fission product iodine and caesium are likely to have been 

released, together with some tellurium and probably inactive 

cadmium (from the absorber rods) and tin (from the Zircaloy 

cladding). Slumping is assumed to release any volatile fission 

products which had been trapped in the lower plenum before 

vessel failure. A small proportion of the less volatile 

fission products (eg barium, strontium, lanthanides) and 

structural materials (eg silver and indium, from the absorber 

rods) may be released at this stage. 

Flow rates through the RCS would be relatively slow up to the 

ECCS piping, and although core and upper plenum temperatures 

are high, gas and structure temperatures in the steam generator 

and ECCS piping remain relatively cool (-600K). There is thus 

considerable potential for condensation of fission product 

10 
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vapours to occur on to metal structures, although chemical 

reactions would only occur for the most reactive species at 

these temperatures (eg elemental iodine and tellurium). 

2.2 TMLB' SEQUENCE 

This sequence is characterised by slow core melting at the full 

system pressure of 17.2 MPa. Volatile fission products and 

structural and control rod materials would be released over a 

long period of time into a steam-hydrogen atmosphere at low 

flow rates. Gas and structure temperatures would be higher, 

falling off rapidly downstream and, with longer residence times 

in the circuit, there will thus be more potential for chemical 

reactions to occur than in the V sequence. The presence of 

water in the pressuriser relief tank would be a significant 

factor in determining the chemical behaviour if the release was 

quenched. The core slump release would be similar to that 

postulated for the V sequence. 

2.3 S..D SEQUENCE 

Fuel rod melting is again slow, at an intermediate system 

pressure about 7.0, dropping to 2.5 MPa during core melting. 

In this sequence a significant amount of the primary system 

coolant inventory of boric acid will remain in the reactor 

coolant system, and may be deposited on circuit pipework as the 

core heats up. 

In a hot leg break, with short circuit residence times (45 s) 

and gas temperatures of ~1000K, some net fission product 

retention and potential for chemical changes would be predicted 

(16). A cold leg break would involve fission product transport 

through the steam generators, which are at lower temperatures. 

This would mean considerably longer residence times. 

Consequently greater fission product retention would be 

predicted (16), but less potential for chemical reactions 

exists because of the lower temperatures. 

ll 
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3. THE RTtt.KASE OF FISSION PRODUCTS AND OTHER MATERIALS 

INTO THE PRIMARY CIRCUIT 

3.1 FISSION PRODUCTS 

The fission product inventory of a 1000 MW(e) PWR after full 

power operation for a three-year fuel cycle (average burn-up 

of 2.9%) is given in Table 1 from the FISPIN (22) code. The 

principal radiologically-important nuclides (20) axe listed in 

Table 2 together with their half-lives from Reference 1. 

Table 3 groups the fission products according to their chemical 

properties (based on the categories assigned in reference 15) 

together with their expected chemical forms within the fuel. 

This review concentrates upon the behaviour of the 

radiologically-important elements iodine, caesium and tellurium 

and, to a lesser extent, barium, strontium, molybdenum and the 

lanthanides. 

It is important, to understand the chemical forms within the 

fuel and the nature and timing of their release to the primary 

circuit, since these factors define the starting point for 

considering fission product chemistry in the primary circuit. 

One of the key factors is the oxygen potential: as fissioning 

occurs, the oxygen released from each U02 site partitions 

amongst the fission products to form the appropriate oxides. 

Some of these oxides are soluble in the U0£ lattice (lantha

nides, Y, Nb, some Mo and Zr) whereas other oxides are largely 

insoluble (Ba, Sr and some Zr). Other fission products remain 

in their elemental form whilst within the pellets but, after 

diffusing to the grain boundaries and the fuel-cladding gap, 

some of them react to form chemical compounds (eg caesium and 

iodine react to give caesium iodide). 

The release of fission products to the primary circuit in a 
severe accident is generally categorised into four phases, for 
convenience of modelling: 
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Boric acid soluble absorber in reactor 

coolant, emergency core cooling and 

emergency boration water 

Boron carbide - alumina 

Borosilicate glass 

Urania-gadolinia 

Boron carbide 

Silver-indium-cadmium 

Boron steel 

Hafnium 

burnable neutron absorber rods 

- (mainly first cycle), clad in 

stainless steel or Zircaloy 

- Control rod material (in stainless 

steel cladding) 

- control rods (unclad) 

Stainless steel - control and burnable absorber rod 

cladding, reactor internals etc 

Inconel alloys - fuel grids and other components 

Zircaloy 

Zr-l%Nb 

)- fuel and some burnable absorber 

) rod cladding 

Uranium dioxide - fuel pellets 

Table 5 lists the amounts of such materials present in a 

typical PWR core, together with their relevant physicochemical 

properties (25). However there are significant variations in 

PWR designs; for example the CANDU PHWR is exceptional in 

having no boric acid in the reactor coolant, using cadmium 

absorber rods and having Zr-2.5%Nb pressure tubes. This review 

considers in some detail the behaviour of the more volatile 

components (namely cadmium from the control rod alloy and boric 

acid) because of their important chemical and physical effects 

within the primary circuit. Other sources are reviewed but it 

is considered that these will be less important in the early 

stages of a degraded core accident (ie before pressure vessel 

failure) because of their much lower volatility. 

13 
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(i) gap release on breaching of the cladding early in the 

accident sequence, 

(ii) diffusional release from exposed fuel pellets between 

initial breaching of the cladding and onset of fuel 

nelting, 

(iii) melt release, 

(iv) aqueous leach of quenched fuel (this may involve an 

enhanced release if pellet fragmentation occurs, eg in 

TMLB', if «rater from the pressuriser drained on to the 

molten core). 

A rough indication of the quantities of the fission products 

released during these stages is given in Table 4 and is based 

on the classification of chemical species presented in Table 3, 

derived from data presented in Reference 15. It is important 

to note, however, that the releases are not known with confi

dence and therefore these data serve only as an indication of 

the extent of volatilisation. Furthermore, it is unlikely that 

the core would heat up and melt homogeneously. Some regions 

may have reached elevated temperatures sufficient to release 

both fission products and inactive species of low volatility, 

whilst other areas are only releasing highly volatile 

materials. 

3.2 ABSORBER AND STRUCTURAL MATERIALS 

Before analysing the chemistry of these fission products, 

consideration must be made of the various inactive materials 

which could volatilise and/or generate aerosols with which they 

could react. The major potential sources found in different 

designs of PWRs are listed below (24). 
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3.2.1 Control Rod Materials 

Host PWRs use control rods consisting of a Ag 80%, In 15%, 

Cd 5% alloy, clad in 304 stainless steel (24), although CE 

reactors use boron carbide pellets, Loviisa uses boron steel 

rods and CANDUs use steel-clad cadmium. Hafnium rods may be 

used more extensively in the future (24). 

The Ag-In-Cd alloy melts at HOOK (26) and the cadmium 

component has a vapour pressure of approximately 120 atmos

pheres at the observed point of rupture of the steel cladding 

(1700 ± 3OK (26)). Studies on control rod behaviour have been 

conducted at Karlsruhe (27), Oak Ridge (28) and Winfrith (26). 

Experiments conducted at ambient pressure (26) have been 

characterised by the violent ejection of molten alloy When the 

cladding fails, with the formation of an aerosol consisting of 

>98% cadmium. Aerosol formation will be strongly dependent 

upon the accident sequence : in a low pressure event such as 

the V sequence, the high cadmium vapour pressure would forcibly 

eject the alloy from the cladding and the high level of vapour 

supersaturation would dictate aerosol formation. However, in a 

high pressure event such as a TMLB', there would be no 

significant pressure gradients and hence the expulsion of 

material would be less violent. Consequently, the control rod 

vapours would not be supersaturated initially, and there may be 

very little aerosol formation. The release behaviour in a S2D 

sequence' is likely to be intermediate between these two but 

approaching that of TMLB. Cadmium would be released in the 

elemental form during the diffusional release of the more 

volatile fission product vapours (iodine, caesium and 

tellurium). 

Any molten silver which contacts neighbouring fuel elements 

during the ejection of the control rod alloy could form a low 

melting alloy (mp ~1500K) with the Zircaloy (28, 29). This 

will weaken and destroy the cladding locally and could expose 

the bare fuel. It is apparent that silver and indium will not 

contribute significantly to the aerosol source term in the 
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early stages of the accident, given the relatively low tempera

tures during this period. Following rupture of the stainless 

steel cladding, the molten silver and indium components above 

the break would be expected to run down the rods to solidify in 

the cooler parts of the system (the lower fuel rods of the core 

and in the lower plenum). The control rod alloy remaining in 

the rods below the rupture point would not be released until 

the steel cladding surrounding it melted. However silver and 

indium may play an important role later in the accident 

sequence, eg following core slump, where contact with molten 

U02 would generate a significant aerosol source which could 

interact with the less volatile fission products that are 

released at this time. 

For the case of boron carbide control rods, the stainless steel 

cladding would be predicted to melt.above 1700K. On the basis 

of Elrick and Sallach's (30) studies in steam above 127OK, the 

exposed boron carbide should then react with steam to produce 

volatile boric acids via boric oxide. In experiments 

undertaken to quantify this behaviour in the presence of 

Zircaloy-clad U02 pellets in the Oak Ridge core melt facility 

(31), substantial retention of boric oxide was observed on 

heating rapidly to core melt temperatures. This was attributed 

to the formation of a solid•solution with U02. Hence the boron 

carbide control rods could provide a source of volatile boric . 

acid in a slow melt progression, but if temperatures rose 

rapidly above 1700K to melting the release could be minimal. 

3.2.2 Boric Acid 

Boric acid is a significant source of vapour and aerosol 

(between 0.7 and 39 tonnes is potentially available). It can 

provide a suitable surface for condensation during aerosol 

transport, and will also react chemically with specific fission 

species such as caesium iodide and caesium hydroxide, as 

discussed further in Sections 5.2 and 5.3. Boric acid may be 

released through one of the following mechanisms : 
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(i) flashing of the primary coolant early in the sequence 

with the formation of boric acid aerosols, 

(ii) overheating of the core causing evaporation of the 

primary «oolant and crystallisation of boric acid on 

core surfaces and/or volatilisation of boric acid, 

(iii) injection of borated ECCS water onto the degrading 

core, causing flash boiling and formation of boric acid 

aerosols, 

(iv) vaporisation of boric acid by flashing of water in 

lower plenum at core slump, 

(v) reaction of boron carbide poisons with steam to 

generate boric acid (30). 

Examination of the TMI-2 reactor (32) showed considerable 

deposits of boric acid crystals in the containment. Similar 

evidence of boric acid deposits comes from preliminary analysis 

of the LOFT FP-1 test (33). 

The role of boric acid will be strongly dependent upon the 

accident sequence. In the S2D sequence high pressure safety 

injection is assumed to fail, and the circuit pressure is 

calculated to be too high for accumulator or low pressure 

injection. Hence the only direct source of boric acid is the 

primary coolant inventory. The situation is similar for TMLB'. 

Some boric acid will be lost as the system loses coolant, but a 

large proportion should remain from mechanism (i) and, 

particularly, (ii) for both sequences. It is not clear whether 

the boric acid/oxide released as the core boils down would 

vaporise as boric acid in steam or remain deposited on core 

surfaces as boric oxide, since the vapour pressure behaviour of 

boric acid/oxide under high pressure in steam/ hydrogen 

mixtures is not well understood. The potential seems to exist 

for vaporised fission products to interact with boric acid 

vapour or aerosols and possibly boric acid/oxide deposits 
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in either very hot and cooler regions of the primary system, 

respectively. A considerable amount of the boric acid 

inventory may remain in the primary coolant water in the lower 

head of the pressure vessel, and be released as a late source 

(mechanism (iv)) on core slump giving the possibility of 

interaction with less volatile fission products and also with 

those volatile fission products released earlier which had 

deposited in cooler regions of the primary circuit. 

Conversely, in low pressure sequences, (V and AB), most of the 

primary coolant boric acid and borated accumulator water could 

be ejected from the primary circuit during the rapid initial 

dépressurisâtion. Some, however, would remain as a source by 

mechanisms (i) and (ii). Since at ambient pressure the 

volatility of boric acid in steam is greatly enhanced, no 

deposition would be predicted above about 50OK (34), (except 

possibly for boric oxide crystallisation on core surfaces too 

hot for boric acid to be stable). Hence the major possibility 

for boric acid to interact with volatile fission products would 

seem to be in the vapour phase or through vapour-aerosol 

contact. However, if hydrogen production form the Zircaloy-

steam reaction led to the circuit becoming steam-starved, 

condensation of boric oxide may occur at the prevailing circuit 

surface temperatures, enabling vapour-condensed phase inter

actions to occur. As with TMLB' and S2D sequences, flashing of 

water in the lower vessel head could provide a late source of 

boric acid vapour, which could interact with less volatile and 

deposited volatile fission products. 

Late ECCS injection is not analysed, so mechanism (iii) would 

only be important in partial-recovery scenarios beyond the 

scope of this study. For some reactor types with boron carbide 

present, mechanism (v) could be an important, late additional 

source of boric acid. 

Experiments have been undertaken in the core melt facility at 

Oak Ridge to quantify the release of boric oxide (28). In one 

experiment where boric oxide powder was mixed intimately with 
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UO, powder and melted completely in steam, the release of 

boric oxide was less than 0.5%. In a second experiment boric 

acid was introduced into the feedwater used to generate steam 

and passed through the overheated fuel. In this case ~10% of 

the boric acid vaporised during the lower temperature heating 

steps (1670 to 2070K), but as the temperature increased to 

partial fuel melting, the release terminated. This was due to 

increased reactivity of boric oxide with the mixed metal 

oxides (Zr02, U02) in the fuel. This suggests that in these 

late stages (>2500K) in the accident boric oxide will only be a 

dominant aerosol source where the core slumps on to borated 

water in the lower plenum causing flash boiling and formation 

of boric oxide aerosols. In earlier stages, significant boric 

acid aerosols would still be expected. 

3.2.3 Tin and Manganese 

As the core overheats, some structural materials would begin 

melting, slowing releasing the most volatile components (see 

Table 5). The most important example of this behaviour is the 

release of tin from the Zircaloy. When the Zircaloy melts at 

2125K, the tin constituent will have a vapour pressure of 5 kPa 

(assuming ideal solution behaviour) and an initial burst 

release may be expected, followed by a diffusion-controlled 

vaporisation release from the molten Zircaloy. Such a tin 

release was believed to occur in the severe fuel damage tests 

conducted in the ACRR facility (35). It should be noted that-

this, and other burst release phenomena may not be observed as 

discrete events in reactor accidents given the progressive 

nature of fuel degradation. 

Another postulated example is the release of the volatile 

manganese component from stainless steel. Manganese accounts 

typically for 1.5% of the stainless steel. On melting of the 

steel at approximately 1700K the manganese constituent has a 

vapour pressure of approximately 1.1 XPa (given ideal solution 

behaviour). In a steam atmosphere, however, rapid reaction of 

manganese would occur to give non-volatile oxides which would 

remain at the steel surface. Consequently, in most accident 

scenarios the manganese would not be expected to have 
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a significant effect. Evidence for this comes from analysis 

of the failed stainless steel cladding of control rods (29) 

where very high (-50%) concentrations of manganese oxides were 

found at the grain boundaries near the rupture. No significant 

vaporisation or aerosol formation of any oxides of the main 

steel components (Fe, Cr, Hi) would be expected before vessel 

failure. 

3.3 FUEL DUST AEROSOLS 

During core degradation small quantities of particulate 

material (U02 and Zr02) may be physically removed from the 

fuel to form an aerosol source. Some of these particles may 

be sufficiently small («10 ym) to be transported through the 

primary circuit. These aerosols could be released at two 

) stages during the accident: when the clad bursts and when the 

fuel slumps into any water in the lower plenum and fragments 

the fuel (15).- These would probably remain unchanged 

chemically within the primary circuit. 

3.4 ACTIVATED CORROSION PRODUCTS 

The activated corrosion products could be another possible 

aerosol source. The major corrosion products are Co-60, Co-58, 

Fe-59, Mn-54, Cr-51 and Zn-65. Other minor elements to be 

considered include Zr-95, Nb-95, Ag-110m, Sb-124, Co-57, 

Sn-113 and Sn-117m. These radionuclides will be present in 

the primary circuit as both soluble and insoluble species. 

The debris has a wide particle «ire range from submicron 

particles to greater than 30ym. In a rapid accident sequence 

(V or AB) most of the corrosion products would be lost through 

the breach prior to fission product volatilisation. However 

in a slower accident sequence such as S2D, a relatively slow 

evaporation of coolant would occur and the activated corrosion 

products may provide a significant aerosol source term during 

the early stages of such an accident. No significant chemical 

changes would be expected in the primary circuit for the 

activated corrosion products. 
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3.5 SUMMARY OF CORE PHENOMENA AND RELEASES OF FISSION 

PRODUCTS AND INACTIVE SPECIES 

Table 6 summarises the predicted core behaviour and the 

consequent releases of the main fission products and inactive 

materials, as a function of core temperature. It should be 

stressed, however, that at any time, different regions of the 

core may well be at different temperatures. 

4. PRIMARY CIRCUIT MODELLING.,STUDIES 

A number of computer codes have been developed to quantify 

fission product retention in PWR primary coolant systems 

during severe reactor accidents (36). The major codes are 

RAFT, RETAIN, TRAPMELT and PATRAP. Some of these codes are 

also being incorporated into larger programs such as VICTORIA 

and MELCOR which relate fission behaviour to the thermal 

hydraulics throughout the accident sequence. However all of 

these codes are rather limited in their treatment of chemistry 

behaviour* 

The RAFT (Reactor Aerosol Formation and Transport) model (37) 

predicts the size distribution and composition of aerosols 

formed from condensation of fission product and control rod 

vapours released in LWR accidents. Homogeneous and 

heterogeneous nucleation, aerosol agglomeration, and aerosol 

and vapour deposition are considered, in conjunction with 

thermodynamic assessments of the Cs-I-Te-O-H-Ag-In-Cd system. 

The TRAP-MELT code (7, 8, 9) considers the deposition 

behaviour of caesium iodide, caesium hydroxide, tellurium and 

a lumped aerosol source through a defined number of volumes. 

The chemical species are defined in terms of a number of 

states (vapour/aerosol carried by gas, vapour/aerosol 

deposition on to wall, vapour condensation on to aerosol). 

No account is taken of chemisorption of fission product 

vapours on to aerosols, and surface reactions are treated 
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simply in terms of temperature-independent irreversible 

reactions. RETAIN is a development of TRAPMELT-1 and assumes 

that the aerosol distribution is always log-normal. This code 

has been applied in the IDCOR review of source terms (19). 

The calculational route adopted in Japan to model fission 

product transport and deposition in the primary circuit 

comprises three parts: 

(i) determination of the chemical composition using the 

chemical equilibrium code MPEC, 

(ii) determination of the initial aerosol particle size 

distribution, 

(iii) determination of the decrease in aerosol concentration 

using the code PATRAP-2. 

Although some efforts have been made, all these codes are 

limited in their treatment of chemical behaviour. In 

particular (36), none of them consider: 

(i) revaporisation by decay heat, 

(ii) chemical reactions, 

(iii) radioactive decay, 

(iv) resuspension of aerosol deposits (and revolatilization 

of 'chemisorbed' fission product vapours), 

(v) the effects of convection, conduction and poorly mixed 

volumes. 

These computer programs are being modified (38) to account for 

various inadequacies and efforts are being made to test these 
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codes against experiments such as the aerosol transport tests 

at Marviken (39) and Oak Ridge (40). 

For the purposes of this review, a simple analysis has been 

made of the deposition behaviour of iodine, caesium and 

tellurium in the primary circuit of a PWR during a severe 

accident. The results are discussed in the relevant sections 

of chapter 5. This analysis is similar to the methods adopted 

in References 41 and 42. In order to simplify the analysis and 

to maximise the amount of deposition, it was assumed that the 

fission product deposition obeys first-order kinetics and is 

not limited by gas-phase mass transfer. This analysis only 

represented chemisorption and did not consider condensation. 

Furthermore, only chemisorption on to surfaces was assumed and 

consequently secondary deposition processes were neglected (eg 

chemisorption on to aerosolB which then deposit in the primary 

circuit). 

The mass balance in the primary circuit can be described by 

dC 
QC * QC + Ak,C + V — (1) 
° l dt 

where Q is the average steam flow rate (m3 s"1), C is the 

inlet fission product concentration (g sT3), C is the fission 

product concentration (g m~3) at time t (s), A is the -total 

internal surface area of the primary circuit (m2), V is the 

volume of the primary circuit (m3) and k1 is the first order 

deposition rate coefficient or deposition velocity (m s"1). 

This equation can be solved if a constant fission product inlet 

concentration (c ) is assumed over the release period (t_) to 
O K 

give the gas-phase fission product concentration as a function 
of time: 

t < tR C - — * - [1- e ^1 (2) 

t > tR C - — 2 - [1 - e R] e K U V (3) 
VK 
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Q + Akj 
where K « — — — (4) 

The fission product fraction deposited in the primary circuit 
(F) at tine t is the mass of the fission product deposited 
(MD) divided by the total mass released (MR). These values 
can be calculated from the following relationships: 

- Ak, C (5) 
dt 

t 
*L » Akj / Cdt (6) 

o 

Mj^ - 0Cot at t < tR (7) 

' "R ' « V R at t > St (8) 

Substitution of these equations into equations (2) and (3) 

gives: 

F(t) - — - [1 (1- eKt)] for t < t_ (9) 
MR VK Kt * 

*D ^ 1 1 -Ktp -K(t-tp) 
F(t) - — - [1 ( 1 - e R ) e R ] 

MR VK KtR 

for t > tR (10) 

The maximum quantities of fission products deposited in the 

primary circuit are calculated when t approaches infinity: 

Ak. Ak, 
F ( . ) " — — <13L> 

K ' VK Q + Ak, 

« 

24 



- 48 -

The fraction of deposited fission product depends only on the 

steam flow rate, the surface area available for deposition and 

the deposition velocity, and is independent of the release 

model. 

In the calculations, the total internal surface area in the 

primary circuit was assumed to be 600 m2. This value was based 

on the dimensions of the primary circuit for a typical PWR (20) 

and the arbitrary assumption that the total surface area is 

five times that of the inside surface area. The steam flow 

rate was was assumed to be 1 m3 s"1. This represents a rough 

average of the flow rates in the 3 scenarios considered. 

Although the fission product deposition velocities show an 

Arrhenius temperature dependence (41, 43), a primary circuit 

temperature of 800K was assumed in order to simplify the 

calculations. 

5. FISSION PRODUCT RELEASE AND INTERACTION PHENOMENA 

Chemical reactions in the primary circuit may involve any 

combination of vapours, aerosols, surfaces and surface 

deposits. The extent of the reactions will be governed by the 

chemical and physical forms of the volatilised material, 

together with the timings of release, temperatures, flow rates, 

etc, as discussed above. Assessments of the chemical behaviour 

of the fission products have been aided by the use of thermo

dynamic modelling codes such as SOLGASMIX (44) to predict 

equilibrium concentrations for the most likely chemical 

species. Although this approach allows predictions to be made 

over a wide range of pressure, temperature and elemental 

composition, it depends upon the correct assumptions being made 

regarding the molecules present. If the required thermodynamic 

data are not available, or if the system contains a significant 

proportion of an unsuspected species, the resulting predictions 

will not be reliable. Whilst thermodynamic calculations 

provide an important base line for subsequent experimental 

validation, it is also important to take account of kinetic 

effects, and these remain largely unstudied. 
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5.1 XENON, KRYPTON 

These gases are inert within the fuel and in the reactor 

coolant system following their release. In a severe accident 

complete release of these gases is assumed and no chemical or 

physical attenuating processes can be predicted. 

5.2 IODINE, BROMINE 

The chemical state of iodine (and bromine) within the fuel is 

not known with confidence (45),.but will -be present within the 

fuel matrix as iodine atoms, molecular iodine and as alkali 

iodides. Nonetheless, thermodynamic data and experiments to 

date suggest that, in the absence of other materials, iodine 

will be predominantly released into the primary circuit as 

caesium iodide into the reducing steam environment of a 

degraded core accident. Cubicciotti and Sanecki (46) have 

identified caesium iodide crystals on the inner surface of. 

Zircaloy cladding of irradiated fuel rods. In fission product 

release experiments conducted at Oak Ridge (47, 48), the 

deposition behaviour along a thermal gradient tube was consis

tent with caesium iodide being the chemical form released. 

The release of iodine and caesium has been analysed in depth 

by Peehs et al (49) over the temperature range 1100 to 2200K, 

and found to occur in two steps: a burst release and a 

and a diffusion-controlled release. Release rate data for 

iodine summarising the results of the Oak Ridge HI tests (47, 

48), the KfK SASCm tests (50, 51) and the PBF data (52, 53) 

are presented in Figure 1 and compared with the predictions 

given in Reference 14. 

5.2.1 Caesium Iodide 

(a) Vapour Phase Reactions 

Thermodynamic calculations (14) indicate that high concen

trations of caesium iodide are stable towards dissociation in 
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steam at temperatures up to 1800K. Observed instability in 

some experimental studies at lower temperatures may be 

explained through reaction of caesium iodide with oxygen 

absorbed on silica glassware (54, 55). In fact a recurrent 

feature of caesium iodide chemistry is the displacement of 

iodine in the presence of compounds capable of forming stable 

oxygenated anions (eg Si02, HB02, Cr203) with caesium. This 

will be discussed in detail later. 

In radiotracer thermochromatographic experiments. Tang et al 

(56) reported partial dissociation of caesium iodide when 

heated to 1800K in helium containing 2% water vapour. This is 

supported by Collins et al (54) who reported that, although 

chemical decomposition does not occur significantly for 

caesium iodide at high concentrations, it does occur very 

readily at low concentrations, particularly in a steam atmos

phere. These low levels may be realistic for irradiated fuel 

and Collins et al (54) also reported that a large proportion 

of the iodine deposited at low temperatures from fuel 

irradiated to 1000 MWD/t was found as free molecular iodine. 

However, more recent studies by Nicolosi and Baybutt (57) 

indicated that caesium iodide vaporises congruently over the 

temperature range 1090 to 1310K with stoichiometric deposition 

of caesium and iodine on to most of the deposition coupons. 

They concluded that caesium iodide (Csl) and possibly the dimer 

(Cs2I2) were the major vapour species, although chemical 

analyses were not performed on the vapour or the coupon 

deposits. Similar conclusions were reached by Topov (58) and 

Cummings et al (59) in transpiration studies. Furthermore, 

Cummings et al (59) reported that caesium iodide vapour does 

not interact significantly with either hydrogen or water 

vapour. Studies at Winfrith (43) suggest there is no decom

position of caesium iodide at temperatures up to 1250K under 

argon. 

Thermodynamic analyses of the iodine-caesium-tellurium system 

in the primary system under accident conditions (60, 61) 

confirm the above conclusion that caesium iodide will be the 
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dominant iodine compound and consequently no fission product 

vapour interactions are predicted. 

(b) Reactions with Boric Acid 

A major area of interest is the effect of boric acid (either 

deposited through the primary system or as vapour or aerosols) 

on the stability of caesium iodide. Preliminary studies at 

Sandia (30) showed that caesium iodide vapour in the presence 

of steam at 1270K reacted with boron carbide (presumably as a 

boric oxide intermediate) to generate a volatile iodine 

species. The reaction between caesium iodide and boric acid 

has since been investigated in detail at Winfrith (62). These 

studies have demonstrated that a low temperature reaction 

(~370K) can occur to give hydrogen iodide and caesium borates 

(63) from an intimate mixture of caesium iodide and boric 

acid. Further support for this observation has come from 

solution-evaporation studies by Bandy (64) and Deane (63). At 

higher temperatures <>770K) studies at Winfrith have 

demonstrated that -the surface-catalysed thermal dissociation 

of hydrogen iodide is greatly enhanced by the presence of 

adventitious oxygen to generate molecular iodine (62, 66). 

A more limited reaction occurs when caesium iodide vapour in 

steam is passed over boric acid-coated stainless steel 

surfaces (34, 67). The boric acid is volatilised in the steam 

flow (due to the stabilisation of the H3B03 and HB02 species 

in the gas phase) and recondenses at relatively low tempera

tures (<420K) where little of the caesium iodide would remain 

in the steam flow having condensed upstream at higher tempera

tures (~770K). This heterogeneous reaction is evidently very 

sensitive to the degree and nature of contact between the 

species, which in turn will be critically dependent upon the 

phenomenology of the accident sequence. Contrary to thermo

dynamic predictions (30), extensive reaction has been observed 

in the gas phase (34, 67), which would be less sensitive to 

the accident conditions. 
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In a rapid depressurisation sequence (V or AB) much of the 

boric acid would be lost from the primary circuit in the 

ejected coolant, but some would remain, as boric acid vapour 

in steam, deposit in the circuit (if the atmosphere became 

steam-starved due to the Zircaloy-steam reaction), and in the 

water boiling off the core. Vaporised caesium iodide could 

interact with any of these sources to give more volatile 

iodine species. 

•s In high pressure sequences (S2D or TMLB') considerable amounts 
of boric acid would be present concentrating in the primary 

coolant boiling off the core and in the steam in the circuit. 

As the core is uncovered boric oxide could deposit on core 

surfaces, which could later react with caesium iodide vapour 

if steam starvation prevented volatilisation as boric acid. 

When the caesium iodide vapour contacted boric acid in steam, 

vapour-vapour or vapour-aerosol reactions could also occur. 

For all four of these sequences, the core eventually slumps 

into the water that remains in the bottom head of the pressure 

vessel. This will result in steam-flashing and the violent 

release, either as vapour or aerosol, of boric acid which had 

concentrated in the water. This could react with caesium 

iodide which had deposited in cooler parts of the primary 

circuit (<770K), resulting in a late source of volatile 

iodine. 

When boron carbide control rods or burnable absorbers are 

used, the Sandia studies (30) suggest that similar chemical 

reactions with caesium iodide would occur, via the inter

mediate decomposition of boron carbide by steam to boric 

oxide/acid (see Section 3.2.2) once the steel cladding had 

melted (~1700K). This would give a late release of boric 

acid, which could react with caesium iodide in either the 

vapour or condensed phase (34, 67). However, if the accident 

sequence led to rapid core melting (eg V sequence), retention 

of boric oxide in the fuel oxide phases may occur (28) and 

significantly reduce the boric, acid source term. 
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(c) Reactions with Other Inactive Materials 

The possible condensation of caesium iodide on to cadmium 

aerosols may be an important transport/attenuation mechanism 

but no chemical reaction would be expected» 

The reaction of caesium iodide at 1070K with a variety of 

solid aerosols (Ag, Mn203, Cr203, Fe, Fe203, Sn02 and Ni) has 

been investigated by Spence (68). Only weak physisorbtion 

interactions were found for most of these, as predicted, but 

chemical reactions occurred with both Cr203 and Ag. Caesium 

iodide reacted with chromium sesguiozide with the evolution of 

elemental iodine and the formation of a caesium chrornate. The 

precise form of the chromate is not known with confidence, but 

one possible reaction is given below: 

2Cr203 + 502 + 8CsI + 4Cs2CrO^ + 4I2 

However, such oxidising conditions are atypical of FWR 

accident sequences. Furthermore chromium oxide aerosols are 

unlikely to be formed (although chromium oxide formation on 

metal surfaces will be significant), except late in a core 

melt sequence, when all the caesium iodide should already have 

been removed from the core region. 

In studies with silver, Spence noted that over half the mass 

of silver was lost, apparently by forming relatively volatile 

silver iodide, by the simple exchange reaction: 

Csl + Ag * Cs + Agi 

However, Sallach et al (69) found caesium iodide vapour to be 

stable in the presence of silver at temperatures below 1200K. 

However at higher temperatures (up to 2070K) silver iodide was 

formed (70) in agreement with thermodynamic assessment of 

these conditions (71). As discussed in Section 3.2.1, silver 

is relatively involatile and would not be expected to be 

present in significant quantities as a vapour or aerosol 
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before most of the caesium iodide had been released from the 

core, except possibly in the initial burst of molten control 

rod alloy in a low pressure sequence. Silver iodide has 

comparable melting and boiling points to caesium iodide, but 

it has a low solubility in water and would precipitate in 

aqueous aerosol droplets* 

(d) Reactions with Surfaces 

Caesium iodide vapour shows no chemical interaction with 

304 stainless steel (43, 69) up to 1270K And only simple 

vapour condensation behaviour is observed. However 

Sallach et al (69) have examined the interaction of 

caesium iodide with Inconel 600 and have reported a 

limited chemical reaction at 1270K in the presence of steam. 

Some caesium, but essentially no iodine, was retained with the 

surface oxide. A moderate correlation of caesium with the 

silicon content of the Inconel was observed and the formation 

of a caesium silicate was postulated. 

5.2.2 Hydrogen Iodide and Iodine 

Whilst the direct release of iodine or hydrogen iodine from 

-the fuel is improbable, these species could be formed by one 

of several possible reactions of caesium iodide in -the primary 

circuit and by recombination of iodine atoms from hot regions 

of the core. Hydrogen iodide and iodine are both very 

reactive species and interact readily with a wide variety of 

materials. Hydrogen iodide is highly soluble in water 

(forming a constant boiling mixture which distils at 399K), 

dissociating completely to form the non-volatile iodide ion at 

low temperatures (72). 

(a) Vapour Phase Reactions 

It is unlikely that elemental iodine could represent a major 

species in the reducing steam in the primary circuit since it 
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would react with hydrogen to form hydrogen iodide and iodate. 

Elemental iodine will also react rapidly with caesium 

hydroxide to generate the equivalent caesium salts (72» 73). 

The reaction of hydrogen iodide with caesium hydroxide would 

be complicated by the presence of boric acid (Section 5.3.1). 

(b) Reactions with Surfaces and Aerosol Sources 

If hydrogen iodide and iodine were formed during the early 

stages of a severe accident, they would react with the cadmium 

aerosol released from overheated control rods to form cadmium 

iodide (Cdl2). Cadmium iodide is relatively involatile and 

shows limited solubility in water to give complex systems 

containing various halide species (74) which may be trans

ported in the steam. Similar reactions of hydrogen iodide and 

iodine with other potentially important aerosol sources such 

as tin, silver, indium or manganese are possible. Some metal 

iodides produced may by hydrolysed in steam (74), whereas 

others (eg silver iodide) would be stable. These compounds 

may be transported in steam out of the circuit or deposit. 

Comparable reactions with surfaces are predicted: both 

hydrogen iodide and iodine react rapidly at comparatively low 

temperatures (~600K) with Zircaloy (75) and silver (69) to 

form their corresponding metal iodides. Rapid reactions are 

observed between hydrogen iodide and iodine with stainless 

steel (41, 62) to generate nickel and iron iodides, both of 

which are relatively non-volatile (although stable only at 

relatively low temperatures) and highly water soluble. Their 

subsequent behaviour is uncertain* Nickel iodide and iron 

iodide show a little reaction with boric acid at temperatures 

of 115OK (62). However, thermodynamic studies (76) show that 

the oxides of iron, chromium and nickel are more stable than 

their respective iodides, and under high temperature steam 

conditions the metal oxides would be formed preferentially, 

giving a mechanism for revolatilisation of iodine. 
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In summary, under the conditions of a severe accident, there 

are two competitive mechanisms for attenuation of any iodine 

and hydrogen iodide: 

(i) interaction with structural materials and aerosols to 
form comparatively non-volatile metal iodides, 

(ii) dissolution in water/steam (72) of hydrogen iodide, 

iodine and some metal iodides. 

5.2.3 Iodic Acid and Metal lodates 

Iodine disproportionates and equilibrates in water to form the 
iodate ion (72): 

3I2 + 3H20 * 6H+ + 51- + I03-

Similarly alkali metal iodides react in the presence of base 

to give iodate ions. The production of caesium iodate has 

been demonstrated in matrix isolation studies (73) from the 

reaction of iodine with caesium hydroxide at high tempera

tures. However these halate salts decompose at relatively low 

temperatures and would not be predicted to have a significant 

impact on fission product chemistry in the reducing environ

ment of a severe accident. 

5.2.4 Modelling Studies 

Present primary circuit modelling calculations have assumed 

that all the fission product iodine is transported as 

relatively involatile caesium iodide. No chemisorption 

behaviour was predicted and in the absence of water any caesium 

iodide retention involved simple condensation, giving upwards 

of 60% retention (20). It is now apparent that this assumption 

may not be accurate because a significant proportion of the 

iodine could be transported in a more volatile form such as 

hydrogen iodide or elemental iodine. 
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These species are more reactive than caesium iodide and could 

interact with the circuit surfaces and aerosols* Genco et al 

(41) report a deposition velocity for hydrogen iodide on to 

304 stainless steel of 10"*» m s~* at 800K in 90% steam. This 

value can be used in equation (11) as defined in Section 4 to 

give a maximum retention in the primary circuit of 6% by 

chemisorption on to surfaces. However» Genco et al report a 

significantly higher deposition velocity for hydrogen iodide on 

to 304 stainless steel at 570K. This temperature is typical 

for the steam generators during a small break sequence. If a 

similar deposition velocity would occur on the Inconel alloy 

tubing, the high surface area (~ 5100 m2) (20) could allow 

considerable primary circuit retention for the S2D accident. 

Conversely, if the hydrogen iodide undergoes significant 

thermal decomposition to hydrogen and molecular iodine, such 

chemisorption effects would be negligible (41). 

Hydrogen iodide and iodine are volatile species, and simple 

condensation on the primary circuit surfaces would be 

insignificant in comparison with caesium iodide (20). 

5.3 CAESIUM, RUBIDIUM 

Caesium and rubidium (subsequently treated just as caesium) 

will be present within the fuel matrix as elemental caesium, 

caesium halides (eg Csl), caesium uranates (Cs2U0Jf, 

Cs2U03.56), caesium molybdate (Cs2MoOH) and caesium telluride 

(Cs2Te). Cs2UOlf is reported to be a stable compound at high 

oxygen activities (77, 78) and particles of CSjUO^ have been 

identified on the inner surface of Zircaloy cladding (47) 

together with amorphous deposits presumed to be caesium 

telluride. However, from the present evidence, caesium 

molybdate is the only ternary caesium compound which could 

form in typically constituted fuel. Experiments to determine 

the release of caesium have shown that caesium hydroxide will 

be the dominant species released into the reducing steam 

environment of a degraded core accident and this conclusion is 

supported by thermodynamic assessments of this system (61). 
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Release rate data for caesium are presented in Figure 2 and 
are compared with the predictions given in Reference 14. 

5.3.1 Caesium Hydroxide 

(a) Vapour Phase Reactions 

Thermodynamic assessments of the iodine-caesium-tellurium 

system in the primary circuit under accident conditions 

suggest that caesium hydroxide, caesium iodide and their 

aimers are the dominant caesium vapour species (60, 61). This 

has been confirmed by mass spectrometric (79) and matrix 

isolation studies (73) of the vaporisation of caesium 

hydroxide. 

Matrix isolation studies (63, 73) have demonstrated the 

formation of caesium tellurite (Cs2Te03) from the vaporisation 

of mixtures of caesium hydroxide and tellurium dioxide, 

caesium carbonate with tellurium dioxide, .or caesium uranate 

with tellurium. However, in the presence of steam at high 

pressures it i6 doubtful whether such species would be 

significant. 

(b) Reactions with Aerosol Sources 

Caesium hydroxide would be predicted to be released during the 

early stages of the accident before fuel melting. Hence boric 

acid and cadmium would be -the major sources of aerosol that 

would be evolved at the same time as the caesium hydroxide. 

Only physisorption processes would be expected between caesium 

hydroxide vapours and cadmium aerosols with no chemical inter

actions predicted. However, boric acid may play a substantial 

role. Caesium hydroxide reacts rapidly with boric acid 

(either in the vapour or the condensed phase) or boric oxide 

aerosols. The reaction product will be a caesium borate whose 

precise chemical form will depend upon the proportions of the 

reactants and local equilibrium conditions (80): caesium 

borates are water-soluble and relatively non-volatile compared 
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with caesium hydroxide and would show significant attenuation 

by rapid condensation and deposition. Caesium hydroxide 

reacts rapidly with both iodine and hydrogen iodine to form 

caesium iodide (81) but if excess boric acid were present this 

may sequester the caesium hydroxide preferentially and prevent 

the reaction occurring. Thus, as with iodine, the avail

ability of boric acid will strongly affect the behaviour of 

caesium. 

The reaction of caesium hydroxide vapour with other less 

volatile aerosol sources (Ag, Mn203, Cr203, Pe, Fe203, Sn02 
and Ni) has been investigated by Spence (68). Caesium 

hydroxide at a vapour pressure of approximately 25 Pa reacted 

very strongly with iron and ferric oxide powder at 970K, and 

significant reaction occurred with silver. The remaining 

materials reacted weakly, indicative of surface physisorption 

processes. Although the reaction of caesium hydroxide with 

iron powder at 770K has been reported (82) to bet 

3CsOH + 2Pe -»• Pe203 + 3Cs + l*sH2, 

these results are not in agreement with experiments conducted 

at Winfrith (83), which showed that caesium hydroxide 

physisorbs (with no chemical reaction) on to ferric oxide 

powder in an inert atmosphere whereas F«2^3 is reduced in an 

argon + 5% hydrogen atmosphere with no significant reaction 

observed between caesium hydroxide vapour and iron powder. 

Such metal oxide aerosols are unlikely to be a significant 

interaction source, but these results may be relevant to 

surface absorption studies. 

(c) Reactions with Surfaces 

The reactions between caesium hydroxide vapour and stainless 

steel has been studied extensively at Winfrith (43, 84, 85) 

and Sandia (30, 59, 81, 86). The reaction is characterised by 

the formation of water soluble and insoluble caesium-based 

reaction products and occurs via a fast physisorption process 
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which is followed by a slower diffusion of caesium into the 

metal oxide. At temperatures above HOOK the situation is 

complicated by spallation of the brittle oxide deposit* The 

stainless steel forms a duplex oxide layer and the caesium is 

associated predominantly with the inner layer of chromium 

oxide. The Winfrith studies imply that caesium is present as 

isolated cations in vacancies of the chromium oxide lattice, 

but the Sandia work suggests the formation of caesium silicate 

(possibly Cs2Si^09) in the inner oxide layer. A relatively 

slow reaction between caesium hydroxide vapour and Inconel has 

been reported (86), and the formation of a caesium silicate or 

aluminate has been proposed. 

The interaction of caesium hydroxide vapour with coupons of 

the individual component metals of stainless steel and Inconel 

has been studies at 1270K (84): manganese and chronium coupons 

react to generate MnO and Cr203 at the surface but no reaction 

is observed with either nickel or iron coupons. At high 

temperatures, caesium hydroxide will react with various metals 

to form either the oxides or mixed caesium-metal compounds. 

For example caesium hydroxide reacts with zirconia at 1900K to 

form caesium zirconate (Cs2Zr03) and caesium hydroxide will 

also react with manganese oxide to form a caesium manganate 

species (83). These reactions with a variety of metal and 

metal oxides indicate that significant surface retention of 

caesium may be predicted in the primary circuit during a 

severe accident. 

5.3.2 Caesium Iodide 

Most of the properties of caesium iodide have been discussed 

in Section 5.2.1. However it is important to note that 

reactions with boric acid to give more volatile iodine species 

are also likely to cause significant caesium attenuation 

through the formation of relatively non-volatile caesium 

borates (see Section 5.3.1). 
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5.3.3 Caesium Oxides 

There axe a wide range of caesium oxides and the phase diagram 

for the Cs-Cs20 system is complex (74, 82). However all the 

caesium oxides are hydrolysed rapidly by water and although 

Cs20 has been postulated in the release of caesium from the 

degradation of irradiated fuel in air (88, 89), it will not 

exist in the steam environment of a severe reactor accident. 

5 . 3 . 4 Caesium Molybdate and Uranates 

Although caesium uranate (Cs2UOlf) would not be expected to be 

stable except under oxidising conditions, caesium molybdate 

(CSgMoO^) is sufficiently stable at high temperatures to 

provide additional transport mechanisms for both caesium and 

molybdenum. The formation of this compound would lower the 

relative volatility, and hence release, of caesium compared 

with caesium iodide and caesium hydroxide but enhance the 

volatility of molybdenum compared with the behaviour of 

elemental molybdenum. Matrix isolation-infrared studies have 

shown (63, 73) that caesium molybdate vaporises c'ongruently 

under vacuum conditions with no evidence of thermal decompo

sition. Some evidence for the existence of a relatively 

non-volatile caesium compound which may well be caesium 

molybdate comes from the thermal gradient studies conducted at 

Oak Ridge (46, 88, 89) and the results of the early PBF tests 

(52, 53). Caesium molybdate is exceptionally water-soluble, 

and moreover any contact with steam at high temperatures would 

favour decomposition to molybdenum trioxide and caesium 

hydroxide: 

Cs2MoOH + H20 # 2CsOH + MoOj 

This may provide a route for the transport of molybdenum from 
the primary circuit. 
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5.3.5 Caesium-Tellurium Species 

Caesium telluride (Cs2Te) is believed to be present in 

irradiated fuel (46) and Johnson and co-workers (90) have 

reported mass spectrometric evidence for the existence of CsTe 

in fission product release experiments. Thermodynamic studies 

of the Cs-Te system indicate that Cs2Te, Cs3Te2, Cs2Te3, 

Cs2Te5 and CeTe^ are stable compounds at room temperature 

(91). However thermodynamic calculations (61) for the 

caesium-iodine-tellurium system suggest that the reaction: 

Cs2Te(s) + 2H2°(g) * 2Cs0H(9) + H2^9^ + Te(s) 

is thermodynamically favoured at 1.2 MPa, indicating that 

Cs2Te will not be significant at least for TMLB* and S2D 

sequences, although it may be an important species in low 

pressure accidents such as the V sequence. 

Matrix isolation studies (63, 73) have demonstrated that 

Cs2TeO, is a stable vapour species generated from heating 

mixtures of caesium hydroxide and tellurium dioxide or 

tellurium with caesium uranate. This is a relatively 

non-volatile compound and may account for the complex inter

action product between tellurium and caesium that was reported 

by Adamson et al (77). Other caesium-tellurium-oxygen species 

have been reported by Cordfunke and Smit-Groen (92), but all 

of these species would be expected to decompose in high 

temperature steam and not play a significant role in severe 

accident chemistry. 

5.3.6 Modelling Studies 

Bowsher et al (93) report a deposition velocity of 

6 x 10~5 m s"1 for caesium hydroxide chemisorption on to 304 

stainless steel at 800K in a reducing steam atmosphere, to give 

a water insoluble product, and 1.3 x 10~3 m s"1 for the equiv

alent physisorption process. Insertion of these data into 

equation (11) as defined in Section 4 gives a maximum 
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retention of 3.5% chemisorption and 44% physisorption on to 

the primary circuit surfaces. Clearly this alone provides 

significant attenuation of caesium in the primary system. 

Furthermore, there is considerable scope for reaction of 

caesium hydroxide with other materials to produce less 

volatile species, particularly caesium borates (see Section 

5.3.1). Although these compounds would not react chemically 

with primary circuit surfaces, their lower volatility compared 

with CsOH could lead to greater deposition and retention on 

surfaces. Depending on the balance of these effects this could 

lead to a significant additional attentuation of the caesium 

release, dependent on the scenario* 

5.4 TELLURIUM, SKT.KKIUM 

Tellurium and selenium have similar chemical properties 

although tellurium does exhibit more metallic and cationic 

properties than selenium with, for example, the stabilisation 

of ionic species such as TeO,; Hydrogen selenide is more 

stable than hydrogen telluride. This review will concentrate 

upon the behaviour of tellurium because of its radiological 

importance and role as a precursor to many iodine isotopes 

(radioactive decay such as Te-127 * 1-127, Te-131 •*- 1-131 etc). 

In the fuel, tellurium is mainly present as the elemental 

species alloyed with other metals (14, 15), but with some 

formation of caesium telluride (Cs2Te) and tellurium dioxide 

(Te02) depending upon the burn-up and oxidation potential of 

the fuel (14). Elemental tellurium has a similar volatility 

to that of iodine and caesium and experiments have 

demonstrated similar diffusion characteristics through the 

fuel matrix (94). However, in general tellurium exhibits a 

much smaller gap release than that of caesium or iodine and 

this is believed to be due to the reaction with Zircaloy 

cladding to form non-volatile zirconium and tin tellurides 

(95). The release of tellurium has been studies in a number 

of laboratories and the results are presented in Figure 3 

(96). The release of tellurium from the fuel depends on the 

condition of the Zircaloy cladding: if the cladding is not 
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oxidized extensively then stable zirconium and tin tellurides 

will be formed and only a limited diffusional and melt release 

will occur; however if the cladding is oxidized severely there 

will be no chemical barrier to prevent tellurium volatilis

ation and high diffusional releases will occur. This effect 

has been observed in experiments at Karlsruhe (50, 51), Oak 

Ridge (97) and Idaho Falls (52, 53, 98). Lorenz (96) has 

presented a model to account for Zircaloy oxidation effects on 

tellurium release: where the cladding is extensively oxidized 

(>90%) the release rate of tellurium is comparable to that of 

iodine but where the cladding oxidation is less than 90% the 

tellurium release rate is l/40th that of,iodine (see 

Figure 3). For the accident sequences considered in this 

review (V, S2D and TMLB') relatively slow steam flows are 

involved at the expected times of tellurium release and there

fore little tellurium release would be predicted prior to fuel 

melting. 

5.4.1 Tellurium 

(a) Vapour Phase Reactions 

Thermodynamic analysis of the iodine-caesium-tellurium system 

in the primary system under severe accident conditions (61) 

suggest that Te and Te2 are the most important tellurium 

species for neutral or reducing steam conditions. At lower 

temperatures (<900K), Te2 condenses as an immiscible liquid. 

Above 1400K, Te2 partially decomposes in steam to TeO and Te 

can become the predominant tellurium species for neutral and 

reducing steam conditions respectively. Matrix isolation 

studies of the vaporisation of tellurium from a Te-U02 mixture 

(63, 73) have suggested that, although tellurium is the 

dominant vapour species, small amounts of molecular Te02 are 

produced, presumably through a reaction such as: 

Te + UO-^ * TeO„ + U0~ 
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Elemental tellurium should not interact with other volatile 
fission product vapours (CsOH, Csl etc). Zirconium and tin 

tellurides formed on fuel pin surfaces may react with steam to 

give a late release of tellurium. If elemental tellurium was 

evolved at the same time as less volatile fission product 

metals (classes 5, 6, 7 and 8 as defined in Table 3), vapour 

reactions would be expected to form either an alloy or the 

appropriate tellurides. 

(b) Reactions with Aerosol Sources 

Given the uncertainty in the timing of tellurium release, 

tellurium vapour could react with a variety of metallic 

aerosol sources (eg cadmium, indium, silver, tin, manganese) 

to form the appropriate telluride. Whilst no work has been 

undertaken to investigate such phenomena, Sallach et al (99) 

have demonstrated that the reaction of tellurium vapour with 

silver coupons is very rapid. Equally rapid reactions should 

occur with silver and other metallic aerosols. One important 

example is the interaction of tellurium vapour with tin 

aerosols released from molten Zircaloy cladding (see Section 

3.2.3). In Knudsen cell/mass spectrometric studies Johnson et 

al (90) have identified tin-tellurium compounds resulting from 

such an interaction. Only physisorption processes would be 

anticipated between tellurium vapour and boric acid aerosols. 

(c) Reactions with Surfaces 

The reaction of tellurium vapour with stainless steel has been 

studied in a number of laboratories (43, 99, 100, 101). This 

is a very rapid reaction and is not significantly inhibited by 

competing oxidation effects up to 1500R. Iron tellurides are 

the dominant initial products because iron dominates the 

stainless steel composition. On a longer timescale, the 

formation of the more thermodynamically stable chromium and 

nickel tellurides is favoured. These metal tellurides are 

thermally stable, but on exposure to high temperature and high 

pressure steam (as for example in the TMLB' or S2D sequences) 
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they may decompose with the formation of hydrogen telluride 

and the appropriate metal oxide. 

The reaction of tellurium vapour with Zircaloy reflects the 

initial release characteristics; ie tellurium vapour reacts 

rapidly with unoxidised zirconium in the early stages of core 

degradation (99) but shows decreasing reaction with increasing 

degree of oxidation (102). When zirconium oxidation is 

complete, tellurium interaction with Zircaloy is determined 

instead by the extent of the tellurium-tin reaction (102, 

103). However this reaction is comparatively slow and little 

attenuation of tellurium would be predicted through this 

mechanism. The reaction of tellurium with Zircaloy may, 

however, provide a mechanism for the delayed release of 

tellurium. In the early stages of a reactor accident any 

tellurium released from the fuel would react with the Zircaloy 

cladding. However as the accident proceeds, and the Zircaloy 

becomes predominantly oxidised the tellurium will be released 

again due to the reaction of steam with zirconium telluride. 

It is not apparent what the chemical form of the revolatilised 

tellurium would be (possibilities include Te, TeO,, H.Te and 

TeO(OH)2). In particular Alexander and Ogden (103) have 

demonstrated that significant revolatilisation of tellurium 

occurs as stannous tellurium. This delayed release of 

tellurium would encounter relatively non-volatile surface 

oxides where chemisorption processes would not be favoured. A 

high release of tellurium to the containment would therefore 

be predicted. 

Another area of uncertainty is the effects of nuclear decay of 

tellurium to generate iodine. The tellurium atoms may react 

with the Zircaloy cladding to form zirconium telluride but 

will then undergo decay to iodine nuclides. This mechanism 

may provide an additional delayed release of iodine. However 

such a process is predicted only to be significant for a very 

rapid accident (for example the V sequence) due to the short 

half-lives of the important tellurium nuclides. 
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5.4.2 Hydrogen Telluride 

Hydrogen telluride is unstable with respect to its constituent 

elements below 600K (although hydrogen selenide is more stable 

(74)). Thermodynamic calculations (61) suggest that it can 

become an important tellurium species under reducing steam 

conditions particularly above 770R at large H2 to Te ratios. 

Hydrogen telluride is a highly volatile material and in 

principle could give a substantially larger source term to the 

containment than predicted at present on the assumption of 

elemental tellurium as the only tellurium species. However 

hydrogen telluride is also very reactive and will react 

significantly with metallic structures to form metal 

tellurides. Hydrogen telluride is very soluble in water (to 

give HTe~ and Te2" ions) and therefore its behaviour would be 

associated with water in the primary circuit if the leak path 

contacts water. 

5.4.3 Caesium-Tellurium Species 

See Section 5.3.5. 

5.4.4 Tellurium Oxides and Hydroxides 

Under the typical reducing steam conditions encountered in the 

primary circuit of a PWR under severe accident conditions it 

is unlikely that high oxidation state tellurium species (such 

as Te02, Te03 or Te0(0H)2) could form. Indeed, thermodynamic 

calculations (61) suggest that under typical reducing steam 

conditions (H:0 • 3) at a pressure of 1.2MPa (ie a pressure 

somewhat between that found in a V (or AB) sequence and an S2D 

accident) even the monoxide (TeO) accounts for less than 0.1% 

of the tellurium species at 1700K. 

5.4.5 Tin-Tellurium Species 

Few data are available on tin-tellurium compounds. Although a 

range of alloys are known, mass spectrometric studies on 
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Zircaloy coupons which have been exposed to tellurium vapour 

only gave evidence for the formation of stannous telluride 

(SnTe) (90, 103). This species is relatively non-volatile 

(mp 1053K) and may decompose at high temperatures. It is 

therefore important to assess the stability and transport 

properties of this compound under representative severe 

accident conditions. 

5.4.6 Modelling Studies 

If tellurium is released from the degrading fuel as elemental 

tellurium, the vapour deposition data of Sallach and Elrick 

(99) can be used in equation (11), as defined in Section 4, to 

show that 85% of the tellurium release would be chemisorbed on 

to the metal surfaces of the primary circuit. However, recent 

studies have shown that tellurium will be sequestered by the 

Zircaloy cladding and will not be re-released until greater 

than 90% of the cladding had been oxidized (which will only 

occur after core melt and pressure vessel failure). Any 

resulting tellurium release will probably be as stannous 

telluride (SnTe). This is ill-defined in its chemical and 

physical properties, and requires further investigation. 

5.5 BARIUM, STRONTIUM 

Barium and strontium have very similar properties (74), 

although the following trends should be noted: 

(i) barium salts are more water-soluble than strontium 

salts, 

(ii) barium peroxides are more thermally stable than 

strontium peroxides, 

(iii) barium reacts more rapidly than strontium with 

hydrogen. 
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In the fuel both metals are present as the monoxides SrO and 
BaO which are largely insoluble within the fuel matrix. As 
the oxides have high melting and boiling points, barium and 
strontium should be relatively non-volatile during a severe 
accident (Table 4) unless their chemical form changes on 
release to generate more volatile species. 

Release rate data for barium and strontium compared with the 

predictions from Reference 14 are given in Figure 4. As with 

tellurium, the extent of oxidation of the Zircaloy will deter

mine the release behaviour of strontium and barium. Zircaloy 

has a lower oxidation potential tham either barium or 

strontium (104) and therefore the reaction of Zircaloy if 

available with either barium of strontium oxides will generate 

metallic barium and strontium. Elemental barium and strontium 

have much greater volatilities than the oxides and conse

quently a higher release rate would be predicted if the 

Zircaloy cladding is not extensively oxidised. This model is 

supported by recent experimental data from Karlsruhe (51) and 

Winfrith (34) which demonstrate an enhanced release of barium 

in the presence of unoxidised Zircaloy. Consequently 

conditions that favour the retention of tellurium on Zircaloy 

will enhance the release of barium and strontium. 

On release from the fuel, metallic barium and strontium would 

immediately be oxidised in steam to their respective 

hydroxides. 

5.5.1 Barium Oxide/Strontium Oxide 

Under high temperature and high pressure steam conditions (for 

example during the diffusional and melt release of a TMLB' or 

S2D accident sequence), the volatility of barium and strontium 

oxides may be enhanced through hydroxide formation (25): 

MO + H20 * M(0H)2 
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This postulate is supported by a thermodynamic assessment of 

the M-MO-M(OH)2 system (105). Consequently the barium and 

strontium release will depend on the accident sequence. Under 

low steam pressure conditions (eg V sequence) the chemical 

form would be as the oxide and a significantly lower release 

would occur than for a high pressure accident (eg TMLB*) where 

the hydroxide could be the chemical form. However, this 

analysis only applies to the melt release as the early 

behaviour of barium and strontium will be as the oxides and 

only limited diffusion through the fuel will occur. Further

more, no experimental data are available under realistic 

pressure, temperature and hydrogen to steam ratios. 

Hardly any data are available on the transport and deposition 

behaviour of strontium and barium oxides. These materials are 

relatively non-volatile and would be released during the late 

stages of a reactor accident. Given the high temperatures of 

release, there may be some limited reaction with metal oxides. 

On core slump the molten fuel would contact borated water in 

the lower plenum with the formation of barium and strontium 

borates. 

5.5.2 Barium Hydroxide/Strontium Hydroxide 

No information is known about the transport and deposition of 

the hydroxides. However similar chemical reactions to those 

of caesium hydroxide (Section 5.3.1) may occur* Alkaline-

earth borates could be produced from the reaction with boric 

acid and similar chemical reactions would be expected with 

stainless steel and Zircaloy and their oxides. 

5.6 MOLYBDENUM, TECHNETIUM, RUTHENIUM, RHODIUM, PALLADIUM 

Although molybdenum, technetium, ruthenium, rhodium and 

palladium (the 'noble metals') are present in high (3-6%) 

fission yield their radiobiological impact is not judged to be 
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high, mainly because their release is assumed to be so low. 
In general, the elements of this group (with the exception of 

some of the molybdenum) will be present in elemental form and 

accumulate as metallic inclusions along grain boundaries. 

Molybdenum will also be present as Mo02 as well as elemental 

molybdenum and caesium molybdate (see Section 5.3.4). The 

extent of MoO, formation will depend on the temperature, fuel 

composition and oxygen potential, although above 1000K the 

free energy of formation of molybdenum oxide is higher than 

that of U02 so additional formation of Mo02 should not occur 

during an accident (106). Under certain conditions it is 

possible that Mo03 may be formed, this is a highly volatile 

species, vaporising mainly as the trimer. 

Only a tiny diffusions! and melt release would be predicted 

for these elements (see Table 4). Release rate data for 

ruthenium and molybdenum are presented in Figure 5 compared 

with the predictions given in Reference 14. However these 

data (from KfK tests) were obtained from experiments conducted 

in air rather than steam and an enhanced release may be 

predicted through the formation of the volatile oxides Mo03 
and RuO^. In general the only significant release of these 

elements would be as the volatile compounds Mo03 and CSjMoO^ 

(see Section 5.3.4). 

5.7 IANTBANIDES AND ACTINIDES 

Yttrium, zirconium and niobium are categorised as being in the 

same group as the lanthanide and actiniae elements. These 

elements are present as the non-volatile, thermodynamically 

stable oxides (La203, Zr02, Hb02) dissolved in the fuel 

matrix, and would remain within the fuel unless reduced to a 

more volatile state. Hence, although these elements have a 

high (2-6%) fission yield, their radiobiological impact is 

considered to be low because of their very small release 

rates. 
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Release rate data for neodymium, zirconium, cerium and 

neptunium are presented in Figure 6 compared with the 

predictions given in Reference 14 for zirconium (again the 

source of the data is the KfK tests which were conducted in 

air). Under strongly reducing conditions, lanthanum oxide 

(La.O,) has been reported (104) to dissociate to form the more 

volatile monoxide (LaO). However experiments conducted at Oak 

Ridge (107) in a steam environment with sintered U02 contain

ing Oe02, La2°3
 a n d Eu2°3 s i m u l a n t s gave only low (<0.5%) 

releases ât 2670K. At this temperature the fuel will begin to 

slump into the lower plenum and consequently any significant 

release will only occur from fuel melting to rupture of the 

reactor pressure vessel. 

No experimental data are available on the transport and 

deposition behaviour of these oxides, but they will be 

unreactive. Ho significant chemical reactions would be 

predicted with any other fission products, structural material 

aerosols or surfaces. 

5.8 SILVER, CADMIUM, INDIUM, TIN, ANTIMONT 

Although inactive silver, cadmium, indium and tin from the 

control rods and Zircaloy cladding can play significant roles 

in primary circuit fission product behaviour and influence the 

aerosol formation mechanisms, the fission product yields of 

these elements is low (typically 0.02%) and consequently their 

impact on radiological source term calculations is small. 

6. REQUIREMENTS FOR FURTHER STUDIES 

Table 7 summarises known work in progress relevant to fission 

product chemistry in the primary circuit of a PWR during a 

severe accident. Several important areas of uncertainty can 

be identified where further study is needed, which agree with 

assessments made in References 10 and 108. 
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6.1 CHEMICAL FORM OF RELEASED FISSION PRODUCTS 

The chemical forms of the fission products dictate their 

volatility and transport characteristics. Most of the work in 

this area has relied on indirect evidence derived from the 

interpretation of gamma spectra of fission product deposits in 

thermal gradient tubes. The recent applications of mass 

spectrometry (90) and matrix isolation-vibrational spectroscopy 

(63) should yield valuable direct evidence of the chemical 

species vaporised from the fuel. 

6.2 RELEASE OF STRUCTURAL AND OTHER REACTOR MATERIALS 

The timing, magnitude and chemical composition of any 

structural materials released from the core is generally poorly 

understood. Since a large fraction of the volatile fission 

products may be transported through the primary system at the 

same time as aerosols and vapours of structural and other 

reactor materials, it is most important to quantify any 

interactions. The main areas of uncertainty are in: 

(a) Boric Acid and its Derivatives 

There are now strong indications that boric acid and 

boric oxide can play a significant role in defining 

the behaviour of important fissions products in the 

primary circut through interaction with caesium iodide 

and hydroxide. These effects are under investigation 

at Winfrith (62, 67) but their magnitude and relation 

to the precise accident sequence conditions are not 

fully established. Boric acid aerosols can be gener

ated but they have been largely ignored apart from 

limited work by Parker (31). 
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(b) Control Rod Materials 

The most significant uncertainties associated with the 

behaviour of the Ag-In-Cd control rod alloy are: 

aerosol formation mechanisms of these materials, and 

their characteristics in steam, 

timing of clad rupture and aerosol release, 

effect and extent of alloy formation between molten 

silver-indium alloy and Zircaloy, 

late release of silver and indium aerosols as the core 

slumps into the bottom head, 

interaction of fission product vapours with cadmium 

aerosols. 

Separate effects experiments to characterise the 

aerosol behaviour and interactions are underway at 

Winfrith and Sandia. Data from larger scale exper

iments should become available from the NIELS facility 

(109) and the LOFT FP-2 and PBF 1-4 tests. 

(c) Other Materials 

The release characteristics of the more volatile 

elements of the structural materials (eg tin from 

Zircaloy, manganese from stainless steel) and their 

effects on fission product attenuation and transport 

are not understood. Some aspects of these interaction 

effects have been examined by Spence (68). In 

particular the behaviour of tin telluride needs to be 

established. 
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6.3 FISSION PRODUCT CHEMICAL REACTIONS 

There are three major areas of uncertainty: 

vapour - vapour reactions, vapour - aerosol reactions, and 
vapour - surface reactions. 

Hardly any work has been undertaken on vapour - vapour 

reactions. Even the existence of a relatively 

transient species may determine the release of specific 

fission products in the containment, (eg enhanced 

volatility in steam of iodine, tellurium (through 

intermediate formation of hydrogen telluride), and 

molybdenum (through Cs2MoOH/Mo03). It is important to 

assess such processes. 

Spence (68) has highlighted the uncertainty in fission 

product vapours interactions with aerosols through the 

observations of many unexpected interactions that 

require further study. A static geometry was used, and 

it is important to determine the importance of these 

processes in a flowing system. 

Although the interaction of simulant fission product 

vapours with metal surfaces has been studied at Sandia 

and Winfrith, these studies need to be extended to 

determine a). whether such reactions provide permanent 

attenuation mechanisms or b). whether significant 

resuspension/revolatilisation can occur (because of 

either decay heating or oxidation of the metals in 

flowing steam). 
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6.4 EFFECT OF ZIRCALOY OXIDATION ON THE RELEASE OF 

TELLURIUM, BARIUM AND STRONTIUM 

It is evident from the Oak Ridge (HI), Karlsruhe (SASCHA) and 

Idaho Falls (PBF) tests that the degree of Zircaloy oxidation 

greatly influences the release behaviour of tellurium, barium 

and strontium (see Sections 5.4 and 5.5). It is important to 

assess these effects and so quantify the release of these 

elements from the core region under different oxidation 

conditions. 

6.5 FISSION PRODUCT DECAY EFFECTS 

There is very little understanding of the effects associated 

with fission product decay: 

ie revolatilization of deposited fission products through 

decay heating of the surface, 

radioactive decay (eg tellurium to iodine) leading to 

revolatilization of fission products at later stages 

of the accident. 

7. CONCLUSIONS 

This review has assessed the chemical changes that fission 

products may undergo in the primary circuit of a PWR following 

release from degrading fuel up to the time of postulated 

rupture of the reactor pressure vessel. The accidents 

considered are the V, TMLB' and S2D sequences, and the 

principal thermal hydraulic and physical characteristics 

affecting the fission product chemistry have been considered 

(Section 2). A brief assessment has been made in Section 4 of 

the current primary circuit fission product modelling codes 

and a simple model has been described to test the implications 

of recent chemistry studies on primary circuit retention. The 

various experimental and modelling programmes currently in 
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progress have been summarised, and the principal requirements 

for further studies have been defined. 

The major conclusions of this review for the different classes 

of fission products are summarised below. 

(i) Xenon, Krypton 

Complete release of these gases is assumed with no 

chemical or physical attenuation. 

(ii) Iodine, Bromine 

Hitherto most major reviews have assumed that iodine 

would enter the primary circuit as caesium iodide, and 

would exhibit simple vapour deposition behaviour on 

circuit surfaces and aerosols. There is now strong 

experimental evidence that caesium iodide would react 

with boric acid, which is present in the coolant and 

emergency cooling water, or is produced by the 

decomposition of boron carbide control rods. Hydrogen 

iodide, HI, and caesium borates would be produced. 

Since HI is volatile and chemically reactive, it would 

interact with circuit sufaces and aerosols, tending to 

attenuate the iodine release. It would also generate 

an equilibrium concentration of elemental iodine in the 

circuit however, which would enhance the release from 

the circuit. The balance of these factors could alter 

the iodine source term, but the extent would be 

strongly accident-specific. Further quantification is 

required. 
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Caesium, Rubidium 

The caesium source term would be attenuated in the 

primary circuit by any reaction of both caesium idodie 

and caesium hydroxide with boric acid, because these 

give relatively involatile caesium borates. Caesium 

hydroxide also interacts with reactor steels, diffusing 

into the inner chromium oxide layer, providing further 

potential for attenuation. These effects have not been 

properly incorporated into current source term 

estimates. 

Tellurium, Selenium 

The behaviour of tellurium depends on the extent of the 

oxidation of the Zircaloy fuel cladding. If it is low, 

tellurium would initially be retained in the cladding 

as zirconium tellurides, but a late release could occur 

if these were to react with steam at higher 

temperatures. If the Zircaloywas extensively 

oxidised, tellurium would be released into the circuit. 

Elemental tellurium would react rapidly with metal 

aerosols and surfaces to form relatively involatile 

metal tellurides, but recent experimental data suggest 

that the release may be as stannous telluride, SnTe, 

through reaction with the tin component of the 

Zircaloy. The subsequent behaviour of SnTe is little 

known and requires further study. Again, only limited 

modelling has been attempted. 

Barium, Strontium and Molybdenum 

Barium and strontium oxides in the fuel matrix could 

react with unoxidised Zircaloy cladding to release 
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volatile, elemental Ba and Sr to the circuit relatively 
early. These would fora their hydroxides on contact 

with steam, which would probably exhibit similar 

behaviour to caesium hydroxide, eg. reaction with boric 

acid and steels. A proportion of the fission product 

molybdenum could be released to the circuit as the 

relatively volatile caesium molybdate, Cs2Mo04. This 

may decompose in steam to give the more volatile 

molybedenum trioxide. All of these barium, strontium 

or molybdenum effects require proper study before they 

could be quantified. 

) Technetium, Ruthenium, Rhodium, Palladium 

All of these fission products are present in the fuel 

as the element, and will not be released to any 

significant extent. 

) Lanthanides and Actinides 

These elements would be present in the fuel as the 

non-volatile oxides. Any release will be small and no 

significant chemical interactions are predicted. 

) Silver, Cadmium, Indium, Tin, Antimony 

Although relatively volatile, these fission products 

have very low fission yield and will not contribute 

significantly to the source term from the primary 

circuit into the containment. 
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The Implications of Fission Product Chemistry on Source Term 

Modelling 

This review has concluded that the thermal hydraulic conditions 

and the chemical forms of the fission products dictate their 

transport behaviour as either vapours or aerosols* It is 

therefore essential to quantify the reactions between fission 

product vapours and aerosols, and between these and structural 

materials (in conjunction with competing oxidation reactions), 

and also to quantify the chemical effects that influence 

aerosol nucleation and growth mechanisms. Most source term 

modelling to date has neglected these effects. 

The simple calculations presented in Section 5.2.4, 5.3.6 and 

5.4.6 indicate that significant retention of specific fission 

product species is possible in the primary system through 

chemical processes. However these assessments are preliminary, 

having involved only consideration of the reactions of fission 

product vapours with reactor surfaces. The effects of 

homogeneous aerosol formation and any reactions with aerosols 

of other materials have been neglected. Scoping calculations 

(10, 11) indicate that the surface area of such aerosols could 

be many times greater than that of the primary system surfaces, 

implying that condensation, physisorption and chemisorption on 

to such aerosols could dominate fission product transport. 

In order to take account of the chemical phenomena highlighted 

in this review, further modelling is clearly necessary. This 

in turn requires the acquisition of more detailed chemical data 

in specific areas, as outlined in Section 6. This is relevant 

not only to primary circuit studies, but also to containment 

issues, because it is necessary to define the physical and 

chemical forms of the source term from the primary circuit to 

the containment as well as its magnitude. The chemical form of 

the aerosol will determine whether more volatile species can be 

formed when this suspended debris is transported from the high 
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temperature, reducing environnent of the primary circuit to the 

lower temperature and more oxidising conditions of condensing 

steam in the containment. 
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TABLE 1 

FISSION PRODUCT INVENTORY 

ELEMENT 

Ga 
Ge 
As 
Se 
Br 
Kr 
Rb 
Sr 
Y 
Zr 
Nb 
Mo 
Te 
Ru 
Rh 
Pd 
Ag 
Cd 
In 
Sn 
Sb 
Te 
I 
Xe 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Pm 
Sm 
Eu 
Gd 
U 
Np 
PU 
An 
Cm 

ATOM % 

3.67 x 10"9 

9.87 x 10~5 
3.33 x 1CT5 

0.01 
5.43 x 10"3 

0.09 
0.08 
0.21 
0.11 
0.76 
0.01 
0.64 
0.17 
0.41 
0.11 
0.13 
2.74 x 10"3 

5.77 x 10-3 
4.93 x 10-* 
6.79 x 10-3 
2.68 x 10"3 

0.07 
0.03 
0.60 
0.53 
0.19 
0.18 
0.39 
0.15 
0.48 
0.05 
0.07 
8.83 x 10"3 

2.66 x 10-3 
93.86 
0.02 
0.60̂  
4.55 x 10-3 
1.15 x 10"3 

DECAY- HEAT 
(MW) 

4.3 X 10"5 

1.1 x 10-3 
5.7 X 10"3 

2.5 x 10-3 
2.2 x 10"2 

0.61 
0.56 
1.58 
2.60 
1.53 
2.35 
0.57 
0.13 
0.94 
0.54 
2.4 x 10-2 
4.5 x 10~2 

6.1 x 10-3 
4.9 x 10-3 

5.7 x 10-3 
0.35 
0.57 
6.01 
0.91 
0.21 
0.79 
4.41 
0.89 
1.41 
0.22 
0.19 
1.9 x 10-2 
2.8 x 10"2 

7.8 x 10-1» 

) 2.99 
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TABLE 2 

RADIOLOGICALLY IMPORTANT RADIONUCLIDES 

ISOTOPE 

Iodine 131 
Iodine 132 
Iodine 133 
Iodine 135 
Caesium 134 
Caesium 137 
Strontium 90 
Ruthenium 106 
Tellurium 132 
Barium 140 
Cerium 144 
Plutonium 238 
Plutonium 239 
Plutonium 240 
Plutonium 241 
Curium 242 
Curium 244 

HALF-LIFE (d) 

8.05 
0.0958 
0.875 
0.280 

750 
11,000 

. 11,030 
366 

3.25 
12.8 
284 

32,500 
8.9 x 10« 
2.4 x 106 

5,350 
163 

6,630 
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TABLE 3 

FISSION PRODUCT CLASSIFICATION AND CHEMICAL STATE IN 
IRRADIATED U02* 

| CLASS 

1 

2 

3 

4 

5 

6 

7 

8 . 

FISSION 
PRODUCTS 

Xe, Kr 

I, Br 

Cs, Kb 

Te, Se 

Ba, Sr 

Mo, Tc, Ru, 
Kh, Pd 

La, Y, Zr,Nb, 
lanthanides, 
actinides 

Ag, Cd, In, 
Sn, Sb 

CHEMICAL STATE 

Xe 

Single phase halide solution 
Csl, I, I2 

Csl, Cs,UO,.56, CSjUO^, 
Cs2Te, Cs2MoOH 

Single phase chalcogenide 
solution Cs£Te 

Oxides Which can dissolve to 
some extent in the fuel and 
form separate phases BaO, 
Ba2(2r-U-Pu)03 

Single phase metallic alloy 
(some Mo present as MoO, or 
Cs^MoO^ ) 

Oxides which dissolve in 
. fuel 

Ag (fission yield low) 

Based on categories assigned in reference 15. 
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TABLE 4 

ESTIMATED FISSION PRODUCT RELEASE DURING THE COURSE OF A 
SEVERE ACCIDENT* 

CLASS 

1 

2 

3 

4 

5 

6 

7 

8 

FISSION 
PRODUCTS 

Xe, Kr 

I, Br 

Cs, Rb 

Te, Se 

Ba, Sr 

Mo, Tc, Ru, 
Rh, Pd 

La, Y, Zr, 
Nb, 
lanthanides 
actinides 
Ag, Cd, In, 
Sn, Sb 

RELEASE (%' 

GAP 

0.5 

0.5 

0.5 

5 x 10-* 

5 x 10-* 

-

5 x 10-* 

DIFFUSION 

99.5 

99.5 

99?! 

35 

2 

0.3 

0.3 

35 

> 

MELT 

-

-

-

60 

15 

3 

3 

60 

LEACH 

-

-

-

1 

20 

2 

2 

1 

BALANCE 
IN FUEL 

(%) 

-

-

-

4 

58 

95 

95 

4 

* Based on data from reference 15 

These values are not known with confidence. They are given 
only as an indication of the extent to which each fission 
product may be volatilised at different stages. 
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TABLE 5 

AMOUNTS AND PROPERTIES OF STRUCTURAL MATERIALS IN A TYPICAL FWR CORE+ 

MATERIAL 

Control Rod 

• 

Boric Acid 

Borosilicate 
Glass 

Zircaloy-4 

Stainless 
Steel 

Urania Fuel 

COMPONENTS 

ELEMENT 

Ag 

In 

Cd 

B 

B 

Si 

Zr 

Sn 

Fe 

Cr 

Ni 

Mn 

U 

WEIGHT 
(kg) 

2,260 

425 

142 

120* 

82 

64 

16,200 

240 

1,360 

380 

200 

40 

105 

• 

POSSIBLE 
FORM 

Ag 

In 

*»20I 

Cd 
Cd(OH), 
CdO 

H3B03 
HB02 
B2°3 

As above 

Si02 

Zr 
ZT02 

Sn 

Fe 
FeO 
Fe203 

Fe30, 

Cr 
Cr-O. 2 3 

Ni 
NiO 

Mn 
MnO 

Mn30, 

uo2 

AEROSOL SPECIES 

MP(*C) 1 

961 

156 

321 
d 300 
>1500 

169+HB02 
300+B.0, 

45Î»3 

1700 

1852 
2700 

232 

1535 
1370 
1565 
1595 

1860 
2270 

1455 
1984 

1244 

-0,1080 
1564 

2880 

BP(*C) 1 

2210 

2080 
850 

765 

d 1000 

1860 

2230 

4380 
-5000 

2270 

2750 

2670 
4000 

2730 

1962 

-

I 
Vp 2400#C [ 

(Fa) 

2.5 x 105 

4.5 x 105 

8.5 x 107 

X 

9 - 105 

8 x 10*» 

2 

1.5 x 105 

2 x 10* 

6 x 10* 

1 x 10* 

4.1 x 105 

2 x 102 

Boric acid present in primary circuit cooling water only (in a severe 
accident a maximum of 39 tonnes of boric acid could be delivered to the core 

Data from references 24 and 25 d Decomposes 

73 



- 97 -

TABLE 6 

SUMMARY OF CORE BEHAVIOUR DURING SEVERE ACCIDENTS 

CORE TEMPERATURE (K) 

4 

970 

970 

1250 

1275 

1425 

>. 

>1700 

«600 

- 1020 

1100 

- 1250 

1050 

- 1770 

- 1425 

- 1670 

L700 

L700 

2600 

PHENOMENA 

Normal operation 

Borosilicafce glass starts to soften 

Melting of Ag-In-Cd control alloy 
inside stainless steel cladding (Cd 
'vapoui pressure 0.2 MPa) 

«anocliaxi-c xixconia, relatively slow 
oxidation rate (parabolic or cubic 
rate law) 

Clad ballooning and rupture - gap 
release of -fission products (Xe, Kr) 

Monoclinic xirconia, increasing rate 
of oxidation and hydrogen generation 
accelerating fuel rod temperature 
rise 

Relatively slow oxidation of 
stainless steel 

More rapid rate of oxidation of 
stainless steel (parabolic law) 

Failure of stainless steel control 
rod cladding (Cd vapour pressure 
-120 MPa). Depending on accident 
sequence formation of Cd-dominant 
aerosol; Ag-In alloy ejected and 
flows downwards, Ag-Zr eutectic 
formation (mp 1500K). Borosilicate 
glass also flows downwards. 

-Liquid donation due to Inconel-
JGirealoy «utectic reaction and U02-
"Zircaloy reaction at inner clad 
surface 

Major diffusional release of fission 
product» from fuel 
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TABLE 6 ( cont inued) 

CORE TEMPERATURE (K) 

>1700 

1770 - 1850 

1850 - 2120 

2130 - 2230 

~2675 

J 

2970 

-3100 

PHENOMENA 

Molten stainless steel foams during 
oxidation - reaction kinetics not 
understood, Mn-based aerosol may be 
significant 

Tetragonal zirconia, very rapid 
reaction (rectilinear) provided 
steam flow sufficient to sustain 
reaction 

Cubic zirconia, rapid oxidation, 
increased fuel rod heat-up rate 

Zircaloy melts: subsequent behaviour 
governed by. thickness of 2r02 layer 
(a function of heat-up rate and 
steam supply). For a thin oxide 
layer molten Zircaloy flows down 
fuel rod and dissolves UO.. For a 
thick oxide, internal Zircaloy may 
be protected. As Zircaloy melts 
formation of Sn aerosols may be 
significant 

o Zr(0)/U0, monotectic temperature. 
UO- solubility in molten Zircaloy 
increases from -22 to >mol 90% 

Zr02 melts 

UO, melts - core completely molten 
with enhanced release of fission 
products. Core slump processes not 
well understood 

7 5 
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TABLE 7* 

SUMMARY OF PRIMARY CIRCUIT SEVERE ACCIDENT PROGRAMMES 

COUNTRY 

USA 

LABORATORY 

Argonne 
National 
Laboratory 

Battelle 
Columbus 
Laboratories 

Oak Ridge 
National 
Laboratories 

INVESTIGATOR 

C E Johnson 
I Johnson 

J A Gieseke 
M Kuhlaan 

C A Alexander 
J S Ogden 

M F Osborne 
R A Lorenz 

G W Parker 

R D Spenee 

A L Wright 

PROGRAMME 1 

Irradiated fuel experiments to 
determine fission product 
release rates and to identify the 
chemical species (mass spectro
metry) released from overheated 
fuel 

Development of TRAP-MELT computer 
modelling code 

Mass spectrometric studies to 
determine chemical species and 
release rates of fission products 
released from irradiated fuel 

Fission product release studies 
from small segments.of irradiated 
fuel under idealised accident 
conditions» Other objectives are 
to compare data with those from 
SASCHA-type fuel, to determine 
the physical and chemical changes 
in the fuel and to determine the 
physical and chemical forms 
(gamma spectrometry of thermal 
gradient tubes) of the released 
material 

Core melt programme. Determine 
rates of release of fuel, control 
rod, cladding, structure and 
fission products from core melt 
experiments using 1 and 10kg 
simulated irradiated fuel. Under
lying programme of basic aerosol 
characterisation of typical LWR 
core-melt structural and control 
rod material aerosols generated by 
plasma gun 

Interaction of fission product 
vapours (Csl, CsOH and Te) with 
typical aerosols (Ag, Mn20-, 
Cr203, Fe, Fe203, Sn 0 2 and Ni) 
in static and dynamic conditions 
Prograane now suspended 

Aerosol resuspension experiments 
in support of TRAP-MELT validation 
— deposition and resuspension of 
Zn and *«2°3 aerosols (generated 
by plasma torch) along a 25 cm 
diameter tube 

Because of progress made in the various programmes, some of the 
information contained in Table 7 may be out-of-date. 
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COUNTRY 

JAPAN 

LABORATORY 

Sandia 
National 
Laboratory 

Jaerl 

INVESTIGATOR 

R £ Adams 

L M Toth 

P Pickard 

D A Powers 
R M Elrick 
R Sallach 

T Furuta 

T Fujishlro 
S Shiozawa 

K Ishiwatari 

K Soda 

PROGRAMME 

Investigation of aerosol behaviour 
in NSPP facility (38m3 contain
ment). Aerosols generated by 
plasma gun; use of dry and steam 
environments with separate 
components and mixtures 

Aqueous iodine and tellurium 
chemistry - studies in conjunc
tion with MB-2 steam generator 
facility 

Fuel damage studies (damage 
progression and effects of 
quenching) in Annular Core 
Research Reactor (ACRE) 

High temperature fission product 
chemistry - interaction of 
simulant fission products (Csl, 
CsOH, Te) with structural 
materials (stainless steel, 
Inconel, Zircaloy, boron carbide) 
in steam. Future work to address 
radiolysis effects on iodine 
behaviour, tellurium reactions 
with structural materials, inter
action of CsOH, Csl and Te with 
cadmium and molybdenum and 
ruthenium chemistry 

Out-of-pile fuel rod and control 
rod studies.° Objective to study 
melting, fragmentation and define 
formation processes, obtain data 
on D02-Zircaloy and Zircaloy-
Inconel reactions, study reactions 
between control rod alloy, stain
less steel, Zircaloy and DO2 

Severe fuel damage studies from 
clad ballooning, rupture to fuel 
liquefaction 

Determination of fission product 
release rates from UO2 pellet with 
or without Zircaloy cladding from 
2100 to 2600K in variety of 
atmospheres 

Fission product behaviour in the 
primary circuit - interaction of 
simulant fission products with 
representative primary circuit 
structural materials to determine 
attenuation phenomena 

See footnote on page 76 of Technical Chapter 1 
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COUNTRY 

GERMANY 

• 

FRANCE 

LABORATORY 

KfX/PNS 

XfX 

nro 

Cadarache 

Grenoble 

Fontenay 

INVESTIGATOR 

A Fiege 
F Hofmann 

A Fiege 
H Zlmeman 

S Hagen 

E Albrecht 

M Feehs 

A Tattergrain 
F Del Negro 
A Arnaud 

M Janvier 

J Fermandjian 

PROGRAMME 

Separate effects expérimenta on 
fuel and structural materials 
behaviour at high temperatures 
eg oxidation behaviour of stain
less steel and Zircaloy in steam, 
reaction kinetics of BO,-Zircaloy 
from 1270 to 227OK, equilibrium 
phase relationships in D-Zr-0 
system at high temperature 

Fission gas release and fuel 
behaviour studies from irradiated 
fuel at high temperature 

Severe fuel damage studies in 
NIELS and CORA facilities. 
Quantify cladding oxidation and 
UO, - Zircaloy eutectic formation 
ana behaviour of liquified fuel 
phases in steam. Determine effect 
of spacers, absorber material 
and control rod guide tubes. 
Investigate effect of quenching 
on fragmentation severely 
damaged fuel rods 

Fission product and aerosol 
release studies (SASCEA) up to 
3000K (work now completed). 
Investigate chemical reactions of 
fission product species initially 
with simulant materials, then 
mixtures «1th DO, and finally use 
real fuel 

In vacuum measurements of I and Cs 
release from irradiated fuel up to 
2270K 

Phebus rig - fuel behaviour tests, 
initial studies to approximately 
2000K., then to fuel melting 
supported by separate effect 
studies on Zircaloy oxidation, DX>2 
- Zircaloy Interactions and 
fission product release 

FLASH-TMI in-pile rig to study 
behaviour of single pin under 
thermal hydraulic conditions 
similar to TMI. Other work on 
EEVA rig to examine fission 
product release up to 2300T. 

Primary circuit code development 

See footnote on page 76 of Technical Chapter 1 
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COUNTRY 

CANADA 

UK 

LABORATORY 

Fontenay/ 
Saday 

Cadarache 

WNRE 

Chalk. River 

Windscale 

Sprlngfields 

Harwell 

Winfrith 

INVESTIGATOR 

J Evcard 
A l'Homme 

M Berlin 

H E Rosinger 
C S Lim 

D F Torgerson 

M J Notley 

A J Mauley 

F D Parsons 

F E Potter 

B R Bovsher 

PROGRAMME 

Hydrogen production and behaviour 
during severe reactor accidents 

PITEAS aqueous iodine studies 

Severe fuel damage studies in 
MELT, PCI and FEBS facilties. 
Study UO, dissolution by molten 
clad and U02 - Zircaloy inter
action from 1170 to 207OK.. 
Determine fuel bundle behaviour in 
CANDU pressure tube and fuel 
element behaviour in inert, steam 
and hydrogen atmosphere 

Iodine chemistry in a steam 
environment relevant to primary 
circuit 

Blowdown test facility in NED 
reactor to study severe fuel 
damage up to 2100K 

Fission product release experi
ments from irradiated U02 fuel 

Severe fuel damage rig to deter- • 
mine metallurgical behaviour of 
fuel (specifically fuel 
liquefaction and relocation) in an 
out-of-pile rig using induction 
heating 

Thermodynamic calculations to 
establish phase equilbrium 
relationships for major fission 
products and structural materials. 
Experimental studies on control 
rod behaviour and' liquid metal 
embrittlement* Some iodine 
aqueous studies relevant to 
severe accident research 

Experimental studies on fission 
product release from single 
pellets of low active UO, fuel* 
Supportive simulant studies to 
quantify interaction of fission 
products (CBI, CBOH, Te, Ba) with 
structural materials and aerosols. 
Generation and characterisation of 
aerosols from control rod alloy, 
boric oxide, tin and manganese. 
Development of facility using 
matrix isolation-infrared 

See footnote on page 76 of Technical Chapter 1 
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COUNTRY 

(SWEDEN) 

(USA) 

-

LABORATORY 

Winfrith 
(Cont'd) 

Marviken 

Idaho Falls 
(LOFT) 

Idaho Fall* 
(SFD/PBF) 

EPRI 
(STEP) 

HEDL 
(LACE) 

INVESTIGATOR 

B R Bowshcr 

D A "Williams 

J Collen 

D V Croucher 

R C Vogel 
J E Hercey 

PROGRAMME 

spectroscopy to characterise 
chemical form of fission products 
released from overheated fuel 

Development of TRAP-MELT computer 
modelling code 

Full-scale simulant studies of 
deposition behaviour of fission 
products (Csl, CsOH, Te) and 
structural material aerosols 
(Ag, Mn) in the primary circuit 
in order to validate modelling 
codes 

Loss-of-Fluid tests, two fission 
product transport tests to 
investigate fission product 
transport in just-beyond-deslgn 
basis and severe accident 
situations. First test (FP-1) 
completed February 1985, second 
test (FP-2) which included control 
rods completed July 1985 

Severe fuel damage tests to 
investigate fission product 
release and timing of fuel 
degradation. Final test included 
effects of control rod alloy on 
fisson product behaviour. 
Experimental programme now 
completed 

In-core studies in TREAT facility 
of aerosol release and behaviour 
of molten fuel and study of fuel 
damage 

.Aerosol containment studies with 
"two containment-bypass experiments 
to assess attenuation in the 
primary circuit pipework and 
release to the auxiliary building 

See footnote on page 76 of Technical Ctiapter 1 
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1.0 INTRODUCTION: 

Fission product behavior during LWR core meltdown accidents is a central part of 

the severe accident risk studies, conducted in many countries, such as the 

the UK(2)t and the ERGO). During various phases of the accident, the 

fission products are released from the melted fuel to the reactor primary system 

(RPS) and then to the reactor containment building (RCB). If a significant 

number of safety systems are unavailable during an accident, a portion of the 

airborne fission products may penetrate to the environment and cause health and 

property damage. Recently, fission product behavior has been reviewed by several 

groups of experts(^»5,6). All review groups reached three general 

conclusions(7,8): (1) most containment buildings are so strong that early 

containment failure is extremely unlikely and this delayed containment failure 

provides time for natural mechanisms to significantly reduce airborne 

radioactivity; (2) the iodine is not released as gaseous elemental iodine, but is 

released mostly as a metal iodide (cesium iodide, etc.) that rapidly dissolves in 

the available water; (3) attenuating mechanisms for all fission products 

(including iodine) had not been adequately treated in the early risk studies. As 

a result of the growth of knowledge regarding the fission product retention 

mechanisms, recent evaluations of fission product behavior tend to assume lower 

releases of fission products to the environment than the conservative values 

given by the earlier risk studies^1>3). As a result, some phenomena which were 

considered of minor significance in the past have now become more important. One 

of these phenomena is the reintroduction into the gas phase (revolatilization) of 

fission products previously deposited in the RPS and the RCB. 

i» 
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Following a LWR core melt accident, the revolatilization of fission products from 

surfaces may play an important role in the transport of fission products through 

the RPS and in the RCB. Revolatilization can occur by means of revaporization, 

resuspension, or reentrainment. Resuspension refers to the re-introduction of 

previously deposited solid particles into an air stream. Reentrainment describes 

the formation of liquid solution droplets in the gas phase above a liquid surface 

by mechanical disintegration of the surface film during bubbly flow or of the 

bulk liquid during churn turbulent flow. Revaporization of previously deposited 

liquid/solid particles can also reintroduce particles into the air stream as the 

re-evaporated vapor nucleates and/or condenses on existing aerosols(9). In the 

RPS, the flow of liquid films on walls may be a major mechanism for the mass 

transport of deposited liquid drops, and their subsequent re-injection into the 

RCB atmosphere at the end of a broken pipe. Similarly, the transport of a large 

fraction of the solid particles deposited in the RPS may occur in the form of 

creep flow of the particles on the piping surfaces or saltation of the particles 

close to the surface(10>11). In a PWR RCB, the condensed water on the surfaces 

can effectively wash most deposits down into the sump. Similarly, the BWR 

suppression pool is a major trap for radioactive materials released in a BWR core 

melt / vessel failure accident (12). In both cases, only the boiling or flashing 

of the water in the sump or suppression pool (if the RCB depressurizes) could 

possibly cause a re-release of radioactive aerosols. The possibility of 

resuspension of fission products from the RCB sump upon depressurization of the 

RCB has been briefly discussed by Bunz and Schock(13). The possibility of 

resuspension both from the RCB sump and from walls of the RPS has been briefly 

mentioned in a recent OECD report(11*). 
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A number of reviews^12»15,16,17» 18,19.20) o n various aspects of the resuspension 

or reentrainment of aerosols in reactor accidents have appeared recently. 

Earlier, several reviews on reentrainment in evaporators(21,22) naci been 

published. Each review will be discussed in the appropriate chapter (see below). 

This paper, which is largely based on two of the recent reviews(l6,17)f 

investigates the state of knowledge and the requirements for further work in the 

field of fission product revolatilization from the RPS piping and from the RCB 

sump or suppression pool following severe accidents. This includes the 

resuspension both of solid aerosols and of liquid aerosols composed of 

water-dissolved fission products. Fission product noble gases are not treated. 

The first seven sections review information available in the literature. In the 

second section, information on the release mechanism and on the parameters 

governing revolatilization is presented. This section deals mostly with the 

revolatilization of solubles and particles from bubbling/boiling liquids. The 

third section presents information on the release mechanism and the parameters 

affecting it. A short overview of the mathematical modeling of entrainment is 

given'in the fourth section. The fifth section contains an evaluation of the 

applicability of existing revolatilization information to LWR accident scenarios 

in which pool boiling follows core-melt. The reentrainment from liquid films and 

re-evaporation is discussed in the sixth section. The seventh section contains 

the experimental data on resuspension of solid aerosols from solid surfaces. In 

the eighth section, the information required to reduce the uncertainty in the 

data base is identified and suggestions for further research are made. 

6 
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2.0 REENTRAINMENMT AND RESUSPENSION FROM LIQUID POOLS 

2.1 Introduce on 

In the event of a LWR core-melt accident in which the containment fails due to 

overpressure, radioactive materials may be re-entrained and/or resuspended from 

water pools (PWR sumps and BWR suppression pools) in which they were deposited 

earlier in the accident sequence. 

Rastler(12) has shown that BWR suppression pools are very effective filters for 

radioactive aerosols released from the core in a BWR core melt accident. He 

reviewed 51 references on the scrubbing of iodine and particulates from gas 

bubbles rising in water pools. Although Csl is currently believed to be the 

dominant form of iodine released from degraded fuel, he found that prior to 1980, 

the only iodine compounds used in pool scrubbing experiments were I2, CH3I, HI 

and HIO. Rastler argued that since HIO, HI or I2 have decontamination factors 

(DFs) of >100 when transported in steam through 0.5 m of subcooled water, the DFs 

of Csl (which is much less volatile) transported in steam released 2.4 to 5.8 m 

below the surface of a subcooled BWR suppression pool would be expected to be 

>1000 under BWR accident conditions. Similarly, he asserted that DFs of >100 

would be obtained for I2 and for particulates released into a subcooled BWR 

suppression pool. Rastler believed that the data he presented indicate that, for 

saturated pools, DFs of at least 30 for I2 and 100 for particulates and Csl are 

currently Justified, and that DFs several orders of magnitude larger could be 

demonstrated after further experiments. 

7 
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Borkowski et al. (17) reviewed 65 references on the resuspension and reentrainment 

of both soluble and insoluble fission products from liquid pools. They concluded 

that the applicability of reentrainment and resuspension data to reactor accident 

analysis is impeded by the fact that not many data apply directly to accident 

conditions, and that reliable models are not available. This problem is more 

severe for resuspension than for reentrainment. Nevertheless, they have applied 

selected resuspension and reentrainment data to the revolatilization of 

radioactive materials from the German B3BLIS-B PWR sump following containment 

failure from overpressure. (See section 5.5.1) 

GinsbergdS) has also reviewed the literature on reentrainment from water pools. 

He cited 28 references on both experiments and analysis of reentrainment from gas 

sparged pools of water. From this data he developed a semi-empirical model of 

droplet entrainment from pools of boiling water (see section 5.5.2) and estimated 

the reentrainment from gas sparged pools of molten fuel (see section 6.5). His 

calculated entrainment showed a strong dependence on the flow regime and on the 

chosen data base or correlations. 

^^' Brockmann(19) has reviewed the literature on the resuspension of dry particulate 

from solid surfaces by gas flow and the reentrainment of fission products from 

water pools as a result of flashing. He combined this data with a variety of 

ultra-conservative assumptions and estimated the upper and lower limits of the 

fraction of previously deposited fission products which could be resuspended and 

reentrained into the containment atmosphere following containment failure during 

a TMLB' accident in SORRY. He did not investigate the amount of this resuspended 

8 
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or reentrained aerosol material which would be transported to the environment 

(see section 5.5.3). 

Kataoka and Ishii(2°) have reviewed 80 references on the entrainment of liquid 

droplets from bubbling or boiling pools and developed a correlation based on a 

simple physical model combined with a large number of data. They pointed out a 

number of shortcomings of existing correlations. They showed that there are 

three different entrainment regions above a bubbling pool (near surface; momentum 

controlled; and deposition controlled). Three different correlations were used 

in the momentum controlled region, depending on the droplet generation 

mechanisms: bubble burst; momentum exchange droplet ejection; or pseudo-jet 

disintegration. 

Earlier, Yeh and Zuber^21) and Mitsuishi^22^ have reviewed liquid entrainment in 

boilers and chemical reactors. 

2.2 Particle Rrowth in Air/Steam Atmospheres 

The growth of soluble particles in unsaturated humid atmospheres has been 

investigated by 2ebel^23) who performed experiments on sodium chloride aerosols 

with a initial median diameter of 0.035 um. He found that the scattered light 

from the aerosol cloud doubled in intensity as the humidity changed from 54$ to 

95$ in <50 ms. Based on a thermodynamic analysis, he predicted that when the 

humidity changed from 76.3$ to 99$, a 2 urn diameter droplet would increase to 

10 pa. in 4.5 s. CinkotaiC2**) and Ferron(25) have also studied the growth of salt 

particles in moist air. Particle growth of soluble particles due to water vapor 

9 
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condensation bas been suggested by Hllliard et al. 
(26) as a dominant removal 

mechanism in their submerged gravel scrubber. 

The growth of particles in air-steam atmospheres has been studied by Bunz, et 

al.(27) who developed and used the NAUA aerosol transport code(28) to study the 

aerosol mass leaked from the containment building following a core melt accident. 

They found that the condensing steam aided particle growth which in turn 

increased the rate of fall-out within the containment. Particle growth due to 

steam condensation was experimentally verified for PtOx, UO2, and NaN02 aerosols 

^^in saturated air-steam atmospheres. It was found that the modified "Mason 

equation" in NAUA adequately described the particle growth due to steam 

condensation. The difference in growth between NaN02 particles and particles of 

UO2 or PtOx was due to the solubility of the former compared to the insolubility 

of the latter. Even in unsaturated air-steam atmospheres, the soluble particles 

existed in the form of solution droplets which were already larger than the 

corresponding insoluble particles (27). 

Jokiniemi and Makynen(29) have examined the mechanisms of hygroscopicity in order 

^t to estimate its effect on mixed aerosols of fission products, structural material 

and fuel. They developed a method for calculating the growth of the hygroscopic 

aerosols released in a core melt accident. However, they found that much of the 

required information is missing: (1) the solubility diagrams of the 

CsOH-CsI-Te2-H20 or CsOH-CsI-Te02-H20 have not been measured at the temperatures 

and pressures of core melt accidents; (2) the water activity for these two 

systems as well as the water activity for CSOH-H2O at high concentrations has not 

been measured; and (3) the deviations from ideal density has not been measured 

10 
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for real fission product-fuel-structural solutions. The authors state that 

comparison between their theory and experiments can be made by measuring the 

particle size of CsOH-(CsI)-insoluble-H20 aerosol systems at different relative 

humidities. 

2.3 Gas/Vapor Sparging 

H. R. Diffey et al.(30) have bubbled a clean air-steam mixture through a pool of 

50 °C water containing dissolved I2 and 0.06 fan Ni-Cr particles tagged with the 

radioactive tracer 212pD# The g a s entered the water pool through a 5 cm pipe 

immersed 50 cm in the 500 liter pool. The pool released 0.004$ to 0.03$ of the 

particles in 30 minutes. Under similar flow conditions, 0.03$ to 8$ of I2 

escaped from the tank. 

Sauter and SchGtzOl »32) performed laboratory scale experiments on the release of 

sand ( <50 fm diameter ) and dyes from an evaporating water pool (T<100 °C). The 

air covering the pool was slowly driven through a particle filter and a cold 

trap. The released sand was collected on the filter, and the evaporated water 

was collected in the cold trap. From the weights of the collected material, 

retention factors could be calculated roughly. Values of 103 just below the 

boiling point and H x lu** at somewhat lower temperature were obtained. Release 

at room temperature was not measurable. By personal communication with the 

authors it is known that during these experiments, about 10$ of the liquid was 

evaporated and the water used had been degassed prior to the experiment. Similar 

experiments were conducted with suspensions and solutions of different dyes in 

water. These tests confirmed the effect, but no quantification was obtained. 

11 
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J. A. Quinn et al.(33) have investigated particle transfer to droplets produced 

by 1 mm bubbles bursting at an aqueous surface. The particles used in the 

experiments were polystyrene latex spheres 0.48 and 0.79 ;»» in diameter, which 

were suspended in KC1 solutions of various molar concentrations. Different latex 

particle concentrations (between 10^ and 1010 per cm3) and various bubble depths 

were used. The experiments were conducted at room temperature with simple 

laboratory scale apparatus for generating a series of single bubbles in a small 

tank. The droplets were collected on a microscope slide and the particles 

^Poptically counted. Particle concentration in the collected droplets was 

essentially independent of particle concentration in the bulk liquid. This was 

attributed to particle saturation on the surface. Drop concentration increased 

with released depth (or bubble age) and ionic strength. The results were 

discussed by the author but no clear explanation was found. 

Heger, Wâscher et al.(34,35) used a 0.05 m3 air sparged container filled to 

different levels with solutions of various concentrations of sodium nitrate and 

additional additives. The sparging air flow was of the order of 10 m3 hr~1. The 

^^container vapor space was analyzed for aerosol number concentration and size 

distribution by means of an optical method. The aerosol mass concentration was 

determined by weighing and sodium analysis of filter samples. The sodium nitrate 

concentration in the air above a solution of 10? sodium nitrate in 10? nitric 

acid was 50 to 103 jag m-3 and was strongly enhanced by adding 200 ppm 

Tri-Butly-Phosphate (TBP) which lowered the surface tension. The aerosols were 

enriched in TBP compared to the bubbled solution. The generated aerosols ranged 

from 0.1 to 6 pm and exhibited a bimodal size distribution with maxima at 

12 
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approximately 0.3 pm and 0.8 um. The TBP addition increased the larger size 

fraction. When the nitrate concentration was increased from 10$ to 30J, the 

aerosol generation increased from 5 to 10 fold. 

Baumgartner et al.(36) investigated aerosol formation by bubbling gas through 

simulated high active waste solutions (HAW) and salt solutions. Released 

aerosols were dried and collected by membrane filters or an aerosol sizing 

centripeter. Despite the rather preliminary character of the studies, some 

interesting qualitative results were obtained. Separated and mixed solutions of 

europium nitrate, strontium nitrate, cesium nitrate, sodium chloride, and 

potassium permanganate were bubbled at ambient temperature and the known 

influence of bubble size, surface tension and viscosity on the aerosol release 

was found. Entrained liquid volume in the flowing gas was in the order of 10~8. 

No flow data were reported. The aerosols exhibited a bimodal size distribution 

with maxima between 0.1 and 1 urn. The formation of manganese oxide particles by 

bubbling air through the solution of europium nitrate and potassium permanganate 

strongly influenced the size distribution of the mixed europium and manganese 

aerosol. The influence on the total released amount was not reported. 

After correcting for concentration differences, simulated HAW solution 

(containing several elements in nitric acid solution) released significantly more 

aerosols than expected compared to the bubbling of salt solutions . Analysis of 

the chemical composition of the aerosols showed marked effects: sodium was 

depleted in the aerosol compared to the solution by a factor of 5; aluminum, 

iron, and zirconium were enriched by factors of 2 to 4. This is explained by a 

13 
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hygroscopic phenomena: the different behavior of bydrolysing and non-hydrolysing 

ions with respect to surface concentration changes. 

Borkowski et al. (17) reviewed the literature on the release of particles from 

pools of water and concluded that little is known about particle resuspension 

from aqueous systems. The order of magnitude of the release fraction results 

from explorative experiments and indirect information is approximately 10~3. Key 

parameters influencing the release are not known; even temperature dependence is 

not clearly established. Experiments indicate that for boiling solutions, 

^Pdroplet formation from breaking bubbles might be a possible mechanism for both 

liquid aerosol generation and particle resuspension. Below the boiling point no 

mechanism is known. 

Because of the limited information on the release of particles from aqueous 

systems, Borkowski et al. also reviewed the literature on the release of fuel and 

simulated fission products from hot and boiling sodium pools.1 They noted that the 

sodium related results suggest - in part - a possible influence of surface 

effects on the release and show, on a broader experimental base, releases of the 

^ ^ same order of magnitude as those from water. Because the density, surface 

tension, and contact angles of sodium systems are different from the 

corresponding values of aqueous systems, it is not self-evident that transfer of 

these results to resuspension from LVR water pools is possible. Because of their 

larger surface tension, sodium pools may exhibit a higher surface enrichment and 

release of particles than water pools. 

14 



- 126 -

2.4 Flashing of a Pool 

M. J. McGoff and S. J. Rodgers(37) used two 151 liter autoclaves to inject 

contaminated water at 287.8 °C and 74.5 bars into a 371854 liter tank equipped 

with a 5.1 cm diameter vent. Radioactive Na2CC>2, RbCl, I2, and colloidal Ï2°3 

(size unspecified) were the contaminants. The part of the 37,854 liter tank 

where the water collected was found to have the highest activity. Retention 

factors (RF) of about 101* were found for Ï2°3» about 105 for Na+ and Rb+, and 

approximately 5 x 10** for I2. In one test, 1.7$ of the Rb, 1% of the iodine, and 

12.7$ of the Y2O3 were retained in the autoclaves. The steam-aerosol mixture 

from the vent was introduced into the bottom of a 305 cm deep sea-water tank and 

the additional attenuation of the tank water was measured by grab samples of the 

gas above the sea-water surface. Additional decontamination factors (DF) of 6 

for I2, 30 for Y2O3 and 50 for Rb
+ were calculated. 

A series of exploratory tests has been performed by the General Electric Co.(38) 

on the DFs of fission products in a simulated BWR pressure suppression system. 

The 52.73 kg of water in a 0.08835 m3 pressure vessel was heated to saturation 

conditions at 69.98 bar and then discharged through an orifice plate disk into a 

simulated drywell by breaking a rupture disk. The part of the water which 

flashed to steam was discharged from the drywell into a 3*653 m3 suppression pool 

where the steam was condensed. Air samples were obtained from the wetwell air 

space 2.223 n3. The pressure vessel water contained 250 cm3 of xenon at STF, 250 

cm3 krypton at STP, 455 g of iodine, 110 g of sodium iodide, and 110 g of 2 jam 

floresoent zinc sulphide particles. Overall DFs of 2 to 4 were measured for the 

xenon and krypton, 1.7 x 10^ for the I2, 5.9 x 105 for the Nal, and 4.8 x 107 for 
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the ZnS. If we assume that (similar to the work of McGoff and fcodgers(37)) the 

pool DF was 100 for the ZnS, and 50 for the Na+, then the RFs due to flashing of 

the water in the pressure vessel was 10^ for Na+ and 10^ for the ZnS particles. 

Anderson et al.(39) have measured the droplet size distributions from the bulk 

flashing of 50 °C superheated water. Flashing occurred from a 16.4 ml chamber 

through a 19 mm opening. The opening time was 1.6 ms. Measurements were made by 

collecting droplets containing blue organic dye on blotter paper mounted on the 

rim of a rotating wheel (96 ms rotation time). Nearly all of the droplets from 

^^the early hemispherical expansion due to bulk flashing arrived at the collector 

during a period of 10 to 15 ms. The droplet distributions from this set of drops 

were lognormal with a geometric mean droplet diameter D g of 124 um and a 

geometric standard deviation of Og of 1.30. A sparse concentration of droplets 

in the 10 to 100 um size range, with an average size of ~50 pm occurred at later 

times. The authors state that these late droplets probably came from the breakup 

of the jet that developed during the latter part of the blowdown, or from the 

subsequent breakup of droplets formed in the initial bulk or later jet flashing 

process. The results of aerodynymic fragmentation (critical Weber number) 

^fe calculations of early droplet maximum diameters compared within a factor of 2 or 

3 of the measured values. The authors suggest that bulk flashing may be a 

multistage process that combines surface energy (thermal) fragmentation with 

aerodynamic fragmentation. 
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2.5 Boiling of a Pool 

Experimental values for the entrainment (mass flow rate of liquid/mass flow rate 

of vapor) measured by Sterman et al.C1*0) ranged between 10-5 and 10~2, depending 

on the pressure, vapor flow and vapor space height. High pressure and vapor flow 

enhanced entrainment. The method of measurement is not known. 

J. Mishima et al.t^D studied plutonium release from evaporating aqueous 

plutonium nitrate solutions in a bench scale glass apparatus. Small volumes (2-3 

ml) of concentrated plutonium nitrate solution, held in a shallow stainless steel 

dish positioned in a containment vessel, were air dried with and without heating. 

Dry air was passed through two HEPA filters in series before entering the Pyrex 

containment vessel. Low velocity air was drawn across the surface of the nitrate 

solution and through a water cooled condenser and then through a membrane filter. 

After the heating cycle the membrane filters were examined microscopically and 

then analyzed radiometrically for plutonium content, along with the condensate 

and water used in washing the containment. In most cases, the largest amount of 

release, 2 - 2.7 x 10-1* of the initial plutonium inventory, was retained on the 

walls of the containment. The released fraction collected on the membrane filter 

during evaporation was in the order of 10""5 at boiling conditions. The 

condensate fraction was <10-^. In spite of data scatter, an increase of the 

release amount with increased temperature was clearly seen. No marked dependence 

on air velocity was observed. 

Further investigations were conducted by evaporating 100 cm3 of plutonium nitrate 

solution held in a 180 cm3 glass beaker heated from the side and bottom. The 
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vapor rising from the surface of the solution was collected in a 0.004 m3 pyrex 

bell jar fitted to a bottom plate which surrounded the rim of the beaker. Steam 

and - in most experiments - air was drawn up through the bell jar, passing 

through the top to a glass fiber filter, a water cooled condenser, and a backup 

filter. The solution was quickly heated to the desired temperature and 90? was 

boiled off. The degree of surface disturbance was classified into "simmering", 

"disturbed surface", and "boiling" regimes and further characterized by average 

boil-off rates. Temperatures of the solutions were not given. Both air flow and 

Plutonium concentration were essentially constant. The plutonium fraction 

^^exhausted by the sweep air was roughly correlated with the evaporation rate and 

was between 10~3 and 10_7 at boiling conditions. Deposits on the wall and bottom 

of the bell jar reached 10-2. Release data obtained from the first 30 cm3 and 

the last 40 cm3 did not clearly show any concentration effect. 

Witherspoon and PostmaC^) performed laboratory scale experiments on the 

condensate from a steam-air atmosphere which contained a mixture of elemental 

iodine, methyl iodide, cesium aerosols and UO2 aerosols. The experimental 

arrangement used was essentially a distillation apparatus operated under carrier 

^fcgas flow with a Maypack sampler as backup. The condensate samples were 

evaporated to dryness and most of the simulated fission products were retained in 

the solid residue remaining in the flask. Less than 4.5} of the iodine and 1.5? 

of the cesium was carried over to condensate flask and filters. They observed 

that "Since cesium is nonvolatile, the observed carry-over of cesium must have 

been the result of mechanical entrainment." 
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A similar experiment has been performed by Albrecht^) who obtained an integral 

carry-over of 5.5 x 10-1* from the evaporation of one liter of an aqueous solution 

containing all important reactor coolant components and a 134cs spiked cesium 

concentration of 2.5 g/1. The carry-over decreased during the experiment. 

Manowitz et al.(44) developed a system for decontaminating solutions containing 

nonvolatile fission products and suspended fine solids ^ 2 0 3 ) . They found that 

the fission products could be readily absorbed and desorbed from the solids. 

Their system consisted of an evaporation unit and a deentrainment device. 

Different technical modifications were chosen and the decontamination factors 

(defined as the ratio of the specific activity of the evaporation residue to that 

of the distillate) measured without deentrainment devices were between 10^ and 

105, depending on the boil-up rate and the amount of suspended solids. Even 

moderate foaming or splashing lead to higher entrainment. The best 

decontamination was obtained from solutions with the lowest particle content. 

Further, these authors suggested that droplets and particles exhibited different 

behavior with respect to carry-over, the DFs for the solids being appreciably 

lower than those for liquid entrainment. 

In 1954 Garner et al. (45) reported a determination of the size distribution of 

entrained drops and total entrainment. Experiments were performed under various 

operating conditions using a pilot plant vertical tube evaporator (30.5 cm 

diameter) and a small vertical single tube glass evaporator (10.2 cm diameter). 

Water and solutions of potassium nitrate were evaporated and condensate samples 

were collected from the condenser and from the vapor line. Nitrate concentration 

of the condensate was determined by gravimetry and a colormetric method. Droplet 
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samples were obtained from the vapor space at different distances from the liquid 

surface by a two stage impactor device. Droplets collected on the impactor 

stages were sized and counted under a microscope. A correction was applied to 

account for incomplete collection of droplets less than 8 urn diameter. 

Entrainment of liquid in the vapor was calculated from the condensate nitrate 

analysis and the droplet measurements. 

The authors found that more than 95$ of the droplets collected were below 20 pm 

diameter. In spite of the large numbers of these droplets, the total mass 

^ ^ entrained was essentially due to droplets with diameters greater than 100 urn. 

The vapor line had an appreciable effect on the entrainment of the large drops. 

Liquid level in the evaporator was of minor influence. Increased vapor velocity 

was found to be correlated to increased entrainment. Total entrainment of 10-5 

to 10-3 was observed with the pilot plant evaporator, and approximately 10"1* with 

the glass tube evaporator. 

Garner et al. 

(46) investigated the main parameters of liquid entrainment in 

evaporators. They used an evaporator pilot plant operating under equilibrium 

A conditions and a reduced pressure of 0.33 bar. Sugar solutions were chosen for 

study since density and surface tension showed little dependence on the sugar 

concentration of the solutions. In these tests viscosity depended mainly on 

concentration. Sugar content of the evaporator sump and the condensate were 

measured by refractive index and a colormetrie method. From this data the liquid 

content in the vapor was calculated in ppm (apparently assuming that the sump 

concentration of sugar existed in the droplets too). The results of a series of 

measurements with systematically varied parameters showed an increase of the 
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entraînaient with increasing vapor generation rate and concentration. Variations 

in liquid level (which implies variation in vapor space height) was of low 

significance. A retention factor of about 103 can be estimated from the 800 ppm 

reported as the maximum entrainment, defined as the ratio of the concentration of 

the sugar in the sump to that in the condensate. 

Shor, Ward et al.^7) investigated radioactive carry-over in three boiler 

systems. Measurements were performed on a 7.6 cm diameter laboratory scale 

evaporator, a 12.7 cm diameter pressurized boiling loop of technical scale, iand a 

small BWR. The boiler water of the laboratory scale evaporator was spiked with 

137cs chloride and the condensate was continuously counted to obtain cesium 

concentration. Decontamination factors (DFs) were determined from the ratio of 

cesium concentration in the boiler water to that in the condensate. Initial DFs 

were lower than the equilibrium DFs reached after several hours. The authors 

suggested that this time behavior could be explained by the accumulation of 

dissolved solids in the boiler during the experiments. Equilibrium DFs were in 

the order of 10^. Pressure in the boiling loop was varied between 10.3^ bar and 

*I1.37 bar and sampling was performed at three different levels above the water 

surface at same time. Equilibrium DFs were observed to range between 1.1 x 10^ 

and 6.8 x 10^ and initial DF was relatively low. Entrainment was correlated to 

the boiling rate. Pressure, sampling position and sampling mode was of minor 

importance. At the BWR, DFs (calculated from the ratio of "involatile" 2%a 

activity in liquid to that in vapor samples obtained at four different positions) 

ranged from 6 x 103 to 1.5 x 101*, depending on the vapor velocity. The different 

DFs obtained in the three systems can be explained by the effect of different 

system surface to volume ratios on droplet transport. 
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2.6 Scrubbing of Aérosols In Rising Gas Bubbles 

Wright et al. ( W have performed 30 "FAST" tests in which a capacitor discharge 

technique was used to vaporize UO2 pellets under water. Initially the UO2 was in 

the form of cylindrical pellets which were stacked end to end to form a rod, 

approximately 9 cm long that weighed 17.3 g« The pellets were surrounded 

coazially by UO2 microspheres, a quartz tube, and a steel containment tube. The 

space between the quartz tube and steel tube was pressurized with xenon gas. The 

tests indicated that steam bubbles did not rise through the water, except when 

^^the water temperature was maintained near 8k °C. In the hot water tests, 

approximately 5% of the initially vaporized mass of the fuel was carried as 

aerosols (aerodynamic mass median diameter, AMMD s 0.141 pi; o" = 2.07) in a 

steam-xenon bubble through 1.12 m of water to the argon cover gas. The maximum 

bubble radii were 100 to 186 mm. Increasing the amount of xenon in the bubble 

had little influence on the time of bubble collapse. With argon and xenon 

pressures fixed, increasing the water temperature increased the time to bubble 

collapse by increasing the amount of steam generated. These tests illustrate the 

effect of in-pool steam production on retarding the scrubbing of aerosols in gas 

^t bubbles rising in a pool. 

Based on the small scale experiments of Remy and FinnernC1*?), Fuchs(50) has noted 

that the DF of the scrubbing process decreases as the water temperature rises, 

becoming 1 at the boiling point. He suggested that two factors were acting in 

this case: (1) an increase in the size of the bubbles due to the production of 

water vapor, and (2) repulsion of the aerosol particles from the walls of the 

bubble (negative diffusiophoresis) due to Stephan flow. Fuchs believed that both 
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effects are very large near the boiling point. However, other effects (such as 

"entrance" effects, turbulent agglomeration, steam condensation on the aerosols 

and the walls, as well as inertial deposition from turbulent flow) may dominate 

in the case of saturated suppression pools (see below). In particular it should 

be noted that due to the increase in pressure with depth, the surface layer of a 

deep pool can be boiling although the lower layers are subcooled. Furthermore, 

the steam from the surface of a boiling pool will condense on the colder 

structures above the pool setting up a Stephan flow which will carry a large 

fraction of the released aerosols to these structures and trap them in a film of 

condensate which can drain back into the pool. The high aerosol removal 

efficiency of steam condensing on aerosols and cold surfaces has already been 

demonstrated in experiments at 0RNL,(51) and BCL(52)f Battelle-Frankfurt(53) and 

was observed following the PRTR accident(5*0. in the latter case, 99Ï of the 

fission products and ~70? of the radioiodine released to the PRTR containment 

atmosphere when the coolant flashed were subsequently removed along with the 

condensed steam by the containment air cooler. The DEMONA experiments(53), 

performed on a 1:4 linear scale model of the BIBLIS A PWR, showed that the 

depletion of tin oxide and silver aerosols developed three to four times faster 

in a condensing steam-air atmosphere than in a dry air atmosphere due to steam 

condensation on structures and on the solid aerosol particles. 

Several authors(55»56) have reported improved collection efficiencies for wet 

scrubbers due to vapor diffusion and condensation effects in air-steam-aerosol 

mixtures. These positive diffusiophoretic effects in condensing 

air-steam-aerosol mixtures in many cases can be much larger than the 

thermophoretic effects, i.e. effects due to the accompanying thermal 
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gradients(57). Sparks and Pilat(58) n a v e calculated the effect of 

steam-condensation on overall scrubber efficiency and find that the positive 

diffusiophoretic effect of condensing steam can result in greatly improved 

sub-micrometer particle collection by large diameter droplets. 

Muralidharan and Moody(59) have extended the theory of Goldsmith and May(60) an(j 

Waldman(6l) which was based on the Chapman-Enskog kinetic theory to obtain the 

migration velocity of particles toward the gas/water interface of a bubble 

containing particles and a stagnant steam/noncondensable gas mixture. They noted 

that if internal gas circulation existed in the bubble, the DFs could be 3 times 

higher than their predictions, since Sparrow et al. 
(62) have indicated that, for 

initial steam/gas fractions exceeding 4$, the heat flux to a condensing surface 

could be 3 times as high as the stagnant case. 

Diffey, et al. (30) have performed decontamination experiments in which dip tubes 

of 3 mm and 50 mm diameter have been immersed in pools of cold water to a depth 

of 20 and 10 tube diameters, respectively. When air-steam flows of 34 m/s were 

fed into the tube along with 0.06 jm diameter Ni/Cr particles, decontamination 

factors of 50 to 100 were obtained with air/steam weight ratios of 0.1 to 0.4 and 

inlet aerosol number concentrations of about 5,000 nuclei per cm3 of air (see 

Figure 1). When air was subsequently bubbled through the water, only very small 

amounts of aerosol were removed from the pool. The authors suggest that an 

important mechanism of aerosol removal is one of particle growth by steam 

condensation to a size where they are removed by settling. Thus the removal of 

sub-micron particles is "controlled by the degree of supersaturation with respect 
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to water vapor, and the residence time of the particles in super-saturated 

regions.n 

Smith and Rumary(63) investigated the chemical and engineering parameters that 

controlled the DFs for 0.06 um diameter Ni/Cr aerosols transported in steam-air 

bubbles through a pressure suppression pool. The measurements were made in a 

pool with dip tubes of 2.5 and 10 cm diameter immersed to a depth of 20 cm. The 

water temperature was held at 50 °C. The steam velocity was varied between 1.2 

and 312 m/s and the air/steam weight ratio between 0.066 and 6.40 . It was found 

for the 100$ air cases, that between 20$ to 40$ of the particles were retained in 

the pool, depending on the air flow rate. As the air/steam ratio was reduced, 

the fraction of aerosols retained in the pool increased slowly until it was 99.6$ 

at an air/steam weight ratio of 0.0062 (see Figure 1). There was no detectable 

effect of tube diameter, steam velocity, or total flow rate on the DFs over the 

range of practical interest. The authors state that these results are directly 

applicable to full scale tubes which are immersed to the same depth. The 

percentage of aerosol penetrating the pool decreased exponentially with 

increasing depth of immersion (see Figure 2), and increased with increasing pool 

and air temperatures. 

In a later experiment, Rumary(64) showed that the aerosol particle penetration 

changed very little as the particle diameter was varied from .06 um to 0.14 um. 

However, values of penetration varied from 4.4$ to 0.56$ as the air/steam weight 

ratio varied from 0.1 to 0.025 . 
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Diffey(65) ̂ go measured the DFs for a 0.06 urn diameter Ni/Cr aerosol using a 1/3 

scale model of the SGHWR steam suppression pool. The rig had four dip tubes, 

each of 33 cm diameter, immersed 61 cm in a pool. The water temperature varied 

from 5 °C to 50 °C during the course of a run. Condensation was good despite 

interactions between the dip tubes and the pool walls. For low air/steam weight 

ratios, the results were the same as those obtained by RumaryCS1»). However, at 

the higher air/steam weight ratios (3.0) the DFs were greater than 100, whereas 

the corresponding values obtained by Rumary were less than 5. Diffey states that 

at Capenhurst this may have been due to the cold air mixed with the saturated 

steam and the resulting condensation may have caused the submicron particles to 

grow into large and easily removable droplets. Such condensation was usually 

prevented by Rumary who used superheated steam and preheated air (see Figure 2). 

Hillary et al.(66) used the 1/3 scale model of the SGHWR steam suppresion pool 

(7722 1 capacity) to investigate the removal of 0.06 um Ni-Cr particles and I2 

from steam-air mixtures. The DF of l£, dependant upon the air to steam ratio, 

ranged from 20 to 230. Pool temperature and depth of discharge pipe immersion 

were found to have little effect on the DF. The DFs for the Ni-Cr particles 

varied with air to steam ratio as shown in Figure 1, ranged from 49 to >841. 

Smaller DFs were found at the higher steam flow rates than at the lower ones. 

The fact that the air was not heated prior to mixing with the saturated steam, 

may account for the large DFs due to condensation on the fine particles which 

would rapidly grow to large droplets. A similar explanation has been advanced by 

Diffey et al.(30), Diffey(65) and Smith and Rumary(63) above. 
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Owen and Postma(67) tested a gravel filled water pool for use as a scrubber of 

sodium fire combustion products. These soluble aerosols had an aerodynamic mass 

median diameter (AMMD) of 2.9 /im, and a sigma of 3.1. The cylindrical gravel bed 

was 0.3 m in diameter, and 0.3 m deep in one series of tests and 0.6 m deep in 

the other series. The central dip tube was 6.4 cm in diameter and extended the 

full length of the bed to a 15 cm high, water filled plenum which fed the gas to 

the bottom of the gravel bed. At a gas velocity of 0.5 m per second the DFs 

ranged from 454 to 3,332, although subsequently it was suggested^2**) that these 

numbers were too high because of sampling problems and inlet line clogging. The 

aerosol removal efficiency was not a strong function of the gas velocity. The 

authors state that the high decontamination factors indicated that removal 

mechanisms other than inertial forces were important. Mechanisms "such as 

flux/force/condensation, particle growth, and turbulent agglomeration undoubtedly 

make an unaccounted for, but important, contribution to aerosol removal."(67) 

In similar tests on a larger submerged gravel scrubber, Hilliard et al.(26) used 

aerosols of hydrated alumina, sodium hydroxide, sodium peroxide, sodium 

carbonate, and sodium iodide. The scrubber was 1.12 m in diameter and 61.1 cm 

high, with a central dip-tube 26 cm in diameter. They obtained a DF of 35 for 

insoluble hydrated-alumina particles, and DFs of 106 to 196 for various soluble 

sodium compounds, all of which had AMMDs in the range of 2 urn to 6 urn. However, 

for sub-micron dioctylphthalate (D0P) particles (D = 0.7 um) the DF was 2. For 

the even smaller sodium iodide aerosols (AMMD = 0.175 um) the DF was only 1.5 . 

Turbulent agglomeration, particle growth due to water vapor condensation, and 

capture of particles by exposed liquid surfaces were the dominant removal 

mechanisms. (A thick foam of bursting bubbles formed at the surface.) 
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Marble, et al.(68) have studied the transport behavior of EU2O3 powder (AMMD = 

8.5 um; 0* = 2.3) trapped in small air bubbles rising in an open pool of 60 °C 

water. The water depth was 34.3 cm (five of the tests), 168 em (eleven of the 

tests) and 76 cm (one of the tests). The diameter of the air bubbles varied over 

a range of 0.45 cm to 1.41 cm due to changing the size of the inlet orifice and 

cap. The gas flow rate was such that successive single bubbles did not interfere 

with each other. Decontamination factors (DFs) reported were the ratio of Eu203 

collected in the gas space above the pool to the amount collected by filtering 

^Pall of the pool water and wiping the tank walls. Using this technique, DFs 

between 535 and 4,157 were measured for the 168 cm depth, and DFs between 108 and 

333 were measured for the 34 cm depth. These results are consistent with an 

expected exponential dependence on submergence depth. All the tests exhibited DF 

minima at 0.25 urn particle diameter. Below 0.1 pm, particle diffusion dominated. 

Above ~1 Jim, particle sedimentation and inertia dominated. This resulted in a 

parabolic relationship of DFs to particle diameter similar to that found for 

fibrous filters and predicted by Fuchs' spherical bubble modela 50). However, 

contrary to predictions of the model, no dependence of DFs on bubble size were 

A found. Moody et al.(69) suggest that this is due to flattening of the bubbles. 

Yuu, Jotaki and Abe (70) studied the absorption of low concentration aerosols 

(C<0.1 mg/m3) from air bubbles rising in columns of water. The aerosols were 

either fly ash (AMMD = 4.5 pm; C = 2 g/cm3) or mono-sized stearic acid particles 

(d =1.5 to 1.8 pu; p= 0.99 g/cm3). Well separated air bubbles of 0.17 to 0.44 cm 

diameter were produced by passing the aerosol-ladened air through a porous plate 
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at the bottom of the water column. They found that particle inertia was the 

dominant aerosol collection mechanism. They also found that the measured 

collection efficiency increased exponentially with the height of the water 

column. They drew an analogy between this relation and the logarithmic 

penetration law for the collection of aerosols by fibrous filters^50)# (The 

height of the water column was equivalent to the thickness of a fiber mat in a 

fibrous filter.) They noted that the initially spherical bubbles repeatedly 

distorted as they moved upward in zigzag fashion, and suggested that this may 

cause the internal gas circulation in a bubble to fluctuate. Since the inertia 

of the particles would prevent them from following the sudden change in bubble 

motion, the probability of collision with the bubble wall would increase over 

that predicted by Fuchsf model(50). 

2.7 Bubble Size Distributions 

Bubble size is a very important factor for determining both the number and size 

of aerosol droplets generated by bubbles breaking at the surface of a pool and 

the scrubbing of particles from gas streams sparged through pools of water. 

The fundamental relation for the bubble size in a boiling liquid is the 

equilibrium between surface tension on the one hand and the internal excess 

pressure on the other. The internal pressure results from the vapor pressure of 

the liquid. Once the bubble is generated, it rises through the liquid and grows 

in diameter with decreasing hydrostatic pressure. The fundamental relations are 

known, but some uncertainty is introduced because the reduced vapor pressure of 

concave surfaces requires a bubble nucleus for the generation of small initial 
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bubbles. The nucleus may be a rough surface, or a suspended particle. The 

formation and subsequent separation of the microscopic bubble from the surface is 

controlled by the contact angle of the system and the degree of superheating. 

The free bubbles may coalesce or divide during their rise to the surface. This 

effect will be more important at high bubble flow. It is difficult to make clear 

predictions concerning realistic boiling conditions. In general, a broad 

distribution of bubble sizes is produced instead of a monosize . 

Several groups(68,69»71>72,73) have shown that there are natural mechanisms which 

rapidly break up large noncondensable gas bubbles rising in a pool of water, to 

form a swarm of small bubbles. An analysis of the process, performed by Marble 

et al. (68) and Moody et al. (69). have shown that: 

"Large free gas bubbles tend to divide due to the hydrostatic pressure 

differential which causes the lower surface to overtake the upper 

surface. Upward motion through the liquid causes aerodynamic shredding 

of bubbles to smaller sizes, while Taylor and Helmholtz instabilities 

assist further breakdown of the larger bubbles. «(68) 

Marble et al.(68) developed a simplified energy balance model which neglected 

bubble-bubble interaction and assumed spherical bubbles with constant velocity 

and drag coefficients. The model showed that even with energy losses due to drag 

forces, and the increase of kinetic energy of the surrounding liquid, there was 

sufficient excess energy transfer to quickly shatter the large bubbles into a 

swarm of 6 mm diameter bubbles. High speed motion pictures taken during their 

tests show that large noncondensible gas bubbles shattered into a swarm of 5 mm 
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diameter bubbles within one (large) bubble radius after leaving the gas injector 

orifice. Foam was generated as the swarm broke the pool surface. 

Moody et al.(69) have developed a correlation for the breakup of large bubbles in 

water pools based on non-dimensional parameters extracted from fundamental 

equations. 

Dickinson and Nunamaker(72) injected air in short 1 to 8 second bursts into a1.1 

m deep water pool, through an annular orifice 14 cm in outside diameter and 5 cm 

inside diameter. The large bubbles broke up into a swarm of 6 mm diameter 

bubbles within 30 cm of the orifice. At the end of the gas bursts, occasional 

bubbles of 1 cm to 3 cm in diameter were seen. 

Paul et al. (73) have investigated in detail the behavior of gases injected into 

water pools with single and multiple-orifice steam quenchers. They injected air 

or various steam-gas mixtures (superheated steam + air, helium, or hydrogen) into 

water pools through single orifices and multiple orifices. The used high speed 

cameras to measure and monitor the gas stream behavior under various flow 

conditions. The depth of the largest tank they used was 4.88 m and its diameter 

was 3 m. The pool temperatures ranged from 21 °C to 99 °C during the test 

series. They found that the hydrodynamic behavior of the bubbles could be 

classified into three distict zones: the injection zone; the vapor globule 

breakup zone; and the bubble rise zone. The injection zone was characterized by 

the formation of large, hydrodynamically unstable vapor globules. In the vapor 

breakup zone, the initially unstable globules break up until the individual 

bubble Weber numbers are less than 15. Typically, this occurs within 10 globule 
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diameters of the injector outlet. In the bubble rise zone, the size distribution 

remains nearly constant as the bubbles rise in the pool. In all noncondensible 

gas tests, the bubbles reached an equilibrium size distribution after rising 100 

orifice diameters. The distributions were all log normal with a mean final 

bubble diameter of 5.8 mm decreasing to 3.5 mm as the steam volume fraction 

increased from 0 to 0.95. The standard deviation of all final bubble size 

distributions was 1.5 mm. The bubble size distribution produced by a mixture of 

condensable and non-condensable gases was nearly independent of the type of 

non-condensable gas. It was noted that steam bubbles rising in a saturated pool 

^^behave similarly to noncondensible gas bubbles in a subcooled pool. The steam 

from steam-gas mixtures in a subcooled pool condensed quickly and left behind a 

swarm of small spherical bubbles. For horizontal injectors, the normalized 

initial noncondensible gas globule volume could be correlated with the 0.46 power 

of the injector Weber number in the range of 40 to 4 x 10^. They noted that the 

initial large globule always broke up into smaller bubbles if the initial bubble 

size and speed exceeded a critical Weber number of 15. "Bubbles with critical 

Weber numbers greater than 15 are unstable, and will break up into smaller 

bubbles until the individual Weber numbers are less than 15. The bubble Weber 

^^number corresponding to the mean diameter of the log-normal distribution has been 

calculated to be 4.4." For multi-hole injectors, the distributions were all log 

normal with a mean diameter of between 6.7 and 7.5 mm , nearly independent of the 

gas injection rate. There was a trend to slightly higher bubble diameters as the 

number of injector holes was increased. The average standard deviations of the 

bubble size distribution was 1.5 mm. The authors concluded that, "at extremely 

high gas injection rates, the lifetime of an individual bubble may be only a 

fraction of a second before coalescence and/or breakup of the bubble occurs." 
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Electrolytes may reduce bubble-bubble coalescence due to some preferential ion 

attachment into the bubble surface electrical double layers causing a repulsion 

between bubbles, (see Section 3.1 below) 

The size of steam bubbles generated in ordinary boiler water at a horizontal 

steel surface has been measured to range from 0.5 to 5 mm at low pressure and 

nucleate boiling^1*). 

It can be concluded from these hydrodynamic studies that large steam bubbles in 

saturated pools, and large noncondensable gas bubbles in subcooled pools will 

always shatter to swarms of bubbles less than 6 mm in diameter. The swarm 

churns and swirls vigorously as it rises in the pool. In subcooled pools the 

steam in steam-air mixtures rapidly condenses, leaving behind the noncondensable 

gas in the form of small spherical bubbles. When the bubble swarms finally reach 

the pool surface, they generate a froth or foam(26,67»68). 

3.0 MECHANISMS OF PROF ENXRAINMENI 

3.1 Entrainment during Bubbly Flow 

When a gas bubble reaches the surface of a pool it takes a form between spherical 

and hemispherical, depending on its size. During this phase the liquid in the 

bubble's film dome runs down and the film thins until the internal pressure of 

the bubble (which is greater in small bubbles) breaks it. Since the ruptured 

film cap has a non-uniform lacelike structure consisting of a network of 
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ligaments connected by thinner membranes(75»76)> ±t is suspected that the initial 

perforation takes place in one or more of the membranes. The initial puncture 

does not always occur at the top of the dome, resulting in an assymetric 

distribution of the film drops. The details of the break up of the film is still 

the subject of discussion, but the formation of fine droplets during this period 

is well established(^5,76-80). By 300 ;is after the film cap rupture, all of the 

film drops have been ejected. Film drop diameters range from less than 1 pm to 

more than 100 pm. Their number increases with bubble diameter and is highly 

dependent on any trace surfactants which may be present. The ejection height of 

^Pfilm droplets from quiescent bubbles is of the order of 1 cm(76). After the 

pressure is released from the bubble, the liquid crater collapses and a vertical 

rising liquid jet is formed when the surface free energy of the bubble is 

converted into kinetic energy (81). 

At 1 to 30 ms after film cap rupture the 

liquid jet decays to coarse droplets after reaching a critical length(76,82) 

(see figure 3b). The maximum jet drop ejection height increases with bubble 

size, reaching nearly 20 cm for 2 mm bubbles. For larger bubbles, the ejection 

height decreases^). 

^^ Bubble diameters control both mechanisms of droplet formation. Jet drops are 

formed only from bubbles smaller than 6 or 7 mm(80). Film droplets are formed 

only from bubbles greater than "0.2 mm. Thus three regions of droplet formation 

exist: in region 1 (below 0.2 mm bubble diameter) only jet drops will be formed; 

in region 2 (between 0.2 and 6 mm bubble diameter) both jet and film drops will 

be formed; and in region 3 (larger than 6 mm bubble diameter) only film drops 

will be formed. Region 1 occurs both at high pressures(83) and just below the 

surface of water after the breaking of small waves(8D. 
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Most of the experimental effort has been focused on region 2. The number of film 

drops produced by bubble breaking is correlated to the film area and may reach up 

to 1000 drops for a 6 mm diameter bubble(78,79»80,8l). Determination of film 

droplet diameters is difficult, but experimental values have been 

measured^,76,77,78,80). por example: Tomaides and Whitby(78) measured the size 

distribution of droplets resulting from the breaking of air bubbles at the 

surface of a 0.1% solution of NaCl. For 1.4 mm diameter bubbles they obtained a 

bi-modal distribution (see Figure 4a) with the fine droplets ranging from-2 to 

40 pm and a coarse droplet distribution ranging from 80 to 130 pm. For 5 mm 

diameter bubbles they found droplets ranging in size from 2 to 15 pm, as can be 

seen in Figure 4b. Similar results have been measured by Garner et al.(^5). 

These studies show that the size vs. number distribution of the bubble induced 

droplets will be between 1 and 50 pm, with most droplets below 25 pm. The mean 

droplet diameter increases with decreasing bubble size. In terms of released 

volume or mass this tends to compensate for the decreasing number of film 

droplets. Blanchard and Syzdek(8D found that the drop spectrum from a 0.7 mm 

bubble peaked at 5 urn diameter. 

Recently, Resch et al.(76) have used an in-line holographic technique to 

visualize the successive stages of the bursting process of single bubbles in 

deionized fresh water and in seawater. Both film drops and jet drops generated 

by single air bubbles from 2 to 10 mm in diameter were studied. The delay 

between bubble bursting and the time the hologram was taken varied between 150 us 

and 30 ms. The onset of film cap rupture was detected after 150 us; the film 

drops were detected after 300 us; and the jet drops appeared between 1 and 30 ms 
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after the rupture of the bubble cap. By flashing a high powered YAG laser for 13 

ns in a recording system based on the Gabor technique, a hologram was obtained 

for each bubble burst. A reconstruction system consisting of a He-Ne laser, 

motorized hologram displacement system, TV camera and TV display measured the 

diameters of the drops from the projected holograms. Histograms of the number of 

film drops as a function of drop diameter for different bubble sizes were 

constructed from this data (see Figures 5 and 6). Due to the optical limitations 

of the holographic setup, the smallest film drop measured was 8 urn . For both 8 

and 10 mm bubbles in fresh water and seawater, the largest film drop measured was 

^Pabout 240 ;im, a value that is much larger than usually reported for film drops. 

For 6 mm bubbles, the largest film drop was 180 ̂im in fresh water and 200 pm in 

seawater. None of the film drops was more than 140 urn in diameter for bubbles 

smaller than 6 mm. The authors believe that the film droplet size increases with 

bubble diameter, since it is reasonable to assume that thicker film caps produce 

larger film drops, because most formulas show that critical film thickness(79) is 

an increasing function of the bubble diameter. A smaller number of droplets and 

larger average droplet sizes were found in seawater as compared to deionized 

water for the same bubble diameter (see Figure 7). This may be related to the 

^ surface lifetime of bubbles which varied between a few hundredths of a second for 

fresh deionized water to several seconds in the case of seawater. The longer 

surface lifetimes of the seawater bubbles caused them to have smaller interfacial 

film cap areas than the fresh water bubbles. The fresh water was replaced 

frequently to prevent the buildup of surfactants which caused an increase in the 

bubble lifetime. The number of film drops per bubble burst as a function of 

bubble size is displayed in Figure 7 along with the data proposed by 

Blanchard(80). 
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Figure 8 shows a mass distribution of entrained droplets over a range of droplet 

sizes derived(17) from the data of Garner et al.C^S) which was measured on a 

small glass tube evaporator. Most of these results were obtained by bubbling air 

through water and water solutions. Surface tension is very similar in the 

air/water and steam/water systems. 

A number of jet droplets will be formed from the same bubble, depending on the 

bubble size (see Figure 7). Their number never exceeds ten and is a known 

function of the bubble diameter(76). with increasing viscosity the number of 

droplets seems to decrease, whereas with increasing surface tension the number of 

droplets seems to increase. However little information is given in the 

literature, although it has been proposed by Mitsuishi et al.(22) that droplet 

size is independent of surface tension and negatively correlated to the 

viscosity, but this thesis has not yet been quantified. The diameter of the jet 

droplets is correlated to the bubble diameter. Resch et al. 
(76) 

state that the 

Jet drop diameter ranges between 0.1 and 0.15 % of the generating bubble 

diameter. From other experimental results compiled in Figure 9, one could obtain 

a rough estimate that the jet droplet diameter will be 20? of the bubble 

diameter, thus resulting in 100 - 1000 um diameter droplets. Ejection height as a 

function of bubble diameter is shown in Figure 10. It can be seen that the 

ejection height is approximately 100 times the bubble diameter for bubble 

diameters less than 2 mm, and decreases when the bubble diameter is greater than 

2 mm(76,8l). The jet drops from 2 mm bubbles rise to a height of up to 20 cm 

from the liquid surface and fall back into it, possibly introducing smaller 

secondary drops. Experiments have shown that the ejection height is reduced as 37 
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the water viscosity is increased. Absorption of dissolved organics into the 

bubble surface during residence in the water can lower the surface free energy, 

resulting in a decrease in ejection height and a change in jet drop size (81). 

Experiments have shown that the ejection height is a function of the amount of 

dissolved organic carbon in the water(8D. The processes have been reviewed by 

Yen and Zuber 
(21) 

and Hentschke(82). jet droplet measurements have been reported 

by a number of authors (22,45,76-78,81,84-87). Experimental results were obtained 

from bubbling of gas through cold aqueous systems. The influence of temperature 

has not been investigated. 

In region 3, for bubble diameters greater than 6 mm diameter, droplet formation 

is due only to film rupture. Experimental results have been obtained for 

undisturbed bubbles up to 10 mm diameter (76). but data on undisturbed "big" 

bubbles (20 or 40 mm diameter) have not been reported in the literature. 

Foaming evaporators show entrainment only due to film drop formation, because jet 

drops are caught in the foam. In general, this results in a strong reduction of 

entrainment if the foam itself is not entrained in the vapor line 
(46). 

The presence of chemicals influences the formation of aerosols from liquids. On 

the other hand, aerosol formation leads to chemical effects on the particles and 

droplets. Influence of electrolytes on the entrainment has been observed by 

Gleim(83). According to these measurements, the gas velocity at which maximum 

entrainment occurs varies depending on the concentration and kind of dissolved 

salts. The variation was within a range of 5. Similar observations have been 

made by Preining et al.(86) wno studied the aerosols generated by a bubbler 
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filled with dilute soaium chloride solutions. Increasing the NaCl concentration 

from 10"1* to lO-1 M increased the aerosol concentration approximately an order of 

magnitude. 

Electrolytes can decrease the number of aerosols formed during bubbling by 

reducing bubble-bubble coalescence, since (as Figure 7 shows) when the single 

bubble diameter decreases from 10 to 2 mm, the number of film droplets decreases 

2 orders of magnitude. Monaban(88) observed that, for given wind and sea 

conditions, the persistence of visible bubbles in whitecaps in fresh water lakes 

is substantially shorter than it is in the ocean. Scott (89) subsequently showed 

that this effect was primarily due to the influence of the ocean salt on the 

coalescence behavior of the bubble cloud formed by the breaking waves. Scott(90) 

has pointed out that the dissolved salt molecules experience orientation at the 

surfaces of the bubbles and form a layered structure which is not yet well 

understood. When two bubbles approach each other, the electrostatic fields in 

the surface layers interact and the bubbles repel each other. The dissolved salt 

produces a larger bubble population whose average size is smaller than the fresh 

water case. Gucinski(91) has noted that, in laboratory experiments in which 

surfactant effects were minimized, there is a non-linear but increasing reduction 

of bubble coalescence with increasing ionic strengths due to the addition of 

electrolytes. 3-1 and 2-2 electrolytes such as AICI3 and MgSOjj had a greater 

coalescence reduction effect than 1-1 electrolytes such as NaCl or KC1. He also 

suggests that electrical repulsion effects contribute to the reduction of bubble 

coalescence with increasing ionic strengths, although he admits that no accepted 

theory of coalescence exists. Pounder(92) has observed that pairs of small 

bubbles in distilled water coalesce, but that the presence of NaCl prevents 
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coalescence. He also attributes this effect to some preferential ion attachment 

into the bubble surface electrical double layers, causing a repulsion between 

bubbles. 

Chemical fractionating, similar to that described by Baumgartner et al.(36)f 

occurs in the salt aerosols generated by bubbles breaking at the surface of the 

sea(80,8l,93-95). The uppermost Jet droplets are produced exclusively from 

material located within less than 1 pm of the bubble, thus giving the droplets a 

chemical composition representative of the liquid surface rather than that of the 

Wbulk liquid(96,97). (Similar effects may be possible for film droplets.) 

However, Maclntyre(96) has noted that: 

"impurities of a few parts per billion can change the surface 

properties of the water; at the part-per-million level impurities can 

alter fractionation results so completely as to mask any of the often 

sought physico-chemical mechanisms. ** 

The jet droplet concentration mechanism has been extended to the release of 

particles from solutions by the work of (33»80,81,98-102). studies of~1 pm 

A bacteria released into the air by bubbling gas through water showed that bacteria 

are actually concentrated by as much as a thousand fold by the process of aerosol 

formation(8°i98). Tfae a ut Q o r s suggest that these results may have been 

influenced by the presence of surface active contaminants. 

Baylor and BaylordOD performed a laboratory experiment in which jet droplets 

containing tadpole shaped particulate viruses (0.2 urn long) and bacteria (1 pm 

long) were captured on electron microscope screens. Cell debris marked the 
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circular periphery of each drop as it dried in situ. Data from the 

photomicrographs showed that the viruses were 50 times more concentrated in the 

drops than they were in the bulk fluid from which they were ejected on the jets 

of bursting bubbles. Similarly, the bacteria showed a 30 fold increase in 

concentration. The authors state that the stated concentrations were probably 

low because of the loss of material during staining and rinsing. In a later 

test performed in the ocean surf, they found that the number of virus particles 

captured on settling plates decreased exponentially with distance downwind from 

the surf source. As an average of three releases, a concentration factor of >250 

was estimated for viruses released from the surf in aerosol drops. 

Syzdek(102) has recently observed that film drops are the dominant source for the 

bacterial enriched aerosol produced from a breaking wave. He measured the 

airborne drop size distribution and bacterial counts from isolated zones above 

positions relative to the center of the bubble plume (CBP). Enrichments for 

drops 2 to 20 um diameter were 100 to 20 respectively at the CBP, (where film 

drops dominate the aerosol spectrum due to the greater concentration of bubbles 

larger than 1 mm diameter) and 30 to 7 respectively at 12 cm from the CBP (where 

jet drops dominate the aerosol spectrum due to the larger amount of bubbles 

smaller than 1 mm diameter). The enrichment above the CBP in the 2 to 

6 um aerosol size range was three to five times that found at 12 cm from the CBP, 

but the enrichment was about the same at both locations for aerosols in the 8 to 

20 jam range. 

Garner et al.^) found that dissolved inorganic salts, glycerol and suspended 

particles stabilized bubbles at the liquid surface. Foaming may result with 
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subsequent reduction of droplet ejection. Garner found that the addition of a 

calcium carbonate suspension to "pure" water reduced the entrainment by two 

orders of magnitude at low vapor velocities. On the other hand, experience with 

accumulated calcium carbonate in boilers shows that bubbling removes small 

particles from the surface and aids their transport to the gas phase. The 

suspended solid particles are transported to the surface by adhering to the 

rising steam bubbles, unless the particles are wet by the liquid. A discussion 

of the critical particle diameter for this mechanism is given by 

Davis(74). 

Maclntyre(96) points out that when a gas free of carbon dioxide is bubbled 

^ P through seawater, it carries off the dissolved carbon dioxide and, because of the 

resulting disequilibrium, fine particles of calcium carbonate precipitate out of 

solution. 

It can be seen from the literature that the number and size of bubble induced 

droplets depend on the viscosity, surface tension, and density of the liquid. 

These in turn depend on the temperature, pressure and chemical composition of the 

solution. Bubble size is one of the most important factors. It is influenced by 

the above mentioned parameters, but is additionally dependent on the properties 

^ of the surface at which the bubbles are generated, on the boiling conditions and 

on random processes of bubble-bubble interaction during the rise through the 

boiling liquid. Thus, bubble size may be regarded as the dominant independent 

parameter of droplet generation. 

In spite of a large amount of work done in this field, a quantitative prediction 

of entrainment from known properties of the system is not yet possible. Some 

important qualitative features are: 1) the influence of surface effects on the 
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amount and composition of the generated aerosols; 2) the possibility of chemical 

enrichment and depletion of substances in the aerosols; 3) the existence of two 

groups of droplets with different mean sizes and amounts of airborne mass; 4) the 

limited range of the ejected jet droplets due to their low initial velocity and 

the possible role these may have in producing fine secondary drops upon their 

reentry into the pool. These latter two features influence the transport of the 

generated aerosols. 

The experimental base concerning suspended particles is even poorer. The 

qualitative facts are: particles may enhance the stability of bubbles at the 

surface thus leading to lower entrainment or even foaming; and furthermore 

particles are volatilized by bubbling, provided that they are carried at the 

surface by bouyancy and/or surface forces. 

3.2 Entrainment During Churn Turbulent Flow 

In churn turbulent flow, the entrained droplets are not produced by the bubble 

burst mechanism, but by the breakup of the bulk liquid into sheets and rods 

separated by vapor jets. These sheets and rods are aerodynamically unstable and 

breakup further. The sheets are transformed into rods, and the rods are 

transformed into droplets. Data are available from measurements on low velocity 

round water jets which show that the rods break up into drops whose mean diameter 

is roughly twice the diameter of the rods separated by smaller satellite drops 

formed from the connecting necks. According to Kataoka and Ishii(2°) the initial 

velocity of the drops is determined by a momentum exchange mechanism suggested by 

Nielsen et al.^1°3). Akselrod and Yusovat"101*) and Chen and Teller(1°5) have 
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measured indirectly the droplet initial velocity in an air-water system at 

atmospheric pressure (calculated from the maximum height of a droplet) for 

shallow pools (< 38 mm depth) in which the gas jets span the pool from top to 

bottom. For deeper pools, no quantitative data are available due to experimental 

difficulties. However, Ginsberg et al.(1°6) have photographed 30 cm deep 

volume-heated boiling pools of 14 w/o zinc sulphate dissolved in water. The gas 

space above the pool was 90 cm. They observed that the ejected droplets 

generally decelerated and returned to the pool, although for an area averaged 

void fraction of 0.65, some carryover out of the test vessel was observed. From 

the photographs, it appears that the ejected drops were in the range of 1 to 7 mm 

in diameter, but the resolution of the published photographs did not permit the 

observation of smaller droplets. 

4 . 0 MODELLING ENTRAPMENT FROM BOILING POOLS 

The state of the theory was reviewed in 1960 by Yeh and Zuber(21) and in 1983 by 

Kataoka and Ishii(2°). In 1960 the theory was generally restricted to evaporator 

applications but, for present purposes, the more complete mathematical assessment 

of the entrainment performed by Kataoka and Ishii can be applied. 

The entrainment of liquid in the vapor generated from a liquid pool is dependent 

on the conditions of boiling and gas flow. At least two different boiling 

regimes have to be considered: "bubbly flow" for superficial gas velocities, jg, 

<15 cm/s and "churn turbulent flow11 for j g >45 cm/s. There is no reported data 

in a transition zone between 15 cm/s and 45 cm/s gas velocity. For pure water at 

low evaporation rates, when the fraction of the bubbles in the liquid is below 
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30$, discrete steam bubbles rise through the liquid and burst at the surface. 

The droplets are generated by the bubble burst mechanism previously outlined. At 

higher evaporation rates, the liquid becomes turbulently mixed and progressively 

disintegrates at the surface. The disintegration of the surface by the rising 

steam is responsible for the generation of droplets. At very high steam flow 

rates, such as would be produced by sudden depressurization, the droplets are 

produced by the breakup of the bulk liquid into sheets and filaments, rather than 

the bursting of individual bubbles at a well defined horizontal surface(18), 

Consequently, mainly mm size droplets are produced. 

If, on the other hand, the boiling conditions are kept constant, marked changes 

in the amount of entrainment will be observed at different heights above the 

boiling surface(2°). Bubble breaking, splashing and foaming of the surface 

liquid cause entrainment to the gas layer near the surface. The large drops fall 

back to the surface of the pool, while the small droplets are carried away by the 

flowing gas. As a result, the entrainment in the "near surface" region shows no 

significant changes dependent on height. The entrainment in the adjacent 

"momentum controlled" region is dominated by droplets whose settling velocity is 

greater than the gas velocity but which become airborne due to the initial 

momentum caused by the mechanism of generation. In this region, the entrained 

amount decreases with distance from the liquid-gas interface. Droplets, whose 

settling velocities are smaller than the gas velocity, are transported by the gas 

flow to the uppermost layer. In this "deposition controlled" region, the 

decrease of the entrained amount is due only to the wall effect of the 

evaporation device and may be either strong or negligible, depending on the 

geometric conditions of the vapor space. 
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The different operating conditions of evaporators are shown in Figure 11. In 

general, evaporators are operated in the second boiling regime (Figure 11c). 

Here surface disintegration is the most important mechanism of droplet 

generation. Furthermore, the vapor space height in evaporators is within the 

region of momentum controlled entrainment. Consequently, it is difficult to 

apply this data to LWR accident scenarios which have vapor space heights much 

greater than the momentum controlled entrainment region. The first boiling 

regime is important for slow depressurization accidents; the second boiling 

^ F regime is important for sudden depressurization accidents. 

The entrainment can be calculated(21) ±n distinct regimes by using equations of 

the type: 

entrainment = (constant) • (jg)n 

where: j g is the superficial vapor velocity 

In the regime of discrete bubble flow, the exponent, n, is unity and changes to 

three in the churn turbulent flow regime. At very high gas flow, n may reach a 

^fe value up to twenty. The constant is determined by the dimensions of the 

evaporating device, the material properties of the system (which are dependent 

mainly on temperature) and other empirically determined numbers which fit the 

measured entrainment. 

The data in figure 15 show that the transition from the low gas flow regime to 

the churn turbulent flow regime occurs at a superficial gas velocity, jg, of 

greater than approximately 15 cm/s. (Wallis(107) indicates that for an air/water 
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system at atmospheric pressure, the transition occurs at j» s 10 cm/s.) For the 

entrainment in the momentum controlled region due to discrete bubble flow, 

Katoaka and Ishii suggest the following formula: 

E = (N1«5) • (D*1-25) . (d-0.31) • (jg*) • (h*-1) 

where: jg* is a dimensionless expression for the vapor velocity which is 

proportional to the real superficial vapor velocity, jg; N is a dimensionless 

expression which includes the material properties of the gas/liquid system such 

as surface tension and viscosity; d is a dimensionless correction term for the 

density conditions; and h* and D* are dimensionless expressions for the height 

above the pool and the hydraulic diameter of the vessel. 

In the wall deposition controlled regime, only one formula is given for the 

entrainment without any changes for the different boiling regimes: 

E r (C) - (N0.5) . (d-1) • (jg*)3 

where: C is a numerical value and the other terms are as explained above. 

The decrease due to deposition effects is given by: 

E ~ exp -c(h/D) 

where: c relates the deposition velocity to the superficial gas velocity; h is 
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the height above the pool surface; and D is the hydraulic diameter of the 

evaporator vessel. 

The experimental data, to which these relations are fitted, show scattering of 

nearly one order of magnitude. Especially for low gas flow conditions, the 

available entrainment data base is not as copious as in the churn turbulent 

regime, which is more typical of the operating conditions of evaporators. As a 

result, the entrainment predicted by the above equations will include some error 

but will, at least, be in the right order of magnitude, when the theory(20) iS 

^ ^ compared to the actual measurement. 

Although there is no mechanistic model for pool entrainment below the boiling 

point, DorstO08,109) has proposed an exponential law for the aerosol release 

from aqueous solutions as a function of the inverse temperature below the boiling 

point. Such behavior is usually found in systems obeying a Boltzmann expression. 

The pre-exponential and exponential constants are fitted to the experimental 

results of Mishima et al.^1^. The regression law is in agreement with the 

measured points within a bandwidth of roughly an order of magnitude. The plot is 

^fc shown in Figure 12. 

5.0 APPLICABILITY OF DATA TO POOL BOILINR IN I.WR ACCIDENTS 

5.1 Introduction 

The evaluation of the existing data on entrainment and resuspension from pools 

requires clear statements about realistic values of the known main parameters of 
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influence on these phenomena. The main parameters of droplet entralnment are 

known. The vapor velocity, which is of major importance, can be separated into 

vapor generation rate and evaporation area. The evaporation rate in units of 

volume/time is influenced by the density of the generated steam. This in turn 

depends on the temperature and pressure in the containment. Simple geometric 

relationships permit the estimation of evaporation area from the sump volumes. 

The geometric conditions of the vapor space also have to be considered. 

The main parameters of particle resuspension are not known. Temperature 

dependence has been presumed by Schutz (3D but was not verified by his 

experiments. The rate of boil-off also may be a possible influence, in a similar 

manner to droplet entrainment, because of a probable mechanistic connection 

between these two phenomena. 

5.2 Entraînaient 

The measured values of entrainment have been compiled in Figure 13* It can be 

seen that the change in slope of dE/djg, where E is the entrainment and, jg the 

superficial gas velocity , occurs at o»15 cm/s (theory(20,107) suggests 10 cm/s) 

and that extrapolation from the data obtained at high gas velocities would not be 

justified. The range of gas velocities below 15 cm/s, which is the regime most 

important for evaluating slow depressurizatlon accidents, is shown separately in 

Figure 14. There is a considerable scatter of the data and an increasing slope 

of the curves with decreasing gas velocity. However, the data reported by 

Heger(34) and by Mishima et al.(^1) were obtained at under-saturated vapor 

conditions, those of Shor(1*T) under high pressure, and a part of the measurements 
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of Garner^S) with a foaming evaporator. If these are removed, Figure 15 is 

obtained. The remaining data, which refer to saturated vapor conditions, are 

represented within a scattering bandwidth of half an order of magnitude by the 

equation: 

E = 3 • 10-6 . e x p (31 . jg) . 

The residual scatter of the measurements is probably due to the use of different 

apparatus with different vapor space heights, surface to volume ratios, and 

^ F sampling positions, all of which influence the measured entrainment values. 

The measured entrainment is in rough agreement with the theory(20) for the flow 

regime of discrete steam bubble flow up to steam velocities of 7 cm/s. However, 

for the region up to 15 cm/s, which is the most important for the re-entrainment 

from the sump during slow depressurization, no appropriate description by theory 

was found. The theory for entrainment in the intermediate gas flux region, which 

is fitted to the experimental findings from the high gas velocity regime, 

A predicts considerably lower entrainment than shown by experiments in the 7 to 15 

cm/s gas velocity range (see Figure 15). 

The influence of some varied parameters may be seen in Figure 14. The 

entrainment under 22 bar pressure was higher(**7) than at atmospheric pressure by 

a factor of 5 to 10. However, this pressure is much higher than that expected in 

containment following a reactor accident. Undersaturated steam conditions^1*, 41) 

strongly enhance entrainment. This effect may be due to drying of the generated 
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droplets thus causing them to be transported more easily to the gas space. Foam 

on the surface of the evaporating liquid shows an astonishingly small effect on 

the entrainment(^5). This seems to be in contradiction to the observation that 

jet drops, which carry most of the entrainment in evaporators, are retained in 

the foam. A possible explanation is that this effect is compensated in part by 

an increased generation of small film droplets under foaming conditions. 

In sum, the measured values for the entrainment at low gas velocities are 

available but subject to an uncertainty of roughly an order of magnitude, 

provided some differences in the experimental conditions are accounted for. 

Because of the difference between theory and measurement, experimental values 

should be preferred. In addition, considerable uncertainty is introduced by the 

effects of the drying of the droplets because the size distribution of the 

entrained particles is one of the main influences on their subsequent transport 

and depletion. 

In general, a good agreement is obtained in applying literature data to the LWR 

accident problem with respect to temperature, pressure, vapor velocity and 

material composition, because the literature has been selected under these 

criteria. No agreement is obtained by comparison of the geometric conditions. 

The vapor space height in the reactor building is at least an order of magnitude 

higher than in the biggest evaporator used in the experiments. This difference 

is vital, because the vapor space height occurring in evaporators is within the 

range of the rise of the bigger droplets. This is clearly shown by Garner et 

al»s.(^5) droplet size measurements. The dominant influence of the big droplets 

is explicitly stated in the theory of entrainment^20»21). Additional differences 
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will be seen by looking at the flow pattern of the steam. In an evaporator, the 

steam Is accelerated in the steam line because of Its smaller cross section as 

compared to the boiler. Thus, a significant amount of the larger droplets will 

be carried out of the evaporator due to the high vapor drag. In a closed reactor 

building, the vapor, which is driven only by convective forces, rises with 

decreasing velocity. Even in a vented containment building, the residence time 

of the generated droplets will be much greater than in an evaporator. This 

should lead to a more effective settling of the larger drops, which carry the 

main amount of airborne liquid. In reactor accidents, the small drops (derived 

^ ^ from the films of bursting bubbles or from the evaporation of large drops) are 

important but not the large drops (as in the evaporators). The fraction of film 

droplets is only in the order of a few percent of the total entrainment under 

ordinary boiling conditions. Calculation with the expression given by Kataoka 

and 
Ishii(20) 

for the zone of wall-deposition controlled entrainment yields 

values of about one percent of the measured entrainment as compiled in Figure 15 

at gas velocities above~7 cm/s . At lower gas velocities, much smaller 

fractions are calculated because of the third power dependence on the gas 

velocity. Measurement of the small droplets is not very reliable because of 

^fc experimental difficulties but indicate a mass fraction of a few percent. Under 

foaming conditions, a higher fraction of small droplets in the order of twenty 

percentC^S) is expected (see Figure 8). 

Another important topic in the comparison of evaporators and the reactor 

containment is the question of steam saturation of the gas space. At some times, 

the containment atmosphere may be undersaturated in some regions or entirely, 

which should lead to a shift of the mean droplet size to smaller values. A 
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quantitative prediction of this effect, however, is not possible on the basis of 

the existing data. 

5.3 Resuspenslon 

Only a few data exist on the resuspension of particles from boiling or bubbled 

liquids. Two water pool flashing experiments(37•38), performed at LWR primary 

system temperatures and pressures, yielded approximate release fractions of 10-* 

for Y2O3 colloid (size unspecified) and 10-5 for 2 um ZnS particles. H. R. 

Diffey et al.(30) bubbled clean air-steam mixtures through 50 cm of 50 °C water 

containing 0.06 um NiCr particles and found release fractions in the range 4 x 

10-5 to 3 x 10"*. Sauter and Schutz(31 >32) swept air over a water pool 

containing sand ( <50 um diameter) and measured release fractions of 10-3 just 

below the boiling point and 2.5 x 10~5 at somewhat lower temperature. An average 

release fraction of 7.5 x 10-* was obtained in the pool scrubbing experiments of 

Marble et al.(68) at 167 cm water depth. In these bubbling tests, 3.1 um MMD 

(8.5 Jim AMMD; C = 2.3) EU2O3 particles were carried inside single nitrogen 

bubbles of various sizes. In one test where the decontamination factors were 

measured as a function of particle diameter, a release fraction of 1.2 % was 

measured for 0.2 um (0.54 pm AD) particles. Smaller release fractions were 

measured for particles both above and below 0.2 jam diameter and the overall 

release fraction was 7 x 10-*. Other experimenters (30,66), using steam-air 

mixtures carrying monosize 0.06 /im (0.17 um AD) Ni-Cr particles, have found 

release fractions up to 2% from water pool scrubbing tests. 
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The value of 7.5 x 10 "^ is also obtained by recalculation of the data reported 

by Schutz et al. 
(31,32) 

who used inert sweep gas across the surface of various 

boiling and non boiling sodium pools containing D02 particles (either 112, 188, 

565 pa mean diameter or 20 urn monosize particles). For this recalculation, the 

release fraction of the uranium particles was related to the release fraction of 

the sodium, thus obtaining a particle release value which refers to complete 

evaporation and is higher than the inverse of the retention factor. This 

treatment implies time-linear particle release, in contradiction to the 

suggestion of Schûtz, that the release at full evaporation should not exceed the 

fraction measured at 10$ evaporation. It leads, however to a reduction of data 

scatter and is in better agreement with the values reported by Berlin(110), which 

have been obtained under very similar conditions but with complete evaporation. 

Inversion of the retention factors of Berlin, which refer also to simulated 

fission particles, yields an average release fraction of 9.8 x 10-3. Further 

detailed analysis of the main parameters and other general interpretation is not 

possible because of the lack of data. 

Data are available from the sodium and water experiments of Schutz et al. and 

Berlin, which are plotted in Figure 16 versus the inverse temperature normalized 

at the boiling temperature of water and sodium. This type of plot has been 

chosen because of an expected Boltzmann law dependence of the particle release. 

Indeed, a temperature dependence release is seen, which obeys the Boltzmann law 

within a scattering bandwidth of 1.5 orders of magnitude. This fit yields the 

equation: 

resuspension s 1.2 x 10_3-exp[3 (TD-T)/T] 
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where: resuspension means the resuspended fraction at complete evaporation, and' 

Tj, the boiling temperature of the solvent. 

The values used in the plot are the inverse retention factors from Berlin and the 

recalculated values from the data of Sch'utz, which have been treated as described 

above. The experimental data which were chosen, represent the full extent of the 

particle release and do not suffer from possible retention mechanisms. An 

uncertain bias to high release may have been introduced by this data handling and 

by the manipulation of Schutz et al's. data. It can be seen from Figure 16 that, 

in the vicinity of the boiling point the particle resuspension fraction will be 

about 10-3. No general difference between the water and sodium related results 

was found, but this may be due to the lack of more water related data. The 

influence of evaporation rate on the release was also checked but no correlation 

was found. 

The application of the data on the resuspension of particles, presented in the 

literature, to reactor accident situations is hampered by the uncertainty about 

the mechanisms of this effect. Measurements done below the boiling point in 

aqueous and sodium systems suggest that a mechanism exists independent of 

entrainment and of its main parameter, gas velocity. Also, if it is assumed that 

these experiments involve a small amount of unrecognized bubbling, the observed 

resuspension fraction of 10_i* or more, does not agree with entrainment fractions 

of 10-5 or less at low gas velocities, unless considerable enrichment of the 

particles in the droplets is assumed. On the other hand, the assumption of no 

droplet type resuspension, implies an independent mechanism for resuspension 

which may be operative to some extent under boiling conditions. Since such a 
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postulated mechanism is umcnown, but enrichment of particles has been observed in 

tne jet drops from bursting bubbles(33,80,97-101)f particle resuspension is 

probably due to entrainment type mechanisms combined with surface enrichment. 

However, this has to be confirmed by further experimental evidence. 

While theory shows that gas velocity is the most important parameter for droplet 

carry over, it is difficult to compare sodium and water systems based on gas 

velocities, because the much faster condensation of the evaporated sodium^111) 

presumably should lead to a lower release fraction from sodium systems compared 

with water. But the opposite actually has been observed in the experiments of 

Schutz et al.(31,32,112,113) (forced gas flow parallel to the sodium surface) 

which have shown higher releases than water systems of the order of a few 

percent. (The authors attributed this to enhanced convection in the soaium, 

which transported additional particles from the bottom layer in the pool to the 

enriched layer at the surface.) 

Thus, there is considerable uncertainty concerning this central topic. 

Comparisons of temperature, pressure and vapor space geometry, which act mainly 

via the gas velocity in water systems, may be inappropriate for sodium systems. 

It should be noted that the surface tension of sodium is higher than that of 

water; this could lead to enrichment of particles at the surface, thus leading to 

higher particle releases. Generally speaking, surface enrichment and surface 

effects have been cited by experimenters as being important for particle release, 

but quantitative knowledge is unavailable. Neglect of the nonlinear time 

behavior of the particle release in the data manipulation (mentioned above) may 

also contribute to the somewhat high release values. There is order of magnitude 
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agreement between the sodium data and the data from the few water experiments 

which have been conducted. From this data it appears that the particle release 

fraction from boiling aqueous suspensions is in the order of 10-3 with an 

uncertainty of an order of magnitude to higher values and a larger uncertainty in 

the direction of lower values. 

The important question of whether the resuspended particles become airborne by an 

entrainment independent mechanism or are carried by entrained droplets has not 

been fully answered by past experiments. Baylor and Baylor's experiment (101) 

provides the only direct evidence of the transport of (virus and bacteria) 

particles in jet drops. 

5.4 Late overpressure failure of containment buildings 

Recent studies (4,5,6) of fission product behavior agree that most containment 

buildings are so strong that early containment failure is unlikely. However, 

late overpressure failure of containment is possible, due to (1) rupture of the 

steel liner, or (2) leakage at penetrations due to differential expansion between 

penetration assemblies and the steel liner, or (3) degradation of the elastomer 

seals("ni*>'n5,116) in electrical penetration assemblies, purge and vent system 

isolation valves, and hatch covers due to excessive temperature, and (4) primary 

containment basemat melt-through. 

A key question is the size of the leak during the post meltdown period. The 

Containment Performance Working Group (CPWG)(117) has used engineering judgement 

to provide a first approximation pre-rupture leakage model for each of six 
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containment types. Post-rupture leak areas resulting from large deformations 

were not considered. 

Julien et al.(118) have performed tensile tests on steel liner plates and 

concrete slabs representing segments from reinforced and prestressed containment 

walls. The four 6.4 mm thick steel liner plates were 1.22 m square. The first 

specimen was a solid liner plate with no special details. The second specimen 

included meridional angles welded to the plate. The third specimen contained a 

T-weld representing the juncture of three plates in a liner. The fourth specimen 

^ ^ contained a 254 mm diameter penetration. All specimens were loaded monotonically 

in biaxial tension beyond yield stress. None of the details of the four test 

specimens precipitated cracking. Hoop direction strain up to 5«7$ was imposed 

without local distress. Applied hoop stress at specimen yield was equivalent to 

a pressure of 7.9 bar in a 45.7 m diameter prestressed concrete containment 

building. Overall hoop strain at yield load was approximately 0.15$. This 

strain is equivalent to a prestressed concrete containment building diameter 

increase of 6.4 cm. Maximum hoop strains of 5% were applied to the plates. This 

is equivalent to the pressurization of a prestressed concrete containment 

^fc building to 9.9 bar and an increase in building diameter of over 2.29 m. 

Each concrete specimen was 1.5 m square and 0.61 m thick and had full size 

reinforcing bars. Measurements were made of crack widths, elongations, and 

strains as a function of the applied load(HS). it was found that the concrete 

slabs stretched as much as 2% (equivalent to an increase of containment building 

diameter of about 1 meter) and that each slab had two penetrating cracks with 

transient widths as large as 9.9 nan and permanently set widths as large as 7.4 
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mm. After reinforcement yields, the average width of vertical cracks was twice 

that of horizontal cracks. Extrapolated to a 45.7 m diameter containment 

building, this would indicate a total penetrating crack area on the 2285 m2 

cylindrical walls of at least 120 m2. 

Existing analytical methods appear to be incapable of providing definitive 

statements regarding the size of ultimate failure openings(1l6,119»120). For 

example: Dunham et al.(12°) have used the data of Julien et al.^11**) to verify 

and improve the concrete modeling and analysis capabilities of the ABAQUS-EPGEN 

coded21) which incorporates the Chen-Chen(122) concrete material model modified 

to include the correct tension behavior of concrete. (Concrete cracks in a 

brittle manner at a uniaxial tension strain approximately 10$ of the ultimate 

uniaxial compression strain.) They found that the global analyses of typical 

prestressed and reinforced concrete containments indicate that the models are 

valid for the prediction of gross behavior of containments, including gross 

ultimate pressure capacity. (Ultimate pressure capacity was estimated at 10.3 

bars for the 59|100 m3 prestressed containment and 7*9 bars for the 60,000 m3 

reinforced containment.) The models appear to predict valid response 

characteristics of the containments. Two local effects analyses were performed 

to evaluate the effects of radial and circumferential discrete cracks on the 

liner strains and both of these models showed that significant local strain 

concentrations could occur. However, although strain values up to 9% were 

calculated, liner rupture was not demonstrated. Liner leak tightness was equally 

difficult to demonstrate. They concluded that while conventional concrete 

analyses based on smeared cracking and full rebar bonding are adequate for 

predicting overall effects, they are not suited for detailed special effects 
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modelling and that additional work is necessary to provide a bond-slip model 

which is not presently available in ABAQOS-EPGEN. 

5.4.1 BIBLIS B PWR 

The original German risk study(3) considered that the BIBLIS B steel containment 

sphere, which has a design pressure of 5.7 bars, would fail after 1.2 days at 8.5 

bars. If a large leak (706.86 cm2) occurs, the pressure stabilizes over the long 

term to a value of between 1 and 2 bar, and an overpressure failure of the 

^ ^ containment is not possible. For a medium leak (50.27 cm2), the pressure 

increases slowly and for a core melt accident, the containment fails. For a 

small leak (4.91 cm2), a long-term overpressure failure occurs. 

A recent re-examination(123) of the late overpressure case showed on a "best 

estimate*1 basis that after 5 days the containment shell would fail at 9 bar 

overpressure, but that a 300 cm2 leak area would develop in the hatch or 

personnel locks before the pressure level for gross failure was exceeded and the 

containment pressure would drop to 1 bar. It was estimated that at 9 bar, a 20 

^fc cm2 leak was sufficiently large to prevent further overpressurization. Under 

these conditions, the pressure in the annulus does not exceed the failure 

criterion of the outermost concrete structure during the depressurization period. 

However, it is possible that the filter system would be ruptured and those 

materials which did not plate out in the free volume of the annulus would be 

released to the environment via the stack. 
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5.4.2 MARK II BWR 

According to Greimann, et al.(121*), the ultimate failure of the MK II 

containment would occur at the upper 1/3 of the suppression pool liner at a 

pressure of 10.2 bar. However, TEC(125) has estimated that 9.6 bar is the 

ultimate capacity of the Limerick MK II containment (defined as the pressure at 

which a general yield state is reached at a critical structural section). The 

NRC Containment Performance Working Groupe117) adopted 9.6 bar as the containment 

"capability pressure" of the MK II containment and suggested that a 271 em2 leak 

area would develop in the drywell head flange and equipment hatch seals. The 

containment would not vent directly to the atmosphere. 

5.4.3 SURRY PWR 

Analyses of possible failure pressures for the SDRRY containment were reported in 

Appendix E of Appendix VIII of the Reactor Safety Study(1). The nominal design 

pressure of the SURRY containment is 4.3 bars and the design margin is 

approximately 1.5, which brings the failure pressure (defined as the pressure 

corresponding to a 0.1 % strain in the rebar) to 6.2 bar(126). The CPWG 

study(117) has estimated the SURRY containment "capability pressure" at 9.2 bars, 

defined by an initial general yield (or M, tendon strain in a prestressed 

concrete containment). This study^1^) suggests that, up to the SURRY 

containment capability pressure of 9.2 bar, the upper bound leakage area for 

equipment batch and personnel airlock would not exceed 2.58 cm2 and consequently 

would not affect the containment response. 
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5.5 Re-entrairanent/Resuspension Analysis 

5 .5 .1 BIBLIS B PWR 

Borkowski et al.(17) used a "bubbly flow" correlation based on entrainment 

measured in vapor saturated atmospheres near atmospheric pressure (see Figure 15) 

to calculate the revolatilization of fission products from the containment sump 

of the Biblis B PWR following late overpressure failure of the containment during 

a LOCA initiated accident scenario. In this case, the containment temperature is 

expected to be in the range of 100 to 150 °C, corresponding to pressures of 2 to 

7 bar due partly to non-condensable gas content and dependent on the accident 

scenario. 

Evaporation areas between 167 and 700 m2 were calculated from possible sump 

volumes of 100 to 2000 m3 since the Biblis B containment is a section of a sphere 

of 56 m diameter. This diameter is also the vapor space height for the 

evaporating sump. The authors assumed that evaporation was restricted to the 

small area above the molten core (which may have a area of 40 m2). They regarded 

^ É this assumption to be more realistic than uniform evaporation. With the 

assumptions given above, vapor velocities were calculated in the range up to 13 

cm/s for the restricted evaporation area. Evaporation rates were assumed to be 

initially in the order of 5 kg/s and to fall during the accident. 

Recent calculations of the conditions of the Biblis B PWR containment(123»127) 

have shown that considerable time is needed for the depressurization, so that a 

relatively unimportant additional boil-off occurs due to the overheated sump 
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water. Assuming a containment leak area of 300 cm2, a time in the order of half 

a day is needed, which corresponds to an additional boil-off rate of 1.5 kg/s 

from a sump of 500 m3 (127). 

At the beginning of the evaporation, the sump would contain an aqueous solution 

of boric acid at a concentration of the order of 1J (roughly 2000 ppm B). This 

concentration would remain essentially constant as long as the containment kept 

its integrity and the leaked amount of steam was small compared to the inventory 

of water. After depressurization, the water losses would lead to a slow drying 

out of the sump. Consequently, the concentration of the dissolved material would 

increase up to the solubility limits at the boiling temperature. By the end of 

this process, considerable changes would have occurred in the surface tension, 

viscosity and density. Further influences could result from the previously 

released core aerosols washed into the sump. The total aerosol mass released 

from the core was assumed to be 3.5 tons, consisting mainly of insoluble metallic 

and oxidic particles of silver, fuel and structural material. 

Borkowski et al. investigated three accident scenarios. Scenarios I and II were 

characterized by different amounts (600 and 2000 tons) of coolant lost from the 

primary system and emergency core cooling systems into the containment. They 

assumed that at the estimated failure pressure of 9 bar, a 300 cm2 leak area 

developed. (This is the "best estimate" of the largest leak area for the BIBLIS 

steel containment shell(123)). Dp to the time of depressurization, the water of 

the sump recirculated in the containment by both evaporation and condensation. 

Once the containment failed, the remaining time of the scenario was determined by 

the evaporation of the sump solution and the escape of the steam through the leak 
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until the sump was dry. The end of vapor generation was taken at about 95$ 

evaporation of the sump. It was assumed that the sump boiled off mainly in the 

region above the melted core. The additional evaporation due to the pressure 

drop upon depressurization was assumed to occur uniformly over the surface of the 

sump. The initial evaporation rate was taken at 5 kg/s, which was assumed to 

fall to 3 kg/s during the depressurization. The vapor velocity was determined 

from the evaporation area, the evaporation rate and thermodynamic conditions. 

From the calculated vapor velocity, the related entrainment was read from Figure 

15 which refers to the "bubbly" two-phase flow regime. Then, the fraction of 

^ ^ 10 um droplets, the concentration of the sump and the dry out of the droplets 

were corrected for and the aerosol source calculated in mass per second. The 

large drops were neglected, since prior calculations had shown that drops larger 

than 10 um would not contribute to the source term. The calculation of the 

drying of the droplets showed that at a relative humidity of 96? or lower the 

10 um droplets would dry out so much that their volume and diameter would be 

governed by the precipitated boric acid in the droplet and not by the water 

content. Thus, not only the fission product content, but also the diameter of 

the generated aerosols is dependent on the concentration of the sump and must be 

^fc corrected for during the depressurization. The droplets generated during the 

depressurization were assumed to remain as 10 um droplets and only their particle 

content was adjusted to the actual sump concentration. 

The density of the aerosol generated by entrainment was estimated from the 

density of boric acid (with some corrections for the content of fission product 

particles) to be 2 g cm-3. This value was not varied with time and for different 

accident scenarios. The density of the 10 um droplets was assumed to be 1 g 
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cnr3. The shape of all aerosols was assumed to be spherical. The generation 

rate, diameter, density and shape factors are input parameters for the NAUA 

aerosol transport code. The aerosols generated by the core melt accident were 

assumed to have a density of 5 g cm~3, a mean diameter of 0.6 urn and to be 

spherical. The resuspended particles were not changed in their properties. In 

general, the resuspension rate was constant during the accident, leading to the 

desired integral revolatilization by entrainment and resuspension. 

For purposes of these calculations it was assumed that the droplets <10 urn in 

diameter constituted 5 vt% of the total entrained mass, following the 

experimental findings of Garner^5). The integral resuspension of the particles 

was assumed to be 10_i* which is the lower limit of the experimental findings. 

(This choice was made because of the uncertain mechanism of the effect.) Because 

it was assumed that the annulus-to-atmosphere filter ruptured following the 

overpressure failure of the containment, any additional aerosol released after 

this time is relatively more important. 

In general scenario III was similar to Scenarios I and II but used a modified 

failure mode of the containment after reaching the failure pressure. It was 

assumed that the leakage grew progressively up to 75$ per day at constant 

pressure until the sump had dried out and the steam had escaped through the leak. 

After the sump had dried out, the overpressure was relaxed until atmospheric 

pressure was reached at the end of the scenario. This more realistic failure 

mode has been used in recent risk analysis studies(127). This scenario lasts 

longer than scenario I with a large leak. In this respect it is similar to 

scenario II which assumes a large sump volume of 2000 m3. 
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Calculations of aerosol behavior using the NAUA code showed that, under the 

somewhat pessimistic assumptions which were made, inclusion of re-entrainment and 

resuspension effects dominated the radiological source term which was 

considerably greater than that of earlier studies which neglected these 

phenomena. Even this increased source term is very low in absolute measures, 

(integral release fraction = 1.44 x 10-5 to 1.72 x 10""1*) because the accident 

sequence chosen for the calculation was a very low consequence scenario. These 

calculations show that the additional contributions to the source term occur 

^ ^ after the containment failure (and annulus filter destruction) at a time which 

was no longer taken into account in earlier calculations. The leakage of 

entrained particles was not influenced by the initial sump volume (scenario I and 

II), but was reduced by a factor of 56 in scenario III. The leakage of 

resuspended particles was low in scenarios I and III, but was very high in 

scenario II. 

Further calculations, in which the literature data on resuspension and 

re-entrainment rates were reduced as much as possible by plausibility 

^fc considerations, still resulted in a contribution of re-releases to the 

radiological source term that was of the same magnitude as the direct release 

from the core, i.e. the total source term was doubled from previous estimates. 

5.5.2 MARK-II BWR 

GinsbergdS) has developed a re-volatilization model which does not treat the 

resuspension of solid particles separately from the re-entrainment of solution 
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droplets (as did Borkowski et al.). Ginsberg and YangO2^) bave used Ginsbergs* 

model with selected correlations (Figure 17) to estimate the extent of 

entrainment from a saturated BWR Mark II suppression pool (3*688 m3) due to 

flashing following a massive containment failure from overpressure (TC accident 

sequence). They calculated a containment pressure history from the MARCH 

code(129), which did not include contributions to pressure from core-concrete 

interactions. They computed the steam flux at the top of the 161 °C pool and 

concluded that both bubbly flow and churn turbulent flow regimes occurred. In 

the churn turbulent flow regime droplets are generated by liquid filament and 

sheet instabilities within the bulk of the two-phase medium and not at the pool 

surface. The pool entrainment is much lower in the low velocity end of the churn 

turbulent regime than in the adjacent bubbly flow regime (see Figures 15 and 17)* 

A flashing vaporization rate was calculated for the 408 m2 surface of the 

suppression pool from the liquid energy equation. For a 2787 cm2 leak, the 

pressure decayed in seven minutes from 9.65 bar to 0.83 bar and the water 

vaporization rate fell in the same interval from 700 kg/s to 200 kg/s and the 

entrainment rate fell from 0.09 kg/s to 0.03 kg/s. Their calculation used 

conservative entrainment parameters: E = 10-2 in the bubbly flow regime (jg < 10 

cm/s); and the RozenO30) and Kataoka and Ishii 
(20) 

correlations in the churn 

turbulent regime (jg > 10 cm/s). They considered the fission product 

re-entrainment to be proportional to the mass of re-entrained water as a 

percentage of the initial pool mass. They concluded that the fission product 

re-entrainment from the BWR Mark II suppression pool is small (< 0.1J by volume) 

for containment breaks up to 2787 cm2. No aerosol transport calculations were 

performed, and the source term due to the leakage was not determined. 
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5.5.3 SURRY PWR 

BrockmannC9) assumed that following a TMLB' sequence, the SURRY containment 

suddenly fails at a pressure of 5.4 bars and that holes as large as 1000 m2 are 

possible, even though he concedes that such a large hole would require 

catastrophic failure of the containment structure. (This is in contrast to the 

capability pressure of 9.2 bar and leak opening of 2.58 cm2 estimated by the 

Containment Performance Working Group(117). Thus the catastrophic failure and 

rapid depressurization of the SURRY containment at 5.4 bars is highly 

^r improbabl e. ) 

Brockmann noted that at the time of containment failure there would be 163 tons 

of water vapor in the containment, 20 tons of liquid water on the walls, 28.3 

tons of water in the refuelling canal and 134.7 tons of water in the basement. 

Because solid aerosols deposited on wet surfaces will not resuspend, he assumes 

that the interior sheet steel surfaces are "dry". Brockmann used a simple 

resuspension model and a simple model of containment gas velocity as a function 

of hole area to calculate the containment gas velocities and estimated that there 

^ ^ would be 100$ resuspension from all dry surfaces for hole sizes larger than 13 

m2. He guessed that the "dry" interior sheet metal surfaces constitute a maximum 

of 25$ of the deposition surface available. Consequently, he concluded that the 

fractional resuspension of dry aerosols from surfaces amounts to between 0% to 

25Ï for containment holes in the range 13 a2 to 103 m3 and from 0% to 0.5f for 

containment holes smaller than 13 m2. (Fauske and Associates(15) have 

investigated the possibility of resuspension of dry aerosols from containment 
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surfaces following sudden containment failure due to overpressure and concluded 

that no aerosols would be resuspended.) 

Brockmann also considered the re-entrainment of fission products when the 

containment suddenly depressurizes and the water pools boil or flash. He used an 

equilibrium model of entrainment which he said overestimated liquid entrainment 

and neglected aerosol transport mechanisms, such as impingement on the internal 

structures and compartments. He used Rozen's correlation^û) as reported by 

Ginsberg^1**) to calculate the mass of fission products from, water pools, but he 

arbitrarily set the minimum entrainment, E„jin, equal to 10~3. For the 1000 m2 

hole he used E=H, which is the maximum entrainment which has been observed (near 

the pool surface). He also used an extrapolation of Rozen's correlation beyond 

its range of validity to set even higher limits of entrainment. He assumed that 

droplets were formed with a MMD= Ds/2 and a geometric standard deviation of 2.3i 

where DS=12A /(.çjg2). This formulation yields MMDs of 135 to 1350 Jim for the 

1000 m2 hole at 5 atm. initial pressure. He found that: a 1000 m2 hole permitted 

the re-entrainment of 60$ of the deposited fission products; a 100 m2 hole 

permitted re-entrainment of 15? of the fission products; a 10 m2 hole permitted 

the re-entrainment of 0.6$ of the fission products; and a i m 2 hole permitted 

re-entrainment of 2 x 10_i*$ of the fission products. He did not investigate what 

fraction of the re-entrained aerosols would be fine enough to be transported to 

the environment, rather than promptly fall out in the containment. 

Brockmann also investigated the possibility of producing fine aerosols by the 

flashing of entrained droplets from a boiling pool, but concluded that this is 

not a major problem, and is, in fact, not especially likely. 
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6.0 RE-ENTRAINMENT FROM LIQUID FILMS AND RE-EVAPORATION 

Preliminary results^lSlj^^SStlSJl.ISS) are available from initial tests on the 

behavior of both solid and liquid aerosols in simulated primary coolant systems, 

PCS. Tests performed with non-hygroscopic particles under "dry" conditions 

produced different results than those performed with hygroscopic aerosols carried 

by flowing steam. The tests showed that CsOH, Csl, and other droplets form 

liquid films when they collect on a wall. Liquid films may also be formed when 

^^the temperature of the system exceeds the melting point of deposited solid 

particles. These liquid films are subject to hydraulic and aerodynamic forces 

which may cause them to flow from their point of origin to other regions of the 

PCS, to resuspend as fine droplets from the crests of waves, or to break up into 

coarse drops as they are ejected from pipe ends. 

6.1 Re-entrainment from Liquid Films 

In the PCS during the early stages of a core-melt accident, CsOH, Csl, and other 

^fc hygroscopic particles pick up water from the steam and rapidly grow in 

size(23f24,25»26,27). These liquified droplets coalesce into liquid films when 

they are deposited on pipe walls. Gas flowing over the liquid film may cause 

either re-entrainment of drops from the film, or aerodynamic forces may push the 

film out of the pipe. If the gas velocity is small, the gas-liquid interface is 

relatively stable. In general, however, as the gas velocity increases, the 

interface develops waves due to the Kelvin-Helmholtz instability. In horizontal 

or inclined pipes, gravity and surface tension forces stabilize the interface, 
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while the relative velocity between the phases destabilizes the film by varying 

the pressure distribution over the wave. According to the Bernoulli theorem, the 

gas velocity is higher at the wave crest, corresponding to a lower pressure, and 

the gas velocity is lower at the wave trough. As the gas velocity is further 

increased, the waves eventually transform into large amplitude kinematic waves 

(roll waves) which propagate in one dimension. At the roll wave transition or at 

a still higher gas velocity, the onset of drop entrainment has been observed. 

Kataoka and Ishii^20^ and Yeh and Zuber^21) have provided extensive surveys of 

the process of liquid entrainment by a gas phase, however, their surveys were 

concerned primarily with liquid carryover in boilers, evaporators, etc. Hewitt 

and Hall-Taylor("136) anci Wallis(107) have also reviewed the existing experimental 

and analytical work on the inception of liquid entrainment. 

Ishii and Grolmes (137) classified the different entrainment mechanisms from 

cocurrent two-phase films into five categories: 1) the shearing-off of droplets 

from the crests of roll waves; 2) the undercutting of waves by gas flows; 3) the 

bursting of gas bubbles; 4) the scattering of droplets from droplet impingement 

on liquid films; and 5) the bursting of liquid bridges between walls (see Figure 

18). They considered categories 1) and 2) to be dominant and used simple 

physical models of these categories to develop criteria for the inception of 

droplet entrainment from rough turbulent cocurrent gas-liquid film flow. More 

restricted correlations had previously been developed by Steen and Wallis (138) 

and by Kutateladze (139). For air-water mixtures, the superficial gas velocity, 

Jg, at the onset of entrainment of water drops from an air-water film is 

predicted to occur in the range: 15*8 < jg< 28.5 m/s . Recently, Kataoka et 

ai.(l40) developed correlations for droplet size distribution and entrainment 
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rateC"1^1) based on the shearing-off mechanism of roll-wave crests by a highly 

turbulent gas flow. Ishii and Mishimad112) have developed a correlation for the 

amount of the entrained droplets in this flow regime. 

Another type of entrainment mechanism (shown in Figure 18 but not mentioned by 

any of the above authors) consists of the breakup of the ejected liquid sheet at 

the open end of a pipe due to waves induced in the sheet by aerodynamic forces. 

This may constitute a major mechanism for the re-entrainment of drops previously 

deposited on PCS pipe surfaces (see Bloom et al.(133) below). However, this type 

^^of re-entrainment produces mainly millimeter size drops(1^3i144) compared to the 

micrometer size drops produced by the other mechanisms. Johnson et al.(144) have 

shown that the droplet sizes from the breakup of sheets of liquid increase with 

the 1/4 power of the capillary number (see Figure 19). Until recently, there 

have been no theoretical or experimental studies of the behavior of droplets 

re-entraining from liquid films of fission products in a steam or steam-hydrogen 

atmosphere. 

6.2 Gas Induced Film Flow 

Bloom et al.^133) have reported three large-scale scoping tests for the "LWR 

Aerosol Containment Experiment"(LACE), which demonstrated the extent of aerosol 

deposition and resuspension occurring in the PCS pipes under severe accident 

conditions. Aerosol type and composition, and steam condensation were varied for 

each test. NaOH aerosols (AMMD=3.9 urn; o"= 2.9), produced by reacting steam with 

sodium oxide aerosols, were used to simulate soluble fission product aerosols 

such as CsOH. Hydrated alumina powder (AMMD = 4.3 um;C= 2.5) was used to 
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simulate insoluble aerosols formed from structural materials. The amount of 

steam superheat was varied to determine the effects of condensation and water 

uptake. Pipe geometry, gas flowrate, gas composition, and pressure drop along 

the pipe were constant during each test. The flow rate of 0.38 n>3/s of steam-air 

mixture produced a gas Reynolds number of~5 x 105 and a pressure drop of 0.1 MPa 

along the 27 m of 63 mm pipe. The pipe was divided into 5 straight sections 

connected with five 90° elbows. The exit of the test pipe was connected by a 3 m 

length of 30 cm diameter horizontal pipe to a 850 m3 vessel, which was vented to 

a filter-scrubber. The suspended mass concentration, mass of aerosol leaked from 

the vessel, particle size, and deposition rate were all measured as a function of 

time by filters, cascade impactors, and deposition samples. The total masses of 

sodium and aluminum deposited in the test pipe and containment vessel were 

determined by post test cleaning of separate test pipe sections and vessel 

regions. Overall sodium and aluminum mass balances were made at the end of each 

test. The major results for the first two tests were very similar, although the 

inlet aerosol constituents were different (12 g/m3 NaOH in the first test, and 2 

g/m3 NaOH plus 1 g/m3 A1(0H)3 in the second test). For the conditions of these 

tests, the présence of a viscous liquid constituent (NaOH) dominated the behavior 

of the co-agglomerated liauid/solid aerosol. A large fraction of the liquid 

aerosol was collected in the large diameter pipe section between the test piping 

and the containment vessel. The authors postulated that most (if not all) of the 

entering aerosol was deposited on the wall of the 63 mm pipe during transit 

through the pipe, but that most of the deposited material was moved along the 

pipe as a liquid film by shear stresses induced by the high velocity carrier gas 

or was entrained (see below). The gas velocity in the 63 mm pipe ranged between 

100 m/s and approximately 200 m/s in the various tests. Upon entering the 300 mm 
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pipe section, the velocity decreased to « 9 m/s and much (50$) of the resuspended 

material and liquid wall film was collected in this section. About 78$ of the 

aerosol mass leaving the test pipe impinged on the opposite containment wall and 

floor, and was not suspended in the containment atmosphere. Less than 3$ of the 

aerosol was vented from the containment vessel. The aerosol used in the third 

test was A1(0H)3, a dry insoluble powder. The particle size distribution of the 

aerosol entering the pipe was similar to that of the first test. However, a 

lower fraction (lk%) was retained in the large diameter pipe section, a smaller 

fraction (43$) of the aerosol mass leaving the test pipe impinged on the 

^^containment wall and floor, and a larger fraction was suspended uniformly 

throughout the atmosphere of the containment vessel. This suggests that the 

physical state of the aerosol has an important effect on its behavior in pipe 

flow. This may be related to differences in resuspension properties. 

Fauske and Associates(15) have investigated the adherence of the dried residues 

of Csl and CsOH deposited from water solutions on flat glass slides. They used a 

heat lamp under ambient conditions to dry the solutions. They found that Csl 

solution dried to a tightly adherent white deposit which could be removed only by 

4fe mechanical scraping. The CsOH solution never fully dried out, but became a thick 

pasty material which adhered strongly to the glass surface. The authors 

concluded that the small amount of moisture in the air would ensure that the CsOH 

would remain wet and difficult to reentrain. 

Fauske and Associates(15) have suggested that the temperature in the upper plenum 

would be high enough so that the deposited Csl and CsOH would form a liquid film 

< 1 mm thick and very adherent, while the gas velocity would be <1.5 m/s. The 
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velocity required to directly entrain liquid films at high pressure would be 

2.5 m/s and would increase as the pressure decreased. 

Collen et al.(134,135) have reported the first of the Marviken Aerosol Transport 

Tests which are directed toward investigating inherent radioactive aerosol 

retention in reactor primary coolant systems. In the first test, a mixture of 

fission product aerosol simulants (CsOH, Csl, and Te) was vaporized by plasma 

generators. This vapor was mixed with steam in the lower portion of a full-scale 

PWR pressurizer, forming aerosols which both deposited in and transported through 

the pressurizer to the relief tank which was vented to a condensate scrubber and 

off-gas filter. This first test was performed under non-condensing steam 

conditions at temperatures less than 400 °C. The aerosols were about 5 urn AMMD 

and probably consisted of liquid droplets since, at the temperature of the gas 

sampled, the CsOH should have been liquid. Aerosol concentrations were between 

50 and 70 g/m3 at 20 °C and 101.3 kPa. 39$ of the cesium and 45$ of the 

tellurium were transported to the scrubber. A considerable amount of aerosol 

material was found as liquid films in the pressurizer and piping. 

The second test of the series was performed under conditions similar to the first 

test, but with the addition of a water-cooled condenser which was attached to the 

piping before it entered the relief tank. Much of the 0.043 kg/s steam flow was 

condensed in the condenser, and essentially all of the aerosol reaching the 

relief tank was trapped in the water pool. 
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6.3 Revaporization 

Recently, several computer codes(9p1^5,146,147) have been constructed which 

attempt to model the revaporization of previously deposited fission products due 

to heating of the PCS walls by the deposited fission products. However, as the 

preliminary results from the LACE and MARVIKEN experiments have shown, the 

deposited fission products may coalesce into liquid films which readily flow on 

the PCS walls. In addition, chemical reactions of the fission products with 

co-deposited materials or with the stainless steel walls could change the vapor 

^ ^ pressure or fix some of the fission products to the walls048). Thus, the 

modelling of evaporation requires a more accurate description of the thermal 

hydraulic conditions of the PCS(149), and the chemical reactions and movement of 

the fission products on the PCS walls. At the present stage of development, 

different assumptions can lead to predictions of pipe melting or of complete 

redistribution of the deposited material(145,146,147,150). 

6.4 Oxidation of CsT bv Burning Hydrogen 

^fe The atmospheric release of large amounts of the fission products in uncontained 

reactor accidents and destructive tests occurring under oxidizing conditions has 

been amply demonstrated (151). most recently at Chernobyl(152). However, in LWR 

accidents and destructive tests occurring under reducing conditions, the 

environmental releases have been very small fractions of the available fission 

product inventory and, in the case of iodine, occurred only slowly. In the fully 

documented uncontained releases, a maximum of 70$ of the fission products were 

released to the environment under extreme oxidizing conditions(153); <.01$ of the 
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fission products were released from LWRs under reducing conditions(15*0. These 

differences in release fraction and rate are related to the physical and chemical 

states attained by the fission products. There is evidence that for oxidizing 

releases, a large fraction of the iodine was adsorbed onto small aerosol 

particles(153); for LWR releases, the fission products were captured in the water 

from which some of the iodine was slowly released as a gas(151,15*0. 

Nelson et al. (155) have recently investigated the behavior of airborne reactor 

core simulant aerosols during dry hydrogen-air combustion in a 5.1 m3 vessel. 

"Significant" amounts of elemental iodine were produced when a simulated fission 

product aerosol (10 w/o Csl and 90 w/o AI2O3) was dispersed in 6.5 v/o to 30 v/o 

hydrogen-air mixtures and burned. (The Csl powder consisted of particles < *I3 jun 

and the AI2O3 was a 0.05 pn deagglomerated gamma-alumina polishing powder.) 

Neither the actual size distribution nor mass concentration of the airborne 

particles was measured before or after the burns. The generation of iodine was 

detected after each test by odor, by weight changes of silver coupons exposed 

during the burn, by x-ray fluorescence of the silver coupon surfaces, by weight 

changes and x-ray fluorescence of porous silver filters which sampled the chamber 

atmosphere for 1 minute at 0, 2, 5, and 10 minutes after each burn, and by 

thiosulfate titration of the aerosol collected on fallout dishes. Although there 

was considerable variability among and between the data produced by the various 

detection methods, they all showed an increase in the percent Csl dissociated 

with increasing percent of hydrogen burned in air. The thiosulfate titrations of 

the fallout aerosols gave the highest values and the silver filter weight gains 

gave the lowest values at a given percentage of hydrogen in air. For the 

combustion of 30 v/o hydrogen in air the thiosulfate titrations gave values in 
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the range of J41 - 73 % Csl dissociation, while the silver filter weight gains 

gave values of 27 to 33 % Csl dissociation. This suggests that 2/3 of the 

released iodine was captured by the solid AI2O3 aerosols and removed from the 

atmosphere as the aerosols fell out (see below). It is not clear that the porus 

silver filters captured only gaseous iodine, rather than iodine attached to solid 

aerosols. 

The authors used the CONTAIN code 
(156) 

to study the effect of Csl dissociation on 

the source term. They assumed that the overpressure from the hydrogen burn 

^caused a 0.01 m2 hole in the containment of the SURRY PWR following a TML or 

TMLB' scenario. They compared the source terms calculated with and without 

iodine production. They found for these calculations that if the containment 

sprays were inoperative during the accident, the late-time source term was 

increased by a factor of 3 when 75 % of the Csl was dissociated to molecular 

iodine. If the iodide was completely converted to iodine gas, the source term 

was increased a factor of 4. These calculations ignore the fact that the major 

part of the I2 promptly attaches to any aerosols present and reacts with many of 

them to form solid aerosols (see Reference 4 and below). The authors state that 

^fc these calculations were sensitive to the size of the containment hole and the 

time of the hydrogen burn. If the containment sprays were operative after the 

burn, they reduced both the particulate Csl and the elemental iodine. For the 

case of 75 $ dissociation of the Csl, the sprays reduced the release by a factor 

of 40, relative to the case of failed sprays. For the case of no dissociation of 

the Csl, the sprays reduced the source term by a factor of 9» relative to the 

failed spray case. From the limited description of the calculations it appears 
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that the adsorption of the iodine onto the aerosols was ignored and all of the 

dissociated iodine was treated as a gas. 

The adsorption of I2 by dry aerosols has been demonstrated in a series of 

experiments performed in a 1.1 m3 chamber by Baurmash et al.^157,158). They 

first released 131i2 into a chamber filled with filtered laboratory air and found 

that, when they sampled the chamber atmosphere with a millipore filter backed 

with a charcoal filter, 30? of the activity was collected on the millipore filter 

and 70? of the activity was retained on the charcoal filter. The decay half-time 

was 400 minutes. After 20 minutes of sampling, they released 0.77 g/m3 of sodium 

oxide into the chamber atmosphere. Immediately, 99$ of the iodine appeared on 

the millipore filter. After the peak concentration of sodium oxide was reached, 

both the sodium concentration and the iodine concentration decreased at the same 

rate. The initial half-time was 60 minutes for both components. They then 

filled the chamber with unfiltered air in which Aitken nuclei were suspended and 

again released the iodine. This time, only 2 to 3 % of the total activity was 

collected on the charcoal filters as compared to 70 % in the previous test in 

which the iodine was released into a filtered air atmosphere. The decay 

half-time for the I2 in the unfiltered air was 100 minutes. When sodium oxide 

aerosols were released into the iodine ladened atmosphere, the I2 was removed 

from the atmosphere with a 15 minute half-time, the same rate as the sodium oxide 

aerosols. The activity collected on the charcoal filters did not decrease 

markedly during the time that the sodium oxide and the scavenged iodine was 

decreasing, so that after 2 hours the non-particulate fraction of the I2 was the 

main airborne component. At the end of the test, 9k% of the sodium oxide was 

found on the floor and 6$ was found on the wall, while 90? of the I2 was found on 
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the floor and 10$ was found on the wall. The plated sodium oxide, which is 

composed of mostly small particles, had a higher specific activity than the 

larger fallout sodium oxide. Cascade impactor data also showed that the 

elemental iodine preferentially attached to the small sodium oxide particles. 

Unlike the accident case, in Nelson et al.*s experiments(155) there was no 

further addition of aerosols after the hydrogen burn. Thus the scavaging of the 

released iodine by subsequently released aerosols did not occur. Only the 

existing Csl and AI2O3 aerosols were available to take up the released iodine and 

they captured much larger quantities of iodine than did the silver filters. If 

additional solid aerosols would have been released after the hydrogen burn, the 

fraction of iodine captured by the silver filters would have been even smaller. 

In the accident case, if the hydrogen burn occurred early the airborne iodine 

would be scavanged by both the existing aerosols and the following aerosols and 

the condensing steam would increase the mass of the aerosols (even if the sprays 

were not functioning) and wash them down into the sump. A recent Sandia 

publication(159) suggests that for TMLB' both iodine and cesium are the dominant 

radionuclides released into the containment building at early times when 

saturated conditions exist, but that a hydrogen burn at that time is unlikely. 

Dunbard60) has also noted that for the SURRY AB scenario the fission product 

components Csl and CsOH are released into the containment early compared to other 

components. Furthermore, they are airborne during the time when large amounts of 

steam condensation are occurring, so that they will be washed out to a greater 

extent than the other solid aerosols. 
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Thus, Nelson et al.'s experiments provide little data that would be useful in 

describing what would occur in an actual LWR accident, since the experimental 

conditions are substantially different from those expected in an accident. 

Unlike Nelson et al.1s experiments, the accident aerosols released into the 

containment will consist of multiple chemical species formed from various 

combinations of Cs, I, Te, Zr, Sn, Sb, 0, Ag, Cd, In, La, Nb, Ru, Sr, Mo and Ba 

dispersed in a steam-hydrogen-air-CC^-Xe-Kr atmosphere. Depending on the 

specific accident sequence, these elements will occur in the form of CsOH, Csl, 

ZrC>2, SrO, Sb2C>3, SnC>2, NbC>2, M0O2, Agi, etc. aerosols. When the postulated 

hydrogen burn occurs, gas temperatures in the order of several hundreds of 

degrees centigrade will be reached and the aerosols will be subjected to severe 

oxidation. The airborne Csl will be oxidized to CsC>2, CS2O2, CS2O3 and I2. 

These compounds will react with the steam and form CsOH and HI which will 

condense on and react with the other aerosols present. For example: HI reacts 

with Ag to form <Agl( 161,162). 

The stable aerosols in the containment atmosphere present an enormous surface 

area for the condensation of the volatile species and steam. The aerosols will 

rapidly grow in size and fall out of the containment atmosphere or be swept to 

the building walls by the condensing steam. The dry atmosphere case, represented 

by Nelson et al.*s experiment, is inconsistent with the release of the tons of 

water which would accompany any large fission product release. Even in the 

unlikely "dry" case, the released iodine would react with the Ag, Cs02 and CS2O3 

aerosols or condense on other particulates. Following Baurmash et al.'s 

estimate, only 2 to 3% of the released iodine would remain in gaseous form. If 

(as is likely) the Csl and CsOH are released to the containment early in the 
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accident sequence, then the large amount of steam condensation occurring at early 

times will insure the rapid removal of these materials to the sump and thus limit 

the release of iodine when the hydrogen burn occurs. 

Nelson(163) has recently suggested that revolatilization of previously deposited 

aerosols might also occur during a hydrogen burn in the upper plenum of ice 

condenser containments. He reported two preliminary tests which measured the 

removal of aerosol deposits from the surfaces of carbon steel planchets exposed 

to hydrogen burns. The test volume contained simple obstacles and was 50$ 

vented. In the first test, a mild burn of 15.5$ H2 in air removed between 16 and 

5H% of Csl previously deposited on the steel planchets. The burn itself produced 

little damage. In the second test, a violent burn of 19-9% H2 in air produced 

much damage. It removed 65 tp 86? of previously deposited Csl and 89 to 99? of 

previously deposited MgO from the steel planchets. The tests are continuing. It 

should be noted that these tests took place in dry air, not in the condensing 

steam/air/hydrogen atmosphere typical of a containment building following a PWR 

core melt accident. If future tests simulate accident scenarios more closely 

they may produce substantially different results, . 

In the accident case, the soluble fission products, such as Csl, would probably 

be washed into the sump by the film of water from the condensing steam prior to 

any hydrogen burn. (A recent Sandia National Laboratory report("'59) suggests 

that a hydrogen burn at early times is unlikely.) Because of the large heat 

capacity of the sump, little evaporation of the sump water (and dissolved fission 

products) would be expected during the burn. 
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The aerosols released after the hydrogen burn will present an enormous surface 

area for fission product vapors and steam to condense on. Thus, any iodine vapor 

released in the hydrogen burn likely will be scavaged by these aerosols. 

Further, the dried residues of Csl and CsOH solutions will adhered strongly to 

containment surfaces. Fauske and Associates(15) (see section 6.2 above) have 

found that Csl solution dried to a tightly adherent white deposit which could be 

removed from a glass surface only by mechanical scraping and CsOH solution never 

fully dried out, but became a thick pasty material which adhered strongly to the 

surface. In the containment case, this would insure good heat transfer to the 

steel structures and limit the vaporization of the deposited Csl and CsOH by the 

hydrogen burn. 

6.5 Release from Molten Corium 

Ginsberg("l8) has noted that the aerosols released from a pool of molten corium is 

expected to be derived from two sources: (a) condensed vapors from volatile melt 

species and (b) aerosols produced by the mechanical breakup of the liquid by the 

flowing gases released from the concrete. The production of these aerosols would 

continue until a crust forms at the top of the molten corium/concrete pool. He 

has developed a first order model based on entrainment data derived from water 

pools to estimate aerosol production during core/concrete interactions. He 

calculated that aerosol releases for the initial 10 minute period would range 

between negligible and up to 1700 kg/s. For the succeeding quasi-steady period, 

the aerosol release rates would range from 3.5 kg/h to 1375 kg/h. He noted that 

additional entrainment data based on fluids with characteristics closer to molten 
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corium are needed to reduce the large uncertainties which the current model and 

assumptions display. 

7.0 RESÏÏSPENSION OF SOLID PARTICLES FROM SOLID SURFACES 

7.1 Introduction 

Systematic theoretical and experimental studies of the resuspension of solid 

particles from solid surfaces are in the elementary stages due to the absence of 

reliable data on the forces which hold the particles to the surface(l64,l65), 

uncertainties about the aerodynamic forces acting on particles deposited on a 

surface(166), and a lack of understanding of the mechanism of resuspension. Even 

the method of parameterization of resuspension is not firmly established (167). 

This situation has led to the use of a number of empirical models of narrow 

applicability^**). There is no corroborative verification or controlled 

validation of these models, although some have been widely used(1&9). Most of 

the studies dealt with the resuspension of solid particles from large areas, such 

as: studies of soil erosion in agriculture and dust releases from tailings piles 

in mining. Even though the erosion flux can be estimated, there are large 

uncertainties about the resuspension fraction, since most erosion occurs by creep 

and saltation, and consequently the resuspension fraction may not be correct 

within an order of magnitude^167). A limited number of studies are applicable to 

the spread of contaminated dust in buildings^168,170-175). Few experiments have 

been performed using gas velocities, surface materials, particle sizes, deposit 

densities and concentrations representative of aerosol deposits produced in 

reactor accidents. 
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Parameters that can influence the resuspension of aerosols from surfaces include: 

aerosol deposition mechanism; aerosol material and particle size; the 

concentration and density of the aerosol deposits on the surface; surface 

moisture conditions; and deposition surface roughness. 

7.2 Expérimental Data 

Reynolds and Slinn(17D have used a wind tunnel to study the resuspension of 6 pm 

AMMD ZnS particles from rough natural surfaces (gravel, fine soil, and mown 

grass). A surface concentration of 10~3 g cm"2 ZnS was used in all tests. The 

air speed ranged from 2 to 8 m/s and the exposure time varied from 10 to 60 

minutes. They found that for gravel surfaces the resuspension rate (A) depended 

on the cube of the air velocity . For moist surfaces the resuspension rate was 

an order of magnitude lower than for dry surfaces (see Figure 20). Reynolds and 

Slinn recommended the following correlation for the resuspension rate of 6 Jim 

AMMD ZnS particles from a dry gravel substrate: 

A = 7.39 x 10-10 o3.08 (s-1) 

Garland (172) n a s measure the resuspension rate of both WO3 powder and silt on 

grass exposed to turbulent flow in a wind tunnel. The fractional resuspension 

rate increased with increasing flow and decreased inversely proportional to the 

exposure time (20 to 400 hours). 

Sehmel(173) and Sehmel and Lloyddï^) have measured the resuspension of 

sub-micrometer size calcium molybdate from desert soil at various wind speeds. 
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They obtained average values of the resuspension rate which ranged between 2 x 

10-11 and 8 x 10-8 s-1. 

Sehmel(-174) n a s observed that the resuspension rates of dry 10 um uranine 

particles from a smooth aluminum surface are 3 orders of magnitude higher than 

those of 6 jm AMMD ZnS from gravel and asphalt(173) (see Figure 21). 

Orgill et al. (176) 
have observered the resuspension of DDT powder from a forest 

and found resuspension rates in the range 10~8 to 10"7 s"1. 

Wright and Pattison(177) studied the resuspension of pre-formed metallic and 

oxidic powders from a smooth horizontal surface (302 stainless steel) in a 

flowing gas stream. The tests were performed with <60$ R.H. air in a 1.83 m long 

and 0.076 m diameter horizontal pyrex glass test section, which had a removable 

1.83 œ long, 0.051 m wide flat deposition surface. Dry powders were poured 

through a 100 mesh screen and allowed to settle on the deposition surface so that 

the deposit was 0.41 m long preceded by a bare entrance length of 1.22 m. The 

amount of material deposited on the surface was then measured and the surface was 

placed in the test section. A steady air flow was produced, measured, and 

maintained for <300 s. Air flow rates of 0.094 m3/s through the test section 

could be achieved; i.e. maximum plug-flow velocities >20 m/s (flow Reynolds' 

numbers >100,000) could be obtained. After the flow was turned off, the 

deposition surface was removed from the test section and the amount of material 

remaining on the surface was measured. Forty-nine experiments were performed for 

nine sets of conditions. Four parameters were varied: the deposited material 

(Ni,Fe203,SnO,Mn); particle size (<0.2 to 10 um ) ; particle density (5.2 to 19.4 

g/cm3); and the mass deposited (0.01 to O.lg/m2). Particle sizes and deposit 
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concentrations covered the ranges to be expected in LWR accidents. All tests 

were performed at relative humidities of <60$. The measured linear resuspension 

rates (A) increased both as the air flow velocity was increased from 3 to 18 m/s 

example: for SnC>2 particles (d<0.2 pm) increased from 10-3 s-1 at 3 m/s 1 to 5 x 

10"2 s-1 at 6 m/s ; for Ni powder (d=2.5 jam) increased from 8 x 10-5 s-1 at 4 m/s 

to 3 ac 10"3 s-1 at 13 m/s. For the low loading tests the individual particles 

seemed to be stripped continously from the deposition surface. In the high 

loading tests "layer stripping" occurred as bursts of particles were removed from 

the surface. Wright and Pattison077) believe that these behavior patterns 

indicate that particle-surface forces were resisting suspension in the low 

loading tests, while in the high particle loading tests, it was particle-particle 

forces that were resisting suspension. Two tests were performed with different 

size tungsten particles at the same high mass loading (.0.096 g/cm2) and showed 

that 10 pm (44 pm AMMD) particles were more readily suspended than 0.5 fim (2.2 pm 

AMMD) particles; i.e. at 7 m/s the resuspension rate for 10 urn particles was 2 x 

10-2 s-1 and for 0.5 pm particles was 6 x 10-5 s-1. The large size tungsten 

powder exhibited the same resuspension behavior as that displayed by the powders 

in the low loading tests. 

Fauske and Associates(15) have performed resuspension experiments using dry 10 um 

glass spheres and depressurization rates which bound those considered for reactor 

accidents. (The depressurization of the RPS or RCB may produce a gas velocity 

which could result in fluidizing beds of fine particles.) The experiments were 

performed in a plexiglass cylinder (16.5 cm diameter and 61 cm height) with 

aluminum flanges. A 2.54 cm quick opening valve and flow nozzle were fitted into 

the top flange. A mixture of 10 pm glass beads ( «. 15 pm AMMD) and 24 pm 
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lycopodium powder (added to prevent agglomeration) was placed in 2 mm to 11 cm 

layers in the bottom of the test chamber. Exhaust gases were passed through a 

water pool and then through a fiber glass filter. Starting pressure was O.W 

MPa, and nozzle diameters were varied from 2.5 cm down to 0.9 cm to change the 

blowdown rate. The depressurization rates required for significant mass loss 

from the various particulate beds was measured and compared to the rates 

predicted by a lévitation model. For shallow beds and fast blowdown the model 

predicted the required bed depth within a factor of 2. Particles were ejected 

from the 11 cm bed in a single "cough", sufficient to push them out of the 

shallow container, but not to suspend them in the air. 

Aerosols can agglomerate as they are collected on surfaces, so that the sizes of 

the potentially resuspendable particles are much larger than the size of the 

originally incident particles(178,179»180). (see below). 

Nelson et al.(179) have reported an experiment in which a mixed 0(>2-Na2C03 

aerosol of 1.5 to 2.5 Jim AMMD was allowed to fallout onto 25.8 cm2 stainless 

steel tabs. (The aerosols were generated as a mixture of UO2 and Na2C>2, however 

A the Na2C>2 reacted with the moisture in the air to form NaOH which, then reacted 

with the CO2 in the air to form NaCC^.) When airstreams of up to 1 m/s velocity 

were passed tangentially over the horizontal 7.6 g/m2 deposits, no measurable 

amount of the settled aerosol was resuspended. In a subsequent test in which the 

deposits were resuspended by inverting a tab and rapping it on the back, no 

airborne particles smaller than 27 jun AMMD were observed. In a another test, the 

material was resuspended by brushing the fallout deposit and no aerosols smaller 

than 21 um AMMD were observed. 
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Roberts et al.(178) have observed the resuspension of 200 to 1000 pm agglomerates 

formed from deposits of 10 pm AMMD Zn dust on vertical rods (see below). They 

investigated the simultaneous deposition and resuspension of dry powders. They 

suspended either Zn dust (10.2 pm AMMD; d" = 1.6) or ZnO dust (0.5 urn AMMD; o* = 

1.8) in a simulated reactor core rod bundle enclosed in a vertical plexiglass 

cylinder. The rod bundle consisted of 97 brass rods with diameters of 7.9 mm 

arranged in a rectangular pitch. The rod length varied from 40 cm for the outer 

rods to 51 cm for the central rod. The rods occupied 26$ of the open 

cross-sectional area of the vertical plexiglass tube and were supported by two 

wire screens which blocked 24$ of the open area. (In contrast, a reactor fuel 

rod bundle blocks approximately 70$ of the open area.) Aerosols were injected 

through a dispersion nozzle into the bottom of the plexiglass tube. All 

particles larger than 0.5 jam AMMD exiting the cylinder were captured in a 

cyclone. The gas then passed through a standard vacuum cleaning bag before being 

discarded. Mass balance checks verified that the cyclone and vacuum bag had 

captured all of the aerosol that had not been deposited in the cylinder and rod 

bundle. For each dust, the model was tested at three gas flow rates and aerosol 

concentrations between 0.04 and 3.0 kg/m3. Nitrogen was used as the aerosol 

carrier gas in the Zn dust tests and air was used in the ZnO tests. The average 

gas velocity ranged from 11 to 61 cm/s. Color video tapes were made with two 

cameras, one external to the apparatus and the other attached to a mirror-tube 

(borescope) which was inserted 28 cm down into a glass rod that was part of the 

brass rod bundle. The mirror-tube permitted observation of the deposition on 

(and resuspension from) neighboring rods or on the glass rod itself. As seen in 

Figure 21, the mass fraction of dust escaping the model ranged from 15$ to 61$ 
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for the zinc dust and from 2$ to 24$ for the ZnO dust. As the upward flow 

velocity increased, more dust escaped from the model. However, as the input 

concentration increased, a smaller mass fraction escaped. Typically, more than 

90$ of the dust either fell to the bottom section or escaped the model; little 

material was left on the rod surfaces themselves. The video tapes showed a 

dynamic process in which aerosols were continually being deposited on and removed 

from the rod surfaces. The deposited particles agglomerated to very large clumps 

(0.2 to 1.0 mm diameter) which then either fell off the rod surfaces by their own 

weight, were sheared off by turbulent fluid motion, or were scoured off by other 

^ ^ clumps that cascaded downward. The authors suggest that because of the 

relatively low velocity flow zone near the surface of the rods, the clumps of 

agglomerated aerosol particles were able to fall against an apparently strong 

upward, average flow velocity. Static electricity may account for both the 

greater agglomeration observed with the ZnO than the Zn dust, and the stronger 

tendency of the ZnO (compared to Zn) to stick to surfaces in the tests. No 

mention was made of any precautions taken to avoid effects due to static 

electricity. 

4fc Spencer (''SCO n a s observed that the amount of fly ash particles resuspended by 

rapping on dry electrostatic precipitator plates decreased from 53$ to 18$ of the 

total emissions and the median size of the resuspended particles increased from 

10 urn to 30 Jim as the dust layer thickened during an increase in the rapping 

interval from 12 minutes to 52 minutes. The majority of the large resuspended 

particles were agglomerates. The minimum resuspension occurred for dust surface 

densities of 1 kg/m2 or larger. This effect had been observed previously by 

PlatoOBD and Sanayev and Reshidovd82). Motion pictures of the rapping removal 
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of a dust layer 2 - 3 nun thick showed 
(180) 

that upon rapping a vertical 

precipitator plate, the dust layer fractured along lines of discontinuity in the 

dust surface and started to fall as separate sheets which broke up as they 

encountered other sheets. The majority of the dust was collected by the hopper, 

from which a portion "boiled up" and was resuspended in the gas stream. 

7.3 Dry Particle Reguscension Models 

Fauske and AssoeiatesOS) have applied the Reynolds and Slinn correlation(171) to 

the resuspension of dry solid aerosols from the PWR RPS following core 

melt-through at high pressure and from the PWR and BWR RCB following overpressure 

failure. Their analysis showed that in the RCB, both localized failures around 

penetrations and large failures in the upper containment region resulted in 

little resuspension of the aerosols at the time of containment failure. However, 

their estimate is subject to large uncertainties since it is an extrapolation to 

systems conditions of a correlation based on the resuspension of 6 urn AMMD 

particles from a dry gravel surface by gas velocities between 2 and 8 m/s at one 

atmosphere and ambient temperature. It has been observed(173) that resuspension 

rates increase as the roughness of the surface decreases (see Figure 21). Thus, 

the functional dependence of resuspension rate on gas velocity, given by the 

correlatlon(171), may not represent the behavior of fission product deposits 

under accident conditions except for resuspension from rough surfaces like 

asphalt or concrete (see Figure 21). The addition of water films would reduce 

the resuspension rates of dry solid particles by an order of magnitude(171) (see 

Figure 20). 
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For accident sequences in which the reactor primary system (RPS) of a PWR is at 

elevated pressure prior to vessel failure, the blowdown potentially could 

resuspend previously deposited material from the BPS surfaces, since the velocity 

required for removing dry particles varies approximately as the inverse square 

root of the gas density. However, the authors state that for particles < 10 urn 

the required resuspension velocities in the hot leg would be about 10 m/s, i.e. 

well in excess of those available at the start of the blowdown. Furthermore, as 

the blowdown pressure decreased, the required velocity would increase, whereas 

the actual velocity would remain the same. It was estimated(15) that < 150 g of 

previously deposited aerosol would be resuspended during the entire blowdown 

(assumed to take 6 s ) . 

Reeks et al. 
(183,184) 

have recently developed a statistical model for the 

resuspension of small spherical particles by a turbulent fluid. Their approach 

to modeling resuspension uses an energy balance rather than the more usual force 

balance, and is similar in many respects(l85) to the kinetic theory of the escape 

of Brownian particles from a potential well. Particles are released from the 

well when they receive enough potential energy (from the local action of the 

turbulent eddies) sufficient to escape over a potential barrier formed from the 

average lift force and Van der Naals surface forces. The theory yields a rate 

constant for long term (times very much greater than the time scales of both 

random forcing motion and particle response time) resuspension. In practice, 

such times could be significantly less than a second. The rate constant for long 

term resuspension depends upon: (a) the time scale and intensity of the fluid 

induced lift force fluctuations; (b) the natural frequency of the potential well; 

and (c) the particle relaxation time based on a linearized drag law. Reeks 
92 

* 



- 204 -

states that when this model is applied to most practical problems, the natural 

frequency of the well is much greater than the frequency of the lift force 

fluctuations, so that the ability of the particle to escape from the surface is 

significantly inhibited. 

Reeks et al. (186) 

have extended the modelO840 to include elastically deformable 

particles on an elastically deformable surface. They assumed that the r.m.s. 

lift force was comparable to the average lift force and found that an r.m.s. 

fluctuating lift force less than 10? of the force of adhesion was sufficient to 

remove some particles from the surface. This result is a consequence of the 

influence of particle and fluid time scales and is in sharp contrast to the 

results of force balance models where resuspension is not expected to occur 

unless the r.m.s. fluctuating lift force is at least equal to the force of 

adhesion. 

Reeks et al. (187) have also studied the resuspension of particles from rough 

surfaces where roughness produces a spread of surface adhesive forces. They have 

used a correlation due to Hall 

(188). who has measured the mean lift force on 1 to 

5 mm spheres in a fully developed turbulent boundary layer and found a 

relationship between the normalized particle diameter and the normalized mean 

lift force. Reeks et al. assumed that Hall*s lift force correlation could be 

applied to particles much smaller than 1 mm and that the r.m.s. lift force was 

twice Hall*s mean lift force. They also used the Blasius formulât 189) to 

calculate the friction velocity u^. They calculated the fractional resuspension 

rate of 25 and 50 Jim glass spheres from the smooth steel surface of a 0.2 m2 

square section duct. For a fully developed turbulent flow of 60 m/s, and for 
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exposure times between 1 second and 105 seconds, the "rough" surface model (where 

there is a spread in adhesive forces) yielded a resuspension rate that varied 

almost inversely as the time. This 1/t dependence of resuspension on exposure 

time is similar to the results of some experiments(172,190,191) (see below). 

Corn and Stein(190) exposed glass beads on glass or metal plates to high velocity 

air in a parallel plate channel. They measured the cumulative per cent removal 

of the beads as a function of time. We have replotted their integral data (for 

117 m/s air velocity and 35$ relative humidity) in differential form. Figure 22 

^ ^ shows that the fractional resuspension rate decreased as approximately 1/t for 

the 15» 27, and 37 Jim glass beads, but the fractional resuspension rate for 5 um 

beads was constant in time. 

Garland(172) n a s observed the approximately 1/t behavior of the resuspension 

rates of both WO3 powder and silt on grass exposed to turbulent flows of 5 m/s 

and 10 m/s in a wind tunnel. Total exposure times varied from 20 to 400 hours. 

In the majority of cases the resuspension factor, which is proportional to the 

fractional resuspension rate (A.), varied almost inversely proportional to 

^ ^ exposure time (see Figure 23)• 

Reeks et al. cite a private communication from Rogers(191) who has estimated the 

time dependent source term for particles in the R4 primary circuit of the Hinkley 

Point 'B' gas cooled reactor during combined engineering tests. He assumed 

various rates of circuit collection efficiency ranging from 6$ to 10$ and found 

that the number of 10 to 50 pm diameter particles produced per minute depended on 

time approximately the same as 1/t (see Figure 24). 
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7.4 Drv Particle ReSUSPanMnn «̂ imTnanv 

- For dry smooth surfaces the resuspension rate is 2 to 3 orders of magnitude 

greater than from dry rough surfaces(171» 173»177) (see figure 20). 

- The resuspension rate for 6 to 7.5 um AMMD particles depends roughly on the 

cube of the gas velocity in the range 2 to 18 m/s (see figure 20). 

- At high surface mass loadings the resuspension rate at 7 m/s gas velocity was 

3 orders of magnitude greater for 44 um AMMD than for 2.2 pm AMMD tungsten 

partides(177). 

- Water films on rough solid surfaces reduced the resuspension rate of 6 urn AMMD 

ZnS particles by an order of magnitude(171). 

- Fauske Associates (15) have developed a lévitation model which predicted 

(within a factor of two) the mass loss from their experiments on shallow beds of 

15 pa AMMD glass beads under fast depressuriztion conditions. 

- Aerosols can agglomerate to large sizes as they are collected on surfaces. 

- Reeks et al.(183»184,185»186,187) have recently developed a statistical model 

for predicting the resuspension rate of small particles from solid surfaces. The 

model uses an energy balance, rather than a force balance as in other models. It 
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predicts that: (a) a fluctuating lift force less than 10$ of the force of 

adhesion is sufficient to remove particles from the surface; and (b) the 

resuspension rate (for "rough" surfaces and for exposure times between 1 second 

and 105 seconds) varies almost inversely as the time. The relationship predicted 

in (b) has been confirmed by several published experiments("'72,190,191). 

8.0 CONCLUSIONS AND RECOMMENDATIONS 

This study has investigated the re-volatilization (reentrainment, resuspension 

and re-vaporization) of radioactive materials from the RPS structures and from 

the water pools in LWR containments following core-melt accidents. To this end, 

a literature search was performed to gather available data on resuspension rates, 

reentrainment rates, and parametric calculations which evaluated the fraction of 

revolatilized fission products that contribute to the radiological source term. 

The following conclusions can be drawn: 

- In the literature, resuspension from solid surfaces, reentrainment from pools 

^fc and resuspension from pools were separately investigated by different researchers 

with different aims and different methods. 

-Re-entrainment of dissolved matter from aqueous pools during bubbly flow (jg 

less than 15 cm/s) appears to be adequately described in the literature. 

Measured data show a clear dependence on the superficial velocity of the 

evaporated steam. A qualitative understanding of the mechanism of reentrainment 

during bubbly flow is based on the process of bubbles bursting at the water 
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surface. The droplets generated from the bursting bubbles are carried away by 

the evaporating steam. From this picture the influence parameters are easily 

understood to be evaporation rate, surface area, size of the generated droplets 

and the geometry and saturation of the vapor space over the water surface. 

However, the influence of the vapor space is incompletely understood. 

-Re-entrainment of dissolved matter from aqueous pools during transition flow 

(steam flow in the range 15 to 45 cm/s) has not been investigated. 

-Reentrainment of dissolved matter from aqueous pools during churn turbulent flow 

(steam flow greater than 45 cm/s) in evaporators (with limited vapor space) has 

been widely reported in the literature. However, the reentrainment behavior of 

saturated aqueous pools undergoing rapid depressurization as a result of (low 

probability) catastrophic failure of reactor containment has not been adequately 

investigated. 

-Resuspension of particles from pools requires further investigation. 

Information for aqueous systems is very scarce; no mechanistic model is 

available. The few existing data suggest that resuspension rates are higher than 

reentrainment rates under identical conditions. If resuspension is governed by 

the same bubble bursting phenomena as reentrainment, then particles in aqueous 

suspensions must be enriched at the surface. Such a surface enrichment has been 

observed in liquid sodium systems^^tllS), but has not been fully quantified for 

relevant aqueous systems. 
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-The applicability of pool reentrainment and resuspension data to reactor 

accident analysis is impeded both by the insufficient data that are directly 

applicable to LWR accident conditions, and the fact that reliable models are not 

available. This problem is more severe for pool resuspension than for pool 

reentrainment. 

-Resuspension of particles from solid reactor surfaces is even less well 

investigated. Most of the literature refers to the resuspension from rough 

surfaces such as soil and asphalt, for which the resuspension rates are lower by 

3 orders of magnitude from rates for smooth surfaces. Even in the most 

representative tests, dry de-agglomerated powders have been used instead of 

actual aerosols, which may agglomerate to larger sizes as they are deposited on 

the surface. Modelling is still in an elementary stage and comparisons to 

experiments are unsatisfactory. 

-Calculation of aerosol behavior in the Biblis B FWR with the NAUA code shows -

when directly based on literature reentrainment and resuspension data - a strong 

relative increase in the radiological source term over the results of earlier 

^ É studies. This increase was due to the inclusion of the effects of resuspension 

and reentrainment from the Biblis B PWR sump following late slow overpressure 

failure of the containment after a core melt accident. The earlier studies had 

neglected these effects. The new calculations show that the additional 

contributions to the radiological source term occur after the containment 

failure, a time interval which had not been considered in the earlier 

calculations. Further calculations in which the literature data on resuspension 

and reentrainment were reduced by plausibility considerations as far as possible, 
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still resulted in a contribution of revolatilization to the radiological source 

term that was of the same magnitude as the direct release from the core. 

However, the absolute value of the best estimate source term was still small. 

-Preliminary calculation of the extent of reentrainment from a flashing BWR 

suppression pool, assuming that containment failure due to steam overpressure 

causes a leak opening of 2787 cm2, shows a small fission product resuspension 

(<0.1Jf by volume). 

In summary: Several calculations of the revolatilization of previously deposited 

aerosols have been made using available data and preliminary models of 

reentrainment and resuspension from pools, surface films, and dry surfaces. The 

work is still in an elementary stage. 

- BIBLIS-B PWR: Reentrainment and resuspension from the sump gave the main 

contribution to the radiological source term in an accident scenario which is not 

risk dominant but by far the most frequent. The error bandwidth of this 

contribution is very large due to incomplete understanding of the basic physical 

processes (17). 

- BWR Mark-II: Flashing of the suppression pool following containment failure in 

a TC accident sequence, caused less than 0.1 vol.Y reentrainment of the pool 

fission products into the RCB atmosphere (128). 
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- PWR PCS: Reentrainment from liquid films on the PCS structures is currently 

being investigated in the LACE(132,133) and MARVIKEN^134,135)experiments. No 

calculations of this phenomena in accident scenarios have been reported. 

- LWR PCS and RCB: Resuspension of dry solid particles from smooth surfaces has 

been measured for only a few powders and these may not be representative of 

aerosols deposited in the RCB. A semi-empirical calculation of the resuspension 

of dry particles has been performed(15) using a correlation^171), derived from 

data on the resuspension of particles from rough surfaces, which is several 

orders of magnitude too low. The calculations showed that no significant amount 

of dry particles would be resuspended either from the PCS or RCB, however these 

results are subject to large uncertainties. 

Based on these conclusions the following recommendations for future study can be 

made: 

The entrainment models need better data on: (a) the droplet size spectrum 

characteristic of flashing pools of water; (b) the spectrum and volume of 

droplets produced in bubbly flow; and (c) the upper limit of droplet radius which 

can be carried off by the flowing vapor. The reentrainment source (the source 

mass rates, the droplet size spectra and chemical composition) should be measured 

more accurately under conditions that are applicable to LWR accidents. Detailed 

information on the dependence of this source on the geometry of the vapor space 

over the boiling pool should be gathered. 
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The mechanism of particle resuspension from pools should be investigated to 

determine if an independent resuspension mechanism exists or if particulates are 

emitted from the pool by reentrainment processes. If the latter case holds, 

surface enrichment factors will have to be determined. 

On the basis of such experimental data a model for reentrainment and resuspension 

sources should be elaborated. This model should be generally applicable, but the 

emphasis should be on the application to core melt accident conditions in LWRs. 

A reassessment of the fission product leakage to the environment should be made 

using the model and taking into account the new and better defined source model 

for reentrainment and resuspension. The results will have to be compared to the 

present radiological source term values. 

The depressurization rates of the PCS and RCB for various LWR accident scenarios 

should be investigated in more detail. It has been shown that if the RCB 

depressurization occurs slowly(123), then additional source term attenuating 

mechanisms come into play: viz. continued fallout of the aerosols in the RCB and 

trapping of the aerosols in the leak paths (192). . 

Data is needed on the surface tension and viscosity of water solutions of the 

mixtures of fission products and particles expected in a sump or suppression pool 

following LWR core melt accidents(29). 

Data are needed on the generation of fission product aerosols during 

core-concrete attack(9,l8). 
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In order to model reevaporation of the fission products, an accurate description 

of the thermal-hydraulic conditions in the PCS, and of the chemical reactions of 

the fission products with the PCS walls is needed, as well as a description of 

the movement of the fission products on the PCS walls. 
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10.0 GLOSSARY 

TBP = Tri-Butyl Phosphate 

RPS r Reactor Primary System 

RCB = Reactor Containment Building 

Resuspension s The process of transport of solid particles suspended in a bulk 
liquid to the same solid particles airborne above the surface of the bulk liquid. 

^^Entrainment: The process of the formation of liquid solution droplets above a 
^bulk liquid solution by mechanical disintegration of the bulk liquid solution. 

E s Entrainment = mass flow rate of liquid / mass flow rate of vapor 
(dimensionless) 

Retention Factor = RF = (concentration in pool)/(concentration in aerosol) 

Decontamination Factor = DF = Ratio of fission product mass transported into pool 
to fission product mass which is released from the pool surface. 

Scrubbing Factor = DF 

Resuspension Factor = Ratio of Airborne Concentration per m3 (at 1.8 m) to ground 
surface Contamination per m2 

Release Fraction = (1/DF) 

Stephan Flow: The hydrodynamic flow necessary to maintain a uniform total 
pressure in the diffusing gaseous system. (It is directed toward a surface 
where vapor is condensing and away from a surface where vapor is evaporating.) 

Flux/Force/Condensation: The combination of diffusiophoresis and tbermophoresis 
with particle growth due to water condensing on the particles. 

A = Resuspension Rate, s-1 
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MMD s Mass Median Diameter 

AMMD = Aerodynamic Mass Median Diameter - ^ç MMD 

D50 - Median Diameter 

$b = bubble diameter, mm 

P = density, g/em3 

Yj = fluid viscosity, centipoise 

A s fluid surface tension, dyne cm~1 

j g = superficial gas velocity^18,20) f om/s = Q/A = volumetric fluxd°7) 

U s mainstream gas velocity 

ut = friction velocity 

Capillary Number = A /tju 

alpha = average void fraction 
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Figure 1 ; Water pool decontamination factors (DFs) for 0.06 pm Ni-Cr particles 

transported in air/steam bubbles through water pools of various depths. 
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Figure 3 : Shape of floating bubbles and mechanism of droplet 
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1. INTRODUCTION 

Radioisotopes of iodine have long been recognized as major * 
contributors to the hazard if an accident at a vater-cooled nuclear reactor 
results In -an «scape of activity from the core. The chemistry of iodine is 
complex and, although much research effort has been devoted over many years 
to defining the behaviour or radioiodine (notably i31I) in reactor 
accidents, many uncertainties are still outstanding. 

The most important question is the extent to vhich iodine vill 
remain airborne in the reactor containment building following its release 
from the reactor coolant system, and thus be available immediately for 
release to the atmosphere by containment leakage or failure. Iodine can 
•exist in a variety of chemical forms, some of vhich «.re volatile and 
others, essentially involatile. The volatile species include elemental 
iodine (I2), hydrogen iodide (EI), organic iodides (CB3I, etc.), and 
possibly hypoiodous acid (HO). Involatile forms are anions, for example, 
the iodide (I~) end iodate (I03~) ions, vhich vill be completely dissolved 
in vater in a post-accident situation. The volatile .species are also 
soluble in vater to varying degrees, end vill be partitioned between the 
gaseous and aqueous phases. In assessing the potential for iodine release, 
it is necessary to know hov this element is distributed amongst the 
following three physical states: 

(1) The gaseous phase. Certain fractions of the volatile forms vill 
exist as true gases in the containment atmosphere, and so be available for 
immediate release. 

<2) aerosols. In many post-accident conditions, significant amounts of 
•aqueous aerosols vill be airborne in the containment atmosphere for long 
periods. These aerosols may contain both involatile and volatile iodine 
species. The fractions of volatile species present in the aerosols vill 
depend on their partitioning behaviour vith respect to the gaseous phase, 
aerosol-borne iodine vill also be available immediately for release. 

<3) The bulk, condensed phase. Some iodine -vill -become adsorbed -onto 
containment surfaces, but by far the tmost important -sink vill be the pools 
of water that vill collect in containment -sumps following any accident 
involving loss cf coolant. Such pools vill contain the involatile iodine 
species, plus fractions of the volatile species* as determined by their 
partitioning behaviour. Iodine in these pools -can be regarded as much less 
«obile than in the airborne fraction. Bovever, xesuspension during the 
«lepressurisation that way accompany -containment failure, or in the long 
term ±olloving failure, is an important issue. 

This review is concerned vith the distribution of iodine between 
the -gaseous and aqueous phases following a reactor accident, an understand
ing of vhich is essential to assess its overall behaviour and release. Two 
«tain aspects are addressed, namely, vhat determines the speciation of 
iodine between involatile and volatile forms, and hov do the volatile forms 
partition between the gaseous and aqueous phases. Tor a particular 
application, both aspects are incorporated in the overall distribution 
coefficient for iodine, defined as 
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Distribution coefficient H = 

Total iodine concentration in aqueous phase I(volatiles -4- involatiles). 
Total iodine concentration in gaseous phase (I volatiles) 

E vill depend on many parameters, such as temperature, iodine concentra
tion, and vater chemistry, and vill be time dependent in an accident 
situation. Important in determining H are the equilibrium partition 
coefficients P(X) of individual species X, defined as 

Volume concentration of X in aqueous phase 
P(X) - : 

Volume concentration of X in gaseous phase 

at equilibrium at temperature T. 

Some idea of the significance of E can be gained by considering 
the situation in a large pressurized-vater reactor (PVR) containment 
following a loss-of-coolant accident (LOCA). If ve assume that, after 
several hours, the aerosol fraction is small, the gas-borne fraction of 
iodine vill be governed by the distribution betveen the atmosphere and the 
vater pools. If both states are assumed to be veil mixed, this fraction is 
given by 

F - V(VV *
 B + ty 

vhere V, « volume of the gas space 

V„ = volume of the vater pools 

By taking representative values for a modern PVR, 

V, - 8 x 104 m3 

Vw « 300 m
3 (total RCS + accumulator vater), 

then a value E « 10000 leads to a gaseous iodine fraction F * 2.6%. This 
example also illustrates the accident context for which this reviev is most 
relevant. During the early stages in many accident situations, the 
airborne iodine in the containment vill be mainly in aerosol forms, and the 
gaseous forms vill be of minor importance if the containment fails at this 
stage. However, if__ihe containment survives for an extended period, the 
aerosols vill largely settle out, and their iodine contents vill be 
redistributed betveen the gaseous phase and the vater pools. In this case, 
the distribution of iodine betveen the pools and the containment atmosphere 
is a key question, vith respect both to leakage from the containment, and 
to immediate release if the containment fails. In the changed environment 
of a breached containment, the distribution coefficient vill be important 
in determining the rate at which iodine vill be released from residual 
pools. 

Recently, the state of knowledge of inorganic iodine behaviour 
relevant to severe accidents at PVRs and boiling-vater reactors (BWRs) vas 
extensively revieved by tvo of the authors [1].« Likely conditions of vater 
chemistry and radiation fields in the containments vere defined. This 
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review vas based on the assumption that iodine vould be released initially 
to the containment almost entirely in the form of involatile iodide, which 
vould quickly become associated with water. The following topics were 
identified as particularly important with respect to the outstanding • 
uncertainties in predicting the partitioning behaviour of iodine in such 
accidents: 

(1) Kinetics of oxidation of iodide ions in solution. This controls 
the rate at which involatile iodide is converted to potentially volatile-
forms of iodine. For severe accidents, the radiolytic oxidation rate was 
concluded to dominate, and investigations were recommended in the 
temperature range of 100 to 200°C, at dose rates up to 0.1 MGy.h*1, with 
and without oxygen. Further investigations of the thermal oxidation 
kinetics of iodide were also recommended, «specially on the effects of 
.catalysts. 

(2) Definition of the effective oxidation potential in water pools in 
-containment. The long-term partitioning behaviour of iodine is controlled 
by this oxidation potential, which in turn is determined by radiolysis, and 
by the presence of a vide spectrum of adventitious impurities, both 
•dissolved and colloidal. 

(3) Kinetics of iodate formation. If the -volatile products of iodide, 
oxidation are further oxidised to involatile iodate, the volatile fraction 
will be decreased. The rates •of the processes, both radiolytic and 
thermal, bringing «.bout this conversion, vere viewed as important. Again, 
the •effects of impurities vere -emphasized. 

(4) Partitioning of EIO and EI03. In Addition to I^, vhich is veil 
characterized, these species may contribute to inorganic iodine -volatility. 
Much of the data on EIO vas concluded to he •unreliable, .and most credence 
vas Attached to recent observations suggesting a -very low volatility for 
this species from solution. Further investigation vas recommended, 
«specially for temperatures from 100 to 150°.C. Studies to confirm that 
SL03 is involatile in this temperature range vere also recommended. 

<5) Equilibrium constants for aqueous reactions. Although 
improvements in the -definition of the thermal «equilibrium constant for the 
reaction -governing iodine disproportionation to iodide and iodate verë 
•deemed desirable, «specially for temperatures from 100 to 150'C, the 
influence of radiolysis on this equilibrium vas vieved as more important. 

(6) Organic iodide formation. This vas viewed as a pervasive topic 
in «11 accident situations, vith a poor data hase. Emphasis on 
investigation of radiolytic processes converting inorganic to organic 
iodide forms vas recommended. 

Extensive research programs in A number of countries have 
substantially Advanced our understanding of the relevant iodine chemistry 
in the two years since the review in Kef erence 1 vas completed. These 
Advances vere the subject of a two-day Workshop on Iodine Chemistry in 
Reactor Accidents sponsored by the Committee on the Safety of tJuclear 
Installations (CSNI) and held at Harwell curing 1985 September. The 
present review is intended AS an update to Reference 1, based largely on 
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the CSNI Vorkshop, and much of the background on iodine chemistry given in 
Reference 1 is not repeated here. 

It is now clear that iodine behaviour in containment in severe 
core damage accidents at water reactors will be dominated by the effects of 
radiation, and the presence of large quantities of additional materials, 
such as boric acid, core debris constituents (especially silver from 
control rods in PWRs), and organic materials of the containment 
construction (cable coverings, paints, etc). For this reason, the'main 
emphasis here is on developments relating to these effects. In particular, 
attention is given to the role of organic iodides, which were outside the 
scope of Reference 1. The purely thermal reactions of iodine in well-
controlled water chemistry regimes are particularly relevant to design-
basis accidents, and are only reviewed briefly. The following topics are 
considered in turn: 

- Thermal reactions 
Radiolytic reactions 
Impurity effects 
Organic iodide formation 

- Integral models and tests 
-' Volatility control. 

The final section'summarizes the conclusions and give 
recommendations for further>vork. 

2. EQUILIBRIA AND KINETICS OF THE REACTIONS OF 
IODINE SPECIES IN AQUEOUS SOLUTION 

This subject was reviewed by two of the authors in a recent 
report [1J. The iodine reactions considered in that report are listed in 
Table 2.1 and the same reaction-labelling convention is used in the present 
work. From these 17 reactions, the first seven are considered to be the 
most important under the water chemistry conditions likely in the 
containment sump pool or in an airborne, aqueous, aerosol droplet following 
a severe accident. Under these water chemistry conditions, reactions Rll 
and R12 are expected to be over to the right-hand side, with HI and EI03 
being completely ionized. The other reactions are expected to be important 
only under the most extremely oxidizing conditions. Such highly oxidizing 
conditions are considered unlikely in the systems of interest here. A 
detailed discussion of reactions Rl to R7 is presented below. 

2.1 THERMAL OXIDATION OF IODIDE 

V-
21" + 2H* + %02 +- I2 + H20 Rl 

Estimates of the equilibrium constants for Rl, in the temperature 
range of interest when considering severe accidents in a light-water 
reactor (LWR) (100 to 150°C), were made by Bell et al. at the Oak Ridge 
National Laboratory (ORNL) [2], Bawden [3] and Lemire et al. [A]. The 
estimates made by these workers agreed very well. 
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Our ability to define the kinetics of Rl has been helped greatly 
by the recent vork of Burns and Marsh 15]. They reported the results of 
•experiments vhere KI in aqueous solution (10_1 to 10~3 mol.dm-3) vas 
oxidized by dissolved oxygen in the temperature range 100 to 300°C. At 
100°C, the rate of oxidation of iodide to iodine vas found to conform to 
the following rate lav: 

, , „ -3 -IN v i r T - ^ m u n i 7.14x10* [I~12 10,1 fB+1 TB(0H),1 
»ate (mol.dm'3-s"1) « 347[I-]2lH+][03] + (l i 1.47 » 10* [B*]) ' 

The second term in this expression refers to the contribution of 
the boric acid buffer. At 300°C, the reaction rate is given by 

a»t» 0 15 nri n-i * 27.7 [B(0H),1 TH+1 m 
Bate . 0.12 [B ] [I ] + (1 ^ 2.05 x lO'lH*]) * 

Again, the second term refers to the contribution of the boric 
acid to the reaction rate. An activation -energy of 32.7 kJ.mol-1 vas 
assigned to this reaction in the absence of boric acid and 24.3 kJ.mol"1 in 
its presence. 

To account for the difference in the reaction rate lavs vith 
temperature, the following speculative mechanism was suggested lor 
oxidation TO iodine in the absence of boric acid: 

I- •+ Ba0 "*»• Ba0I-

BjOI- -• 03 % B203I-

2203I- •+ B* *»£303I 

B3031 •+ I* * B20 •+ EI0 -+ ICT 

BÛI 4 l ' + r i > I : 4 M30 

with a similar reaction scheme for the reactions -of boric acid. Changes in 
the relative rates of these reactions vith temperature were invoked to 
«xplain the variation in the rate lav. Previous analyses -of the rate of 
iodide -oxidation by Sigalla and Berbo [6] refer to a very acid regime * 
<pE * 1). The •experimental results of Burns -and -harsh vere obtained in 
much less «cid regimes (pB • 4.8 to 6.5). Application of the Sigalla and 
Berbo rate lav to these -experiments gave -calculated oxidation rates much 
lover than vere observed. It vould appear that, in the less-acid 
conditions of Interest in "severe LVR accidents, the reaction -mechanism 
suggested by Sigalla and Berbo does not apply. 

dearly, our ability to predict the rate of thermal oxidation of 
Iodide in aqueous solution iolloving a severe accident in an LOR has 
improved; hovever, it should be remembered that other species likely to be 
present In the containment sump pool, such as metal ions (Cu*, Te3*), «re 
Jcnovn to affect the thermal oxidation rate of I", Sellers [7] documented 
some of these reactions and rate constants. Also, Burns and tiarsh noted 
than, vhen these thermal oxidation experiments vere performed in gold or 
platinum vessels, the rate of iodide oxidation vas reduced. Vhen 



- 258 -

attempting to calculate the rate of aqueous iodide oxidation, it is, 
therefore, necessary to have some knowledge of the likely composition of 
the sump pool following the accident. The rate of iodide oxidation will be 
affected by the presence of ionic and colloidal materials in the sump pool 
as veil as the constructional materials of the sump pool. These materials 
and their likely effects still need to be characterized. Also it should be 
remembered that Burns and March performed their measurements in iodide 
solutions of 10"1 to 10"3 mol.dm-3 concentration. Lower concentrations are 
expected in the solution of a sump pool after a severe accident. Sellers 
[7] has already shown that the kinetics of some iodine species reactions 
are subject to change on extrapolation to lower concentrations. 

2.2 IODINE HYDROLYSIS 

I2 + H20 -• HIO + H
+ + I" R2 

Although estimates [2,4] based on experimental measurements [8] 
of the equilibrium constant for R2 give satisfactory agreement at 25°C, 
their agreement at higher temperatures is rather poor. The principal 
reason for this is the uncertainty in the value of the entropy of HIO (aq) 
(79 ± 40 J.K~1.mol~1). However, a thermodynamic data sensitivity study [1] 
identified uncertainties in the value of the equilibrium constant for R2 as 
being only minor contributors to the overall uncertainties in the 
partitioning of iodine between the gaseous and aqueous phases. 

Measurements of the kinetics of this reaction by Eigen and Kustin 
[9] and, more recently, by Palmer and von Eldik [10] established R2 as 
being very rapid, with equilibrium being attained in < 1 s. An essentially 
instantaneous reaction can be assumed at all temperatures of interest here. 

2.3 DISPR0P0RTI0NATI0N OF HYPOIODOUS ACID 

For the purpose of determining equilibrium constants, this is 
usually considered the composite reaction: 

S3 -
3 I2 + 3 B20 <- I03 + 6 H

+ + 5 I". . R3 

Unfortunately the equilibrium constant for reaction R3 is not known as 
accurately as those for many other iodine reactions at 25°C. This is due 
to the relatively large uncertainty in the standard Gibbs energy of 
formation of the iodate ion. The variation of the equilibrium constant 
vith temperature vas poorly known until recently. Studies by Ashton et al. 
[11], Palmer et al. [12] and Saluja et al. [13] have helped to remedy this 
situation. 

Ashton et al. [11] measured K3 at temperatures up to 200°C, using 
a combination of potensometric and spectrophotometry techniques. Palmer 
et al. [12] also measured K3 at temperatures up to 200°C, using 
spectrophotometry. The most accurate of these studies has been performed 
by Saluja et al. [13], vho measured the standard heat capacity of the 
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Iodide and iodate ions as a function of temperature. These values, 
combined vith the knovn standard heat capacities for aqueous I2, allov the 
variation of K3 vith temperature to be calculated accurately. It should be 
stressed that all of the above measurements are relative to the value of Kl 
at 25eC. Thus, although the variation of K3 vith temperature is now knovn 
accurately, the value of K3 at 25°C still has a large uncertainty. 

Recent attempts to analyze the kinetics of the S O 
disproportionation reaction: 

. 3 HIO -• 105 + 2 I" + 3 B* 

presented a contradictory and confusing picture. Kinetic studies Dade by 
Thomas et al. [14], Toth et al. at ORNL [15] and Paquet te et al. at 
tfhiteshell [16] are reviewed in Reference 1. 411 of these vorkers found 
the reaction to be second order vith respect to HIO but vere unable to 
agree on the values of the rate constant for this reaction and, in 
particular, its variation vith the ionic strength and pE of the aqueous 
solution in vhich the reaction occurs. Recently, further investigations of 
this reaction have been made by the group at Vhiteshell, as veil as by 
Buxton et al. 117], Deane [18] and Burns and -harsh [5] in the UK, but 
serious differences in results and interpretation persist. 

Taquette et al. [19] at whiteshell found the reaction to be 
second order in H O in the p"ET:range 2 to 12. They also found the reaction 
to be catalyzed by borate and phosphate ions. At higher OH" 
concentrations, the reaction vas found to be first order in I" and second 
order in 10". They invoked a number of different reaction paths to explain 
their findings, such as 

2 SOI ^ S * I02 4 T + 2r 

SOI •+ I07 s l $ V Z02~ •+ I" -+ H* 

jcr -»• soi sl<9F loy- + r + r 

10- •*• J- -• B3O
 f a^1 m2<r * -t>B-

m^xr + or* 1 0 ^ zo2- * 2 r •+ s* 

20- + i o a - ±a^t jo , - + r 

•vith the relative importance .of each path being determined by the solution 
pH. A Raman spectroscopic band at 685 cm-1 «as assigned to the 
intermediate J0j~ and a hand at 560 cm'3 to the veak complex €I20~. 

Buxton et al. "[17] investigated the thermal stability of £10, 
generated by staking dilute solutions of I3 slightly alkaline. The HIO -was 
found to undergo disproportionation according to second-order kinetics, 
vith a rate -constant of 5.5 * 1.0 -dm'.mol"*.*""1.. This value vas far lover 
than that reported by Thomas et al. [14] of (2.5±1.6) x 102 dm3«»ol-1-s"1. 
in buffered solutions. In an attempt to explain these .findings, Buxton -et 
al. conducted a systematic investigation of the-effects of OB" and boric 
acid concentrations on the rate of this reaction. They found that both of 
these species accelerated the reaction rate according to 
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K - (5.6 ± 1.2) + 104 [OH"] dn^-mol"1^-1 

K --<-?. 1 ± â.3) + 2.2 x 103 {borate] dm3 -mol-1 «s-1 

where the first term represents the rate constant for the reaction in 
unbuffered solution .and the second term, its enhancement due to the 
presence of OH" or borate ions. 

Deane [18] reported the results of an investigation into the 
rates of iodine hydrolysis. The growth and decay of iodine species in a 
solution containing 2 x 10* mol-dm"3 iodine were monitored by ultraviolet 
spectrophotometry. The experiments were performed in either pure water or 
water containing Ag+ ions. The Ag+ ions were added to precipitate the I" 
formed by I2 hydrolysis, thereby reducing the I2 concentration and 
increasing the HIO concentration. Deane attempted to interpret his results 
by setting up a kinetic model of his system, invoking the following iodine 
species reactions: 

I2 + B20 t HIO -t- I" + E+ 

HIO + I" t HI20~ 

HIO + HIO t HI02 -KX- + H+ 

HI02 + HIO t HI03 + I" + H+ 

HIO + H+ t B2I0
+ 

I2 + I"
 t I3-

The rate constants for the reactions of HIO with itself and with 
HI02 were varied in a computer simulation to obtain a 'best fit' between 
the calculated predictions and the experimental observations for this 
system. The result obtained suggested that the HIO + HI02 reaction was the 
rate-determining step rather than the HIO + HIO reaction, in complete 
contrast to the observations of the other workers. This may be a 
consequence of the lower iodine concentrations used by Deane in his 
experiments and is a matter requiring further investigation. 

Burns and Harsh [5] also reported the results of a systematic 
investigation of the effects of pH, buffers and temperature on the HIO 
disproportionation reaction. Like Deane, they used a kinetic model to help 
interpret the results of their experiments. These workers found no 
dependence on the rate on initial I2 concentration but found boric acid 
increased the reaction rate, especially for solution pH > 8. When KH2P04 

was used as a buffer the rate was enhanced by a factor of 10. They found 
that they could reconcile their results with those reported by Thomas et 
al. [14] and by Buxton et al. [17] if a synergistic effect of both borate 
ions and OB" upon the rate of the reaction was assumed. At a pH of 8, this 
activation energy with pH, as observed by the ORNL workers [15], was 
explained by considering the relative importance of the reactions of HIO 
with itself and with I0~ at different pH values. The latter reaction was 
assumed to have the lower activation energy. 



- 261 -

Although considerable progress has been made in our ability to 
predict the rate of this reaction during a severe accident in a LWR, there 
are still a number of problems to be solved. In particular, a more 
•complete understanding of the effects of buffers, pH, temperature and . 
iodine concentration'on the rate of this reaction is needed. Also ve need 
a kinetic model for this reaction that is consistent vith the observed 
kinetics of the reverse process, the Dushman reaction. 

2.4 - TRI-IODINE FORMATION 

1; 4 r • I3" (R*> 

Ashton et al. [11] recently reported measurements of the 
•equilibrium constant of £4 for temperatures up to 200°C, using a variety of 
-experimental techniques. These measurements gave consistent values for K4. 
Previous estimates of the values of K4, in the temperature range of 
interest to severe LWR accidents, vere based upon the extrapolation of 
•experimental measurements made belov 60°C. Ashton et al.'s measured values 
Are in satisfactory Agreement vith these previous estimates. Palmer et al. 
J12] Also recently measured the equilibrium constant for JM for 
temperatures up to 200°C using a -spectrophotometric technique. Eis data 
«re in agreement vith those -of Ashton et al. 

Measurements on the kinetics of this reaction have been made by 
Turner et al. 120]. They demonstrated, by means of a special, laser, 
Raman, temperature-jump method, that equilibrium is established very 
rapidly. Like reaction R2, therefore, an instantaneous attainment of 
•equilibrium can be assumed. 

2.5 IONIZATION OF HYP0I0D0US ACID 

me -«- s* •+ IT us 

"Bell e t a l . ]2] recommended using the dissociation constant of 
fiOBr to represent the equilibrium constant for P5. This approach gives 
«stimates of the equilibrium constant used to -calculate thermodynamic 
"values by Xemire e t a l . [4] . These s t i l l represent the best available 
•estimates for K5 [1] . "Being an ionization -process, R5 v i l l reach 
equilibrium so rapidly that instantaneous equilibration can be assumed. 

2.6 PROTONATION OF B7P0I0D0PS ACID 

BiTO* •*• B+ + SCO -R6 
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Experimental measurements [8] of the equilibrium constant for R6 
at 25°C are available. At higher temperatures, only estimated values [2,A] 
are available. Consequently, the range of uncertainty in the values of K6 
for temperatures in excess of 100°C are likely to be quite substantia}. 
These uncertainties have received little attention since publication of 
Reference 1, but they are expected to be important only for solutions with 
a pH value below 6. 

2.7 IODINATION OF HYPOIODITE 

10" + I" + B20 <- HIjO" + OB" R7 

At 25°C, a value of 0.13 vas assigned to the equilibrium constant 
for R7 by Chia [21] and a much smaller value by Sigalla and Herbo [6]. 
Wren et al. [22] recently reported a value of 0.26 for R7 at 25°C. Only 
estimates are available at higher temperatures, vith Bell et al. [2] 
suggesting a value of 0.31 at 100°C and Bavden [3] a value of 0.039. It 
has not been possible to recommend any improved values for K7 since 
Reference 1 vas published. 

2.8 • PARTITIONING OF IODINE SPECIES 

The partitioning 'of the potentially volatile iodine species, I3, 
EI0 and HI03, between aqueous, solution and the gaseous phase vas discussed 
in Reference 1. The partition coefficient data for I2, in the temperature 
range of interest to severe LVR accidents, vere considered to be 
satisfactory in this review. Although there vas no partition coefficient 
data available for EI03, this species vas not considered to be a 
significant contributor to iodine volatility, since this species vould be 
expected to be completely ionized in aqueous solutions with pB values in 
the range of interest to severe LVR accidents. Although Reference 1 
discussed a number of attempts to determine the partition coefficient of 
EI0, no satisfactory values could be obtained, because of the large 
uncertainties and difficulties of interpretation associated vith the 
experimental methods used. Instead a value of > 10* vas recommended for 
the partition coefficient of EI0 at 25°C, based on the results of some mass 
spectrometric measurements [23]. To extrapolate this value to higher 
temperatures, Lin's thermodynamic data [24] vere used to give a value > 450 
at 100°C. 

It is still not possible to recommend partition coefficient 
values for HI0 vithin satisfactory ranges of uncertainty. Bovever, Furrer 
et al. [25] recently used a radiochemical tracer technique capable of 
measuring iodine partition coefficients of up to 2 x Hr for H T 4 mol-dm-3 

iodine solutions. Measurements to date have been confined to a range of 
conditions vhere HI0 vould not be expected to exist in appreciable 
concentrations in solution. These vorkers are considering making 
measurements under conditions vhere BIO may contribute to iodine 
volatility. Some iodine partition coefficient measurements by Kelly et al. 
at the University of Virginia vere recently published [26]. This vork is 
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principally concerned vith the change in the iodine partition coefficient 
of an aqueous solution as a function of time, as the iodine in solution 
undergoes thermal and radiolytic reactions. Because these workers had 
difficulty in obtaining reproducible separations of the aqueous and vapour 
phase iodine species, this'work is of little value in determining the 
partition coefficients of individual iodine species, although it may be 
useful for testing computer codes such as IOKIN [1] or the Vhiteshell model 
discussed in Section 6. 

3x an attempt to identify EIO in the gas phase, Clemitshav et al. 
127] tried to obtain the infrared spectrum of EIO, prepared by the reaction 
of Ij vith OH radicals in the gaseous phase during the photolysis of 
CB3ONO-02-Ij and B0N0-I2 mixtures. Unfortunately, no infrared spectrum of 
EIO could be obtained in the region vhere EIO bands were expected to lie, 
1075 to 1103 cm"1, because of interference from vibrational bands from 
CB30N0 and its photolysis products, CB30N and HCO. However, indirect 
-evidence for EIO formation vas provided by monitoring the decay of I2 

during photolysis and its reformation when photolysis ceased. The kinetics 
of these processes vere consistent vith a reaction between 0E and I2 to 
lorn £10, vhich subsequently reacted vith IN0x intermediates to reform 13. 
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TABLE 2.1 

REACTIONS OF IODINE SPECIES IN AQUEOUS.SOLUTION 

21- + 2H+ + "fe02 

I2 + H20 

3I2 + 3H20 

I2 * I-

HIO 

B2I0
+ 

10- + I- -»• H20 

io- + i-

io- + o2 

2I03~ + 02 

HI 

HI03 

H4I0fi-

H5I06 

H4I06-

H3I06
2-

I04- + B2I0E
3-

*» I2 + H20 

* HIO + H+ + !" 

* IOj- + 51- + 6H+ 

* I 3 -

*» B+ + 10-

*> E+ + HIO 

*» HI20~ + OH-

% i2o
2-

*» io3-

** 2I0<~ 

*» H+ + !" 

*> H+ + I03" 

*» 2H20 + I04" 

*> H4I06" + H
+ 

*» H3I06
2- + H+ 

*» H2I06
3- + B+ 

*H2I2010«-

Rl 

R2 

R3 

R4 

R5 

R6 

R7 

R8 

R9 

RIO 

Rll 

R12 

R13 

R1A 

R15 

R16 

R17 
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3. RADIOLYSIS 

High radiation fields vill be present in the containment building 
in the early stage of a severe reactor accident:. Dose rates as high as 
0.1 MGy-h-1 can be estimated for some accident scenarios. Radiolytieally 
induced reactions can play a significant role in the interconversion of 
aqueous iodine species. 

In .a dilute aqueous system, radiation primarily affects vater, 
the major component of the system, decomposing liquid vater to a mixture of 
reactive radicals and stable molecules. For ^-irradiation, the 
decomposition process can be represented by 

4.4 B20 •+ 2.7 e~ + 0.6 B- «• 2.7 OB- •+ 0.4 E2 «- 4.7 £ 20 2 + 2.7 H+. 

The numbers in the above reaction are the G values, the average number of 
molecules formed (or the number of initial molecules destroyed) by the 
Absorption of 100 eV (1 eV • 1.602 x 10~19 J) of energy from the radiation. 
The products are a mixture of highly reactive oxidizing and reducing 
.species capable of reacting vith themselves, vith vater, .and vith solute 
species, to form more radicals and stable species. 

The rate of all the reactions involved is veil knovn for vater. 
The steady-state concentrations resulting from continuous -^irradiation at 
low and moderate dosé rates can be calculated reliably for pure vater and 
for solutions containing various added amounts of B2 or 02. 

As expected, the interactions between the vater xadiolysis 
-products and dissolved iodine species are complex, à .large number of 
short-lived intermediate species have been observed or, -mostly, postulated 
to exist. Tor the iodine/ va ter system, €*"„ is alvays reducing and 0B* is 
oxidizing. The other important vater radiolysis products are E202 and B*, 
which can be -either reducing or oxidizing, depending on the pB. Molecular 
bydrogen, B 2, is not a kinetically effective reducing «gent in vater. 

Xf iodine is initially present «s the iodide ion following 
dissolution of Csl or HI, oxidation vill proceed until back reactions 
reducing the -produced 12/HI0/I0,~ balance the oxidation rate. Whether this 
xadiation-induced steady-state vill lean towards I' or towards oxidized 
Iodine species vill depend on « "variety of factors. The pB is expected to 
be important, since the -nix of reactive oxidizing and reducing species 
xesulting from «ater radiolysis is pB dependent. Also, the .aqueous 
^chemistry of iodine is strongly influenced by the pB. Impurities that can 
scavenge specifically either the reducing or the oxidizing reactive species 
«an play «n important role. 

To describe fully the chemistry of dilute iodine solutions during 
xadiolysis, a large set of chemical reactions is required. Several 
Attempts have been made to assemble such reaction sets and these bave been 
incorporated into the chemical kinetics models described in Section €. For 
reference, one set of reactions is included in this reviev in Table 3.1. 
The reaction rates are largely taken from the reviev by Sellers [7). This 
reaction set is not necessarily complete and many of the -rate constants are 
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subject to large uncertainties. In the remainder of this section, some of 
the more important processes .involved in the radiolysis chemistry are 
discussed further. 

The interconversion between I" and I2 in neutral and basic 
deaerated solutions is relatively veil understood. The OH* radical is the 
main oxidizing agent, whereas the solvated electron and the hydrogen atom 
are the major reducing agents. Since (G.~ + G„*) > Goll*, the overall 
effect of radiation is reducing at neutral and basic pH. In aerated 
solutions, the solvated electron is scavenged by dissolved oxygen to form 
the 07~/H02 radical. The superoxide radical is a strong reducing agent 
and, thus compensates for loss of the solvated electron. 

Good progress has been made over the last two years on the study 
of the effect of y-radiation on iodine species in higher oxidation states, 
i.e., HIO and I03~. Recently, Buxton et al. [17] presented experimental 
evidence that HIO is oxidized to 10' under r-irradiution, by reaction with 
I2 at higher I~ concentrations, and by reaction vith OH* at lov iodide Ion 
concentrations. Iodate is then produced by a series of intermediate 
reactions involving I(II) and I(III). Their proposed mechanisms can be 
summarized as 

OH- + HIO •+ 10- + H20 

I2- + HIO -+ 10- +S2I- + H
+ 

I2~ +10" -> 10- + 21-

210- + H20 -+ HIO + I02" + H
+ 

10- + I02- -» 10- + I02* 

I02* + H20 -* HI03- + H
+ 

2HI03- •+ I03- + I02- + B20 

The same authors studied the radiation chemistry of I03~ using 
pulse radiolysis. The studies shoved that e", and 0H~ react vith the 
iodate ion. They proposed the following reaction scheme for the reaction 

*03" + K* -* IO32" + H+ <- HIO3-

followed by the reactions described above the the radiation-induced 
oxidation of HIO. . The ultimate product is the iodide ion at neutral and 
alkaline pH and molecular iodine in acidic solution. The oxidation of 
iodate by OH* yields periodates. These products are unstable in water and 
are not important from a reactor safety viewpoint. 

Iodine solutions can react in a complex way with hydrogen 
peroxide, which is produced by the radiolysis of water. Under certain 
conditions, oscillating reactions can be observed. These reactions are 
generally slower than reactions involving radical species; however, they 
can become important for long irradiation times. The mechanism for these 
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reactions is complicated and not completely unraveled. Edelson and Noyes 
128] proposed a mechanism that describes the Bray-Liebhafsky oscillating 
reaction. Burns and Marsh [5] studied the oxidizing reaction of E202 

B2°a * T + 10" + HjO " -- -

In borate solutions and noted that the boric acid had a slight catalytic 
•effect. Xshigura et al. [29] studied the reducing reactions of Ba02: 

B202 •* HIO/ICT -• I~ •+ BjO + 03 + B*. 

They also observed a catalytic effect, especially vhen a phosphate pE 
-buffer vas used. Similar conclusions vere reached by Fletcher and Miller 
130]. 

. Xadiolysis can also lead to the production and destruction of 
organic iodines in solution. Production is enhanced by the formation of 
organic free radicals, some of which can react vith I2 or E20. Organic 
radicals are formed preferentially by hydrogen abstraction by OB* radicals 
and I* atoms and react rapidly vith I2 and less so vith other iodine 
species. The destruction of organic iodides is primarily carried out by 
xeaction vith the solvated -electron: 

<£q + organic-I **; organic + T . 
\ .* • ••• 

Radiation -effects in the gaseous phase also have to be considered 
to describe the system completely. The radiation stopping pover of a 
caseous phase is much less than that of an aqueous phase because of the 
large difference in density. Nevertheless, irradiation of the gaseous 
phase can significantly affect the chemistry of iodine. Xn a strong 
xadiation field, N2 in air is partially ionized to N2* and N

+ ions, vhich 
•can react nrith £20 vapour and 02, yielding eventually nitric -acid, EN03 
131]. This «an lover the pB of the -aqueous phase and increase the 
-volatility of iodine. Irradiation of air also produces significant 
«juantities of ozone, 03. Ozone reacts rapidly vith some organic iodides to 
produce iodine oxides, vhich have a low volatility 132]. More studies are 
-seeded in this area. 

Good -progress has been made over the last lev years in the study 
of the effects of radiation on iodine chemistry. Enough data are available 
to be «ble to reliable estimate the iodide ion oxidation rates_i.n pure 
water and in solutions containing veil-characterized additives. Jiovever, 
the -containment sump pool vater following a severe nuclear reactor accident 
«ill not be a veil-characterized solution. It vill likely contain 
substantial amounts of dissolved ions and colloidal aaterial, as veil as 
•various debris and organic contaminants. These can have a vajor impact on 
the radiation chemistry of vater and iodine. These effects can occur 
«ostly through specific scavenging of the reducing or oxidizing radicals 
that result from vater radiolysis, thus upsetting the redox balance of the 
«aqueous phase. These are difficult to predict and vill depend on the 
iapurities in solution. 
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TABLE 3.1 

REACTIONS OF IODINE SPECIES 

Reaction 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

e^q 

eiq 

< q 

eIq 
c^q 
eIq 
C^q 

<«» 
eIq 
eIq 
e^q 

eIq 
H + 

H + 

H + 

H + 

E + 

H + 

H + 

H + 

fi + 

H + 

E + 

E + 

E + 

H + • 

B + • 

B+ • 

BI-

EI-

BIO; 

+ HI02 

+ HI03 

+ HTO 

+ BI20" 

+ I 

+ 10 + H20 

+ IOH-

+ IOj" + H20 

+ I03- + H20 

- I2 

+ I2" 

+ I3-

HIO 

BI02 

BI20-

HI03-

I 

I-

10 

IOH-

io2-

IO3-

la 

I»" 

I3 

•- BI-

»- B0 2I 2-

f IOH-

+ BjO 

+B(OH)3 + H20 

1 * H02 

-> 0H~ + 10 

-• OH" + I02-

-» OH" + I 

-» OH- + I 2" 

-• I" 

->• HIO + OH" 

-* I" + OH-

-• 20H- + 10 

-* HI03- + OH-

- 1*7.::-

-* 21-

-• I" + I 2" 

4 BjO + I 

-• H20 + 10 

-* H20 + I2" 

-* B20 + I02~ 

-> B+ + r 
-» EI-

-• BIO 

-• H20 + I" 

•* OH" + 10 

•* BI03-

-» B+ + I 2" 

-• B+ + 21-

-» E* + I2~ + !" 

-» H2 + I 

-» I 2 + H 20 2 

-• I + B20 

-• B2 + I + OH" 

•* B2 + I +B(OH)4 

-* 0 2 + 10 + B20 

DURING RADIOLYSIS 

Rate Constant 

at 25°C 

(8.0 x 10 9)* 

(1.0 x 10 1 0) 

(2.0 x 1010) 

(2.0 x 10 1 0) 

(5.0 x 10') 

(5.0 x 1010)/[H20] 

(5.0 x 109) 

(8.0 x 109)/IH20] 

8.5 x 109 

5.1 x 10 î 0 

(1.0 x 10 1 0) 

2.0 x 10 1 0 

(1.0 x 108) 

(1.0 x 108) 

(1.0 x 108) 

(1.0 x 108) 

(1.0 x 1010) 

5.3 x 106 

(2.0 x 10 1 0) 

(1.0 x 10 1 0) 

(1.0 x 108) 

9.5 x 101 

2.0 x 10 1 0 

(2.0 x 107) 

2.3 x 10 1 0 

(1.0 x 10 1 0) 

(1.0 x 10 1 0) 

(5.0 x 1010) 

(1.0 x 103)/IH20] 

(1.0 x 102)/[H20] 

(1.0 x 109) 

M": 

M~: 

M~: 

H"; 

M": 

M': 

M": 

M_: 

M": 

M~: 

M-

M-

M-

H-

H~ 

M~: 

M" 

M": 

M": 

M": 

M" 

M~ 

M-

M-

M~: 

M" 

M" 

M-

H-

K': 

ls-
ls-
ls-
ls~ 
ls-
ls-
ls" 
ls-
ls-
ls-
ls" 
ls-
ls~ 
ls-
ls-
ls-
ls~ 
ls-
ls-
ls-
ls" 
ls" 
ls-
ls" 
ls" 
ls-
ls" 
ls" 

s" 
ls" 
ls~ 

continued.... 
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Reaction Rate Constant 

at 25°C 

3 2 

3 3 

3 4 

3 5 

3 6 

3 7 

3 8 

3 9 

«40 

-41 

«42 

-43 

4 4 

-45 

-46 

-47 

-48 

«49 

•50 

5 1 

•52 

5 3 

5 4 

5 5 

5 6 

5 7 

5 8 

5 9 

« 0 

E I 0 2 •+ I 

E I 0 2 H- 1 0 -h B 2 0 

B I 0 2 •+ i 2 " 

HI0 2 •+ OH 

E I 0 2 •+ 03~ 

E I 2 O - •+ BO2 

m2o- * i 
E I 2 0 " •* l3~ 

HI 2 0~ •+ OB 

B I j O - -• 0^-

E I 0 3 ~ -+ E I 0 3 " 

HIO3" •+ OB 

m o •+ BOj 

BIO «• 3 

BIO -• I a " 

BIO -> OB 

B30 + Oj~ 

B 0 2 -f 3 

B 0 2 -f 1 0 

B 0 2 -+ I 0 2 -

B 0 2 «+ I 0 3 

B 0 2 •+ I a 

B 0 2 •+ 3 j " 

BaOa -f 3 

B 2 0 2 -> 1 0 

B 2 0 a «»• 30B" 

B 2 0 a + I 2 -

3 - * 3 

i + r 

-» HIO ->• 1 0 

-» HIO •+ H I 0 3 " «• H+ 

-• HIO + 10 + I * 

-• HIO3- -t- B-

-• 0 2 + OB" -t- 10 

-> 0 2 + B 2 0 <+ 1 2 " 

-• 2 1 - 4 r 4 1 0 

-» 3 T + H* + 10 

-> 20B" * I 2 

-> 0 2 -+ OB" •+ 3 2 ~ 

-> I 0 2 ~ -+ I O 3 - -+ B 2 

-* E^O «+ I 0 3 " 

-• B2
S0:* 0 2 -f 3 

-> 3 ~ «• E+ + 1 0 

« • 2 1 - •+ B+ -+ 1 0 

-> B a 0 «i- 3 0 

-• 0 2 f 30B" 

«• B+ -+ 0 2 + 3 -

-• 0 2 •+ BIO 

-> 0 2 -> OB" + 3 0 

- • 0 2 -• BIO3 

«»S* 4 ' 0 2 4 3 2 ~ 

-> B0232~ 

• • r + r + i o , 

-> BIO * B0 2 

-> B 2 0 •+ 3 " «• B 0 2 

-> E* •* 21' -> B0 2 

- » * j 

-»-v 

(1.0 x 10') 

(3.9 x 10")/IH20] 

( 1 . 0 x 1 0 ' ) 

(1.0 x 109) 

(1.0 x 109) 

(1.0 x 10 s) 

(1.0 x 105) 

(1.0 x 10 s ) 

(5.0 x 109) 

(1.0 x 109) 

0 5 .2 x 10° 

(1.0 x 109:) 

(1.0 x 109) 

(1.0 x 105) 

1.0 x 105 

(5.0 x 1 0 s ) 

(1.0 x 109) 

(5 .0 x 109) 

(1 .0 x 10') 

(1.0 x 10 9 ) 

(1 .0 x 109) 

(1 .0 x 10») 

(5.0 x 30*;) 

(2.5 x 10 9 ) 

(1 .0 x 10 4 ) 

(2.5 x 109) 

(1 .0 x 10 s ) 

2.0 x l6 i e 

1.2 x 1 0 i e 

K'^s'1 

H-Xs'1 

M ^ s - 1 

M~as-1 

M'1*"1 

M-* s-
a 

VTxs'1 

M-is"1 

vrls'1 

vr^s-1 

M - i s - 1 

vr1s'1 

vr^s'1 

*r1s_: 

K'1s". 

M"1*-

«- ls-
M"1s-

•ir1s-
V1s' 
•K"1»-

iTls-. 
•ir1*-
*Tas_ 

ir 1 s-
H - i s " 

M-as" 

K'xsm 

I T 1 * -

-continued.... 
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61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

I + 

I + 

I + 

I + 

I + 

I" 4 

I" « 

10 f 

10 f 

10 4 

I0H-

IOH-

IOH-

IOH-

IOH-

IOH-

IOH-

I02" 

I02" 

io2-

io3-

I2 « 

I2-

I2-

I2~ 

I2" 

Ij-

I3-

Reaction 

IOH-

I02~ + H20 

I2" 
OH 

o2" 
IOH-

OB 

10 + B20 

IOj- + H20 

02- + H20 

+ B(OH)3 
+ IOH-

+ OH 

• V 
+ OH 

+ I2~ + H20 

+ OH 

+ 02" + H20 

+ Oj" + H20 

o2~ 

* I2-

+ OH 

+ o2-

+ OB 

+ o2-

-• I2 + OH-

•* HIO + 10 + OH" 

•n, + r 
•» HIO 

•» 02 + I-

-» Ij~ + OH-

-» IOH-

-* I02- + HIO + H
+ 

-• HIO + HIO3-

-» 02 + HIO + OH" 

-• I" + OH 

-> I : + OH-

-• I V-:B(0H) 4-

-* I" + I" + H20 

-• BIO + OH" 

-» I2 + I" + OH-

-> I" + H202 

-• HIO+IO + I" +0H-

-* HI03" 

-• 02 + 20H- + 10 

-• 02 + OH
- + HIO3-

-* o2 + i2-

->I + I" 

•• I2 + 21-

-• OH- + I2 

-» 02 + 21" 

-• OH" + I2 + I 

-* 02 + I" + I2" 

Rate Constant 

at 25°C 

(2.0 x 1010) 

(1.0 x 108)/IH20] 

9.0 x 109 

(1.0 x 1010) 

(5.0 x 109) 

2.5 x 104 

2.8 x 1010 

3.7 x 109/[H20] 

(3.0 x 108)/tH20] 

(1.0 x 108)/IH20] 

2.3 x 106 -

1.2 x 108 

(1.0 x 102) 

(2.0 x 1010) 

(2.0 x 1010) 

1.8 x 1010 

(2.0 x 1010) 

(1.0 x 108)/IH20] 

(1.0 x 109) 

(1.0 x 109)/[H20] 

(1.0 x 109)/[H20] 

(1.0 x 108) 

6.0 x 104 

9.0 x 109 

(1.0 x 1010) 

(5.0 x 109) 

(2.0 x 10lc) 

8.0 x 108 

• 

M-ls-a 

H-^s-1 

M-is-1 

M-^"1 

M_1s-1 

M^s-1 

M-^-1 

M^s"1 

M-1s'1 

H-ls~1 

s"1 

s"1 

M^s - 1 

M^s"1 

M"1s"1 

K-1s-1 

M^s"1 

H-1s~1 

M^s"1 

H"1s-1 

M-1s~1 

M^s"1 

s"1 

M^s"1 

M-1s~1 

M-1s~1 

M-1^-1 

M"^-1 

* reaction rates in brackets are estimated values 

* M-1s"1 « dm3.mol"1.s~ l 
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4. IMPURITY EFFECTS 

Impurities, derived from the fuel or reactor containment 
materials, may affect the volatility of iodine in aqueous solution 
following a severe accident in an LVR. The effects of borate and phosphate 
buffers and metallic impurities such as iron and copper on the thermal and 
radiolytic reactions of iodine species in aqueous solution have been 
discussed in the previous sections and vill not be discussed any further 
here. Reactions between iodine species and organic impurities, leading to 
the formation of volatile organic iodides, vill be discussed in the next 
section. 

Burns and Harsh [33] demonstrated that extraneous substances 
could have a dramatic impact on the yield of I2 produced by the radiolytic 
oxidation of I~ In solution. Vhen a small specimen of Teflon vas placed 
•either in the gas space above the iodide solution or in contact vith the 
-solution, the I2 yield increased substantially. They suggested that 
fluorine compounds released from the Teflon during irradiation reacted vith 
the I" in solution to yield I2. 

The effects of colloidal materials on the 'volatility of iodine in 
Aqueous solution have been investigated by ORNL [34] and Furrer and Gloor 
[35]. In a series of experiments at ORNL, silver particles, of 100 mesh 
size, vere suspended in aqueous solutions containing 10"* mol.dm"5 of I" 
and 10~6 mol.dm"3 of I2. The'solutions vere buffered to pE values of 
•either 6 or 9 vith boric acid and subjected to y-irradiation from a *°Co 
source at a rate of 8 kGy.h"1. The silver not only reduced the volatility 
of the iodine in solution but also retained a significant "proportion of the 
iodine lolloving irradiation, by formation of .Agi. 

In one series of tests, The silver to iodine gram-atom ratio vas 
-varied and the solutions vere given a total y-dose of 10 kGy. For silver 
particles vith a specific surface area of 0.008 a^.gm"1, a silver to iodine 
xatio of 300:1 vas needed to convert all of the iodine to Agi. At a ratio 
•of «46:1, a dose of 10 kGy converted only 20Z of the iodine to Agi, but 
increasing the dose -to 160 kGy increased the conversion to 832. Since the 
•direct reaction of aqueous I" vith silver -metal -does not -occur in the 
absence of radiation, the ORNL vorkers proposed that vater radiolysis 
intermediates, such as OH* or Ba02, must he involved in reactions such as 

Sa0a <+ 2Ag •• -21" -> -2B* -> 2AgI •+ 2B30. 

This Assumption -vas tested by adding silver povder to a solution containing 
10""4 «ol-dm~3 and 10"3 mol.dm"3 B202 at a pH of 7 and a temperature of 
298 F.. After one hour, 982 of the iodine vas converted to Agi. In another 
series of experiments, the total iodine concentration in solution vas 
reduced from 10"4 -mol.dm"3 to 10"* mol.dm"3 before Addition of the silver 
povder and irradiation. At these lover concentrations, the silver vas less 
•effective in trapping the iodine. This possibility reflects the greater . 
significance of the radiolytic oxidation of I" to 10," at these lov 
-concentrations. 
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Iodine retention by aerosols derived from materials vaporized 
from fuel simulants, after heating them to 2400°C, vas tested at ORNL. In 
the first tests, aerosol material containing silver, tin, iron and chromium 
was added to a solution containing 10"* mol.dm-3 I" and 10"6 mol.dm-3 I2. 
Even with an effective silver to iodine gram-atom ratio of 12:1, 982 o*f the 
iodine was converted to Agi after a radiation dose of 10 kGy. In a second 
test, in which aerosol material containing tin, uranium, tungsten and 
traces of zirconium and iron was added to the solution, less than IX of the 
iodine was converted. Hence, of the materials likely to be released from 
the reactor core during a severe accident, silver seems to be the most 
effective at retaining the iodine present in the containment sump pool, 
following the accident. The effectiveness of the silver-containing aerosol 
in these tests probably reflects the high specific surface area of the 
aerosol material. 

Furrer and Gloor [35] examined the effects of 2-um silver 
particles on the radiation chemistry of Csl solutions. The silver vas in 
100-fold stoichiometric excess over the iodine. Even in the absence of 
radiation, more than half of the iodine present was converted to Agi within 
10 hours at 30°C. The conversion was accelerated in a radiation field. 
These workers found Agi not to be a perfect sink for iodine. Irradiation 
of a suspension of Agi at a pB of 7 resulted in conversion of about 0.22 of 
the iodine to I2. • 

The effect of dissolved gases on the radiolytic oxidation of 
aqueous I" to I2 was investigated by Lucas [36]. In these experiments, 
10"3 mol.dm"3 aqueous solutions of Csl were saturated with a mixture of 
air, C02 and B2 in the same proportions as might be expected in a 
containment building atmosphere following a severe accident. The presence 
of C02 exerted a buffering influence that increased the yield of I2. 
Addition of CsBC03, the form fission product cesium is expected to take in 
C02~ saturated aqueous solutions, exerted a similar buffering effect. 

Thus, experimental evidence shows that, whilst some impurities 
that could be present in the containment following a severe accident may 
lead to increased radiolytic yields of volatile I2 in the containment sump 
pool, other materials, such as colloidal silver, may act as fairly 
effective traps for iodine. The nature of the interaction of silver metal 
with iodine species is still poorly understood and merits further 
experimental investigation. 

5. ORGANIC IODIDES 

The formation of organic iodides is recognized as having a 
crucial impact on the volatility of iodine under nuclear reactor accidents. 
Measurements at Three Mile Island 2 after the 1979 Harch accident shoved 
that organic iodides were the principal iodine species in the rector 
building atmosphere, although the amounts of radioiodine detected as 
airborne species vere very small (less than 0.03% of the original core 
inventory) [37]. The origin of these organic iodides has not yet been 
established. The organic iodide forms have not been definitely determined 
either, although it is widely believed that CE,I is the predominant organic 
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iodide species. This belief is based on a study by Eggleton and Atkins 
[38] in vhich - 852 of airborne organic iodides was identified as CH3I. In 
their experiment, elemental iodine was vaporized inside the PLUTO reactor 
shell under conditions atypical of reactor accidents, in terms of ambient 
temperature and low humidity, very lov iodine concentration, lov radiation 
level, and relatively clean environment [38]. However, this preoccupation 
with CEjI is misleading. Numerous other volatile organic iodides are more 
readily formed, and the actual distribution of organic iodides will depend 
on the organics present, which will vary from plant to plant, time to time, 
and accident to accident. Thus, one should not underestimate the possible 
importance of other organic iodides. 

Organic iodides can be formed in a containment building by 
•various mechanisms including homogeneous and surface reactions in the 
presence -or absence of radiation. Organic iodides are highly unlikely to 
be formed within the fuel or in the primary heat transport system. 
Thermodynamic and kinetic calculations have shown that the high 
temperatures and radiation field will prevent the formation, or buildup, of 
any significant quantities of methyl iodide [39-42]. Subsequent to release 
from the fuel and the primary heat transport system, iodine will be found 
on various surfaces and in gaseous and aqueous phases. Therefore, 
reactions of iodine with organic impurities or other carbon sources in 
these media are -conceivable. 

5-1 SURFACE ItEACTIONSs/,;:-

-Reactions of iodine with various reactor surfaces have been 
extensively studied, vainly from the viewpoint of iodine retention [43-49]. 
These investigations indicated that the formation, or destruction, of 
organic iodides -can be catalyzed by surfaces, although the source of carbon 
and the mechanism -of -organic iodide formation could not be identified. For 
example, in a recent study of surface effects on the transport of airborne 
radioiodine, Bemphill and Pelletier [48] reported that, as a result of 
interactions vith various surfaces, up to 502 of the resuspended iodine vas 
in the form of an organic iodide under high humidity and ambient 
temperature conditions. Lin [49] also studies airborne iodine removed by 
anoist air at room temperature from steel wool, which vas originally loaded 
vith 'elemental iodine [48]. Of the desorbed iodine, 20 to <40Z vas in the 
form of organic iodides, but the total iodine removal rate vas small-
(- 0.12 -per iour). 

The «echanism of these surface reactions is far from understood, 
«nd the source of -carbon has not been identified. There has been much 
speculation on the stechanism. It has been suggested that the -mechanism say 
include hydrogen-carbide interactions to form traces of acetylene, -which 
then react vith the deposited iodine to form organic iodides in a steam 
environment 150]. The organic source may simply be organic impurities on 
surfaces of gaseous phase organic molecules in contact vith the surfaces. 

In a study of the reaction of I2 vapour vith organic paint 
coatings, Bennett «t al. [44] conducted a test vith a coating that «as 
heated to 100*C in flowing nitrogen for one veek. production of -methyl 
iodide vas not significantly reduced, but the production of ethyl iodide 
-decreased to their limit of detection. They suggested that this result 
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indicates that most of the ethyl iodide comes from reaction vith organic 
vapour while the methyl iodide results from reaction vith coating surfaces. 

Corrosion may also have an effect. It may reduce the adsorption 
"sites fôr.-iodine, or create chemically.more reactive surface sites. Durant 
et al. [51] considered the formation of methyl iodide on surfaces from a 
theoretical viewpoint. The proposed mechanism is 

surface 
I2 *• 21-

surface 
I* + CH4 «- CH3* + HI 

surface 
CB3' + I2 *• CH3I + I' 

vith the overall reaction being 

CH4 + I2 <- CB3I + HI. 

Although their analysis of large-scale tests using this simple surface 
mechanism is not acceptable, this work recognizes the importance of 
evaluating the rate of methyl iodide formation. Obviously, surface 
reactions for organic iodide format-ion are more complicated than -the 
proposed mechanism. 

Radiation may enhance, or reduce, organic iodide formation on 
surfaces. Salki and Tachikava [52] studied organic iodide formation on a 
copper surface, using 132Te as the iodine source. A constant yield 
(- 0.15%) of organic iodides under various atmospheric conditions suggested 
that the reaction occurs on the surface, and that 0-radiolysis of organic 
impurities on the surface provides organic radicals, which the reaction 
vith the recoiled excited * 3 2I. This work thus indicates the possibility 
that other £-decay species deposited on surfaces can generate organic free 
radicals that could react vith nearby elemental iodine. 

There are many studies on the effects of -Y-irradiation on 
-surfaces and their reactions. However, its effect on organic iodide, 
formation is not veil characterized. A study by Denschlag [53] shoved that 
CH3I formation is considerably enhanced by y-irradiation, while the 
reaction of methane vith deposited iodine is still slow. Possibly, other 
organic molecules may be more effective organic sources for the y-
irradiation-induced surface reaction. Decomposition of organic iodides on 
surfaces may also be affected by y-radiation. A study by LeGoff and LeTort 
[54] on CH3I decomposition on a tungsten surface at temperatures above 
1200 K indicated that the primary decomposition reaction on the surface is 

CH3I -» CH3* + I*. 

It has also been reported that methyl iodide decomposes by free radical 
formation on silica gel [55] and charcoal [56] surfaces. 
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Gamma radiation affects organic iodide formation on surfaces by 
releasing organic impurities from the surfaces, by enhancing the organic 
free radical formation, and by oxidizing or increasing the oxidation state 
of surfaces. Oxidation may reduce the iodine adsorption sites available 
[57], but may create chemically-more reactive, surface sites IA5]. 
Radiation also affects paint coatings by breaking up the highly polymeric 
binders 158], causing changes in structure, oxidation, embrittlement, 
blistering and evolution of gases. The extent of damage depends on 
pigments, additives, the type of paint, and the surface on vhich the 
coating is applied. Irradiation produces CH4 from C02 and B2, and this is 
catalyzed on steel surfaces 159]. 

Surface reactions can not be adequately predicted on a 
theoretical basis alone, so one must rely on experimental measurements. 
Much experimental data already exist, as discussed above. Additional 
.studies such as carbon-14 tracer experiments, to determine the source of 
carbon, and surface analysis to examine the corrosion characteristics, 
combined vith presently available data, would give a foundation for 
Application to reactor accident conditions. 

5.2 GASEOUS-PHASE 'REACTIONS 

Thermal reactions of iodine vith methane or other hydrocarbon 
impurities in the gas-phase; are very slov at the temperatures expected in 
containment after a nuclear.reactor accident [40,42,51]. Thus, radiation 
is considered 'the sain driving force for organic iodide formation in the 
.gaseous phase. 

-Organic iodides .are commonly observed products in radiation 
«chemistry experiments vhen iodine is used as a free radical scavenger 
during xadiolysis -of -gases [60]. Vast amounts of data are available on 
•organic iodide formation in radiation fields. In particular, the reaction 
of iodine and methane has been studied extensively, fiovever, the quantity 
•of products generated (or -decomposed) during irradiation and the G value, 
defined -as a number of molecules produces (or decomposed) per 100 -eV -energy 
absorbed, tear no -simple relationship vith system parameters, -such as 
concentration of reacting -species, dose rate, -or temperature. Thus it has 
.been -difficult to .generalize, or adequately address, the contribution of 
•gas phase organic iodide production in a reactor accident. Postma and 
2avadoski [61] collected data -on the radiolysis of methane and iodine and 
nave obtained a -G(CB3T) value as a function of iodine concentration. Based 
on their G value, They calculated a conversion of 2.22 of 12 to CB31 for 
postulated accidents vhere the absorbed dose is 21 kGy. The G(CH3I) value, 
novever, -decreased upon addition of va ter vapour and/or oxygen, and 
increased vith an increase in the ratio of methane to iodine. 

Detailed reaction mechanisms have -been studied -extensively. 
Organic iodide formation is considered to proceed through a -scavenging 
reaction of «elemental iodine vith an organic free radical formed by 
radiation: 

KB •+ I* -> R* + HI 
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where R" is an organic radical. The extent of these reactions depends on 
competitive reactions of the free radicals with various species as veil as 
on the amount of organic material and iodine present. Some of the 
important reactions are (1) removal of organic free radicals by 02 or NO: 

R' + 02 -» R02' 

R' + NO -» RNO 

where NO is a radiolysis product of air [62], (2) free-radical 
recombinations such as 

I* + I* + M -» I2 + M 

where M designates an air molecule, either N2 or 02, and (3) reaction of 
iodine with ozone [32]. Many of the rate constants of these elementary 
reactions have been studied by photochemical methods as veil as by 
radiolysis. 

There are also many ways to generate the methyl radical: 

M 3 M* 

R + M* -• CH3 * + R* 
RI + e~ -* CH3' + I-::(or I + e~) 

R 3 CH3- + H-

where M* is an excited or ionized molecule. The major contributor would 
depend on the concentrations of M and CH3I. In a nuclear reactor accident 
where high steam concentrations are expected, water vapour radiolysis may 
play an important role. 

Irradiation also leads to decomposition of organic iodides and 
conversion to other products (see Reference 44 for review). Although, this 
process is generally recognized, it has not been adequately considered. A 
detailed mechanism for CB3I decomposition by radiation has been proposed by 
Tang and Castleman [63], with the initial reactions being 

M * M* 

M* + CH3I -> CH3- + I* + M 

vhere M designates an air molecule (either N2 or 0 2). The free radicals 
thus formed undergo various reactions as discussed above. 

Organic molecules other than methane such as acetone [64], 
alkanes and alkenes [65-67], are known to produce the methyl radical and 
other organic radicals upon photolysis. Radiolysis of these molecules, 
thus, may form organic iodides at even greater rates than methane. These 
reactions have not been considered in reactor accident analysis, and 
require attention. It vould be helpful if one could generalize the various 
organic iodides reactions in terms relative to methyl iodide formation or 
destruction. 
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.5.3 AQUEOUS-PHASE REACTIONS 

Although, in a loss-of-coolant accident, most of the iodine is 
•expected to be initially released into vater in the form of I", the 
formation of organic iodides in'solution has nor been properly studied, nor 
recognized as being important, until very recently. This occurred because 
"volatile alkanes (especially methane) have very lov solubility in vater. 
Therefore, their thermal or radiolysis reactions vith iodine to form CB3I 
in the aqueous phase vere -expected to be limited compared vi'th reactions in 
the gaseous phase. However, as .mentioned earlier, preoccupation vith CH.,7 
is misleading, and numerous, other volatile organic iodides can be formed 
in solution. 

Jaquette et al. I68] have recently shown the possibility of 
forming various volatile organic iodides in solution. They examined the 
reaction between 'oxidized I"' and organic impurities in -sump vater from a 
-nuclear reactor and identified two airborne organic iodides as CB2CHI and 
CB3CHCHI. Fundamental studies by Vren et al. [69] also shoved that the 
iodination of phenol and isopropanol occurs easily in aqueous solution, 
vith the phenol reaction being nearly diffusion controlled. The proposed 
•mechanism is complex, -due to the complexity of the aqueous iodine -system; 
however, the key iodinating agent vas found to be SXO in the reactions 
studied. Since model calculations predict that t>rganic iodides formed in 
solution may -control the iodine partition coefficient J70J, a -data base of 
the results of a series of -experiments is required to assess the rate of 
volatile organic iodide formation. 

Substantial conversion of aqueous iodine to organic iodides may 
occur in radiation fields. Radiation can either oxidize 1~ to a mixture of 
3 2 and EIO and to TO7, or reduce IO5 or I2 to I" [33,71,72]. The rates of 
the radiolysis-driven reactions depend on pH, dissolved -oxygen and the 
presence of various impurities. Changes in the concentration of EIO and 13 
by radiation «ill influence the kinetics of organic iodide formation, 
itadiation also generates organic free radicals, vhich in turn react vith 
12. There Are aany studies on radiolysis of aqueous solution containing 
organic wolecules [73,74], out lev reactions have been studied in the 
presence -of iodine. This has probably been due to the complexity of the 
reactions -of iodine .and organic molecules vithout radiation, A S well as the 
«complexity of Aqueous iodine systems in a radiation field, 

•Organic iodides decompose in aqueous solution hy various 
processes. They iiydrolyze and react vith additives, such as nydrazine or 
Thiosulfate, And vith metallic impurities. These reactions have .been 
«extensively studied for CB3I and have been revieved by Parsley \M], 
Sydrazine and some metallic impurities not only react vith organic iodides 
«irectly but also decrease the organic iodide yield by reducing EIO and 12 

to X" [75]. Radiation also decomposes organic iodides [76]. Methyl iodide 
mnd -other alkyl halides react efficiently vith e ~ and B' to form hydrogen 
peroxide, iodide, iodine, methyl hydroperoxide ana some formaldehydes. The 
proposed mechanism is -quite complex. The following reactions are ôelieved 
to be important: 

* 
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CH3I + e;q •* CH3* + I-

CH3I + H -• CH3- + HI 

CH3 • 02 -» CH302 

CH302 • I2~ "• CH302
_ + I2 

It seems that enough vork has been done on the reaction of methyl iodide in 
solution vith and without radiation. Although additional vork on other 
organic iodides is required to have a better data base, the methyl iodide 
data give an adequate foundation for extrapolation to other iodide 
reactions. 

6. INTEGRAL MODELS AND TESTS 

6.1 THE IMPAIR CODE 

The Iodine Matter Partition and Iodine Release (IMPAIR) Code vas 
vritten by Kernforschungszentrum, Karlsruhe (KfK) and Kraft Verk Union 
(KWU) in Vest Germany [77]. Recently ORNL acquired access to the code and 
is involved in its development [34]. IMPAIR is essentially an empirically 
based code that represents t̂he rates of iodine transport, deposition and 
resuspension in a containment system by a series of coupled ordinary 
differential equations. These are solved to give the quantity of iodine 
released to the environment as a function of time. The essential features 
of the code are discussed belov. 

6.1.1 In-Vessel Release and Transport of Iodine 

In its present state of development, many of the calculational 
procedures in IMPAIR have been greatly simplified.. For example, iodine is 
considered to be released from the fuel as Csl and I2, and the relative 
proportions must be specified. Values of 99% and 1%, respectively have 
been typically applied. This distribution of iodine species is based upon 
observations at ORNL vhere traces of I2 vere released from sections of LWR 
fuel heated in a steam atmosphere [78,79]. No reasons for these 
observations, such as the presence of oxidizing impurities in the carrier 
gas, appear to have been considered by KVU. All iodine released from the 
fuel, either as Csl or I2, is considered to be transported directly to the 
containment vithout retention in the primary heat transport system. 

6.1.2 Iodine Behaviour in the Containment 

Upon reaching the containment, the Csl is assumed to behave as an 
aerosol, and its subsequent removal from the containment atmosphere and 
deposition in sump pools are treated vith an aerosol code. The I2 is 
assumed to move from the containment atmosphere into the sump vater until 
an equilibrium is established. Once this equilibrium has been established, 
the partition coefficient between I2 in the sump pool and in the atmosphere 
is assumed to remain constant. Thus, any I2 lost from the containment 
atmosphere by leakage or conversion into organic iodides is immediately 

* 
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replenished by resuspension of I2 from the sump pool, so as to maintain the 
equilibrium. 

The KWU vorkers chose a value of 200 for the partition 
coefficient of I2 in the IMPAIR model". This value takes account of the 
hydrolysis of I2 in aqueous solution to form HIO and I" .according to 
reaction R2 (TAble 2.1). Equilibrium R2 is assumed to be attained 
Instantaneously, since this reaction is known to be rapid. The I" ions in 
the sump pool, derived from the Csl .aerosols released from the fuel, are 
assumed to act as inert ballast and not affect equilibrium £2. The IMPAIR 
model does -not consider the effect of I03~ formation in the sump pool, from 
reaction R3, the partition coefficient of I2. It also ignores any 
contribution to the iodine volatility of HIO in the sump pool, since HIO 
has never been observed in the vapour phase. 

At KtfU, the equilibrium between I2 vapour in the containment and 
iodine in the sump pool is assumed to take 3 hours, giving a first-order 
rate constant of 1.7 x 10~4 s~l for iodine deposition in the sump pool. At 
ORNL a first-order rate constant of 3.19 x 10~4 s-1 vas selected for this 
process, based upon the observation in the Containment Systems Experiment 
that 992 of the I2 "vas removed from the containment atmosphere In 4 hours. 
ORNL is investigating the rates of I2 deposition onto, and the resuspension 
«from, surfaces composed of containment structural materials. 

* 
Organic iodide formation in the KVU version of IMPAIR is based on 

the arbitrary assumption that 102 of the I2 vapour vill be converted to 
organic iodides over 5 hours and thereafter vill remain at a constant 
fraction (102) of'the I2 present in the containment atmosphere. ORNL 
-nodels organic iodide 'formation and depletion according to 

•dl organic 1 (g ) ] 
•• a ^ I 2 ( g ) ] 0 • " , 4 - lorganic-I(g)]] - b[organic-I(g)J 

dt 

vhere a i s a factor derived from the work of "Postma -and iavadoski [61] and 
i> i s derived from observations of organic iodide removal in the Containment 
Systems Experiment 180] . The ORNL model -gives a -more rapid buildup of 
organic iodides than the KVU model and a more rapid decrease i n the organic 
iodide concentration. This results in a maximum organic iodide 
•concentration of 302 of that given by the KffU -model. 

The e f f e c t s of thermal and radiolyt ic oxidation of X" and 
reduction of I 2 in the sump pool on the partition coeff icient of I 2 are not 
considered in the IMPAIR model. The only iodine reaction in the sump pool 
treated by IMPAIR i s that between I 3 and col loidal s i l v e r -particles, 
released from the control rods in the core. This reaction i s assumed t o 
take place according to f irst-order kinetics such that 102 of the I 2 i n the 
sump pool reacts to form Agi over 3.5 hours. I t i s further assumed that 
the reaction does not start unt i l 52 of the s i lver in the control rod in 
the core has been deposited in the sump pool. An -experimental program i s 
i n progress at ORNL to provide better information on the kinet ics of this 
-reaction. 
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6.1.3 Iodine Behaviour Following Containment Failure 

Events following the failure of the steel containment shell in a 
German LVR are modelled in IMPAIR. In the 'best estimate' option, the.-
inner steel containment is assumed to fail in a leaking mode due to 
overpressure, giving a release into the annulus. Leakage to the outside 
environment is assumed to occur via filters, which remove the Csl, I2 and 
organic iodide with decontamination factors of 103, 104 and 102, 
respectively. In accident situations, these filters are considered to be 
reduced to 99%, 99.9% and 95% of their design efficiencies because of the 
high moisture content of the containment atmosphere. In the 'worst case' 
option, the containment fails as soon as its internal pressure reaches a 
failure point and the containment filters are completely bypassed. All 
containment leakage and the evaporation and condensation of sump water 
during accidents are modelled and the output used by IMPAIR. 

The deposition of I2 carried into the containment annulus is 
assumed to occur in direct proportion to the quantity of steam that 
condenses. Thus, condensation of 50% of the steam in the annulus will 
result in 50% of the airborne I2 in the annulus being plated out. In the 
present models in IMPAIR, any I2 deposited in the annulus sump pool is 
assumed to remain fixed owing to the expected high pH of this sump water. 

As the containment sump water evaporates, the evolution of EI 
from the interaction of Csl>w}th boric acid is, surprisingly, assumed not 
to occur in the IMPAIR model, although this may be modified as a result of 
experimental studies. IMPAIR does attempt to allow for the entrainment of 
I" in airborne water droplets as the containment sump water evaporates. It 
assumes that the steam evaporating from the sump contains moisture as 
entrained droplets, carrying I" at the same concentration as the sump water 
from which they were released. Carry-over of I" in entrained water 
droplets is being studied as part of an experimental program at KVU. 

6.2 EXPERIMENTAL PROGRAM AT KWU 

This experimental program is designed to test the models and 
assumptions used in the IMPAIR code [81]. The experiments involve heating 
10"* mol.dm-3 aqueous solutions of I" and I2, buffered with boric acid to a 
room-temperature pH of 5.3, to temperatures of up to 170°C and measuring 
the iodine partition coefficient. Measurements below 110°C are performed 
in a glass apparatus. Between 110°C and 170°C, a 2-m3 steel pressure 
vessel, illustrated in Figure 6.1, is used. The vessel is heated 
isothermally, to prevent steam condensation on the walls, and has a surface 
area to volume ratio compatible with that of a full-scale PVR plant. 
Samples can be extracted during operation from the liquid phase and the 
steam-air phase, and the quantities of 131I tracer in each determined 
radiochemically, to determine partition coefficients. 

Containment overpressurization can be simulated by opening the 
steam line valve; exchangeable apertures are used to simulate different 
leakage sizes. The escaping steam enters a condenser where it is 
completely condensed. The remaining air is directed to an iodine species 
filter. The iodine content of each filter section (aerosol, I2, organic 
iodide) is determined radiochemically. 
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Results obtained so far shov that the partition coefficients 
measured after a short time (2 hours) at 110°C are in good agreement vith 
expectations for an I~/I2 solution where reaction R3 (Table 2.1) is 
suppressed and HIO does not contribute to the volatility. After 6 hours, 
the partition coefficients increased substantially, reflecting the 
formation of I03~ in solution. The variation of the partition coefficient 
vith the relative concentrations of I" and I2 is consistent vith 
expectations for the influence of excess I" on the iodine hydrolysis 
equilibrium reaction, R2. However, at I2 fractions of less than ZX of 
total iodine, the partition coefficient did not increase vith decreasing I2 

content. This may be a consequence of organic iodide formation in the test 
solutions. This increase in partition coefficient vith time at 110°C has 
been studied in a glass apparatus. It vas observed that, vith austenitic 
steel surfaces present in the glass apparatus, the partition coefficient 
increased more steeply vith time. Under such conditions, I03~ formation 
must be accompanied by the reduction of I2 on metallic surfaces, reducing 
the I2 concentration in solution. At 170°C, the measured partition 
coefficients shoved considerable scatter, but vere markedly higher (105 to 
106) than those measured at 110°C, reflecting the faster 103~ formation 
rate at this temperature, as veil as the reduction of I2 by steel surfaces. 

Depressurization experiments have been performed in the 2-m3 

steel vessel. To distinguish betveen the iodine carried over to the 
condenser in entrained droplets and that carried as a vapour, a lithium 
tracer vas added to the sump-water. The results generally show that 
droplet carry-over is of minor importance compared vith iodine volatility. 
The apparent partition coefficients for iodine measured during 
depressurization have the same order of magnitude as those measured in a 
closed static system. This implies that the release of I2 from the liquid 
to the steam is very rapid under boiling-vater conditions. 

So far as the IMPAIR models are concerned, this experimental 
program has shown that the assumed I2 partition coefficient of 200 (total 
iodine partition coefficient of 2 x 10* for iodine composed of IX I2 and 
992 Csl) is appropriate for its behaviour in the containment at short times 
where early containment failure is involved. Higher values (105 to 106) 
vould perhaps be more appropriate for accidents vhere containment failure 
is delayed, because of I03~ formation in the sump vater and iodine-steel 
reactions. Annulus and auxiliary building areas are effective traps for I2 

escaping from the containment together vith steam, although the question of 
I2 resuspension from vater pools in the annulus requires further— 
investigation. 

£.3 THE VHITESHELL MODEL 

A chemical kinetics model vas developed at the Vhiteshell Nuclear 
Research Establishment of Atomic Energy of Canada Limited (AECL) to model 
the release of iodine from aqueous solutions, such as those postulated for 
various accidents in LVRs [70]. Like the IMPAIR code, the model is a 
system of differential equations that represent the rates of the various 
iodine chemical reactions; hovever, unlike IMPAIR, the Vhiteshell model 
provides a detailed kinetic treatment of the iodine reactions. 
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Iodine thermal reactions included in the Vhiteshell model consist 
of reactions Rl to R5 and R12 from Table 2.1, together vith the water 
ionization equilibrium. These reactions are modelled mechanistically, in 
terms of a series of elementary chemical reactions, where kinetic .data, from 
the literature enable this to be done. The I" oxidation reaction is 
modelled according to the kinetic scheme of Sigalla and Herbo [6] although, 
•as discussed in Section 2, the scheme devised by Burns and Harsh \5] may be 
more appropriate. Organic iodide is assumed to form in aqueous solution as 
a result of reactions between organic radicals, produced by the radiolysis 
of organic impurities in .the .sump vater, and I2, EIO or 10", and to be 
removed by hydrolysis or reaction with the «,," product of water 
radiolysis. Organic iodide reactions elsewhere in the containment, such as 
on building surfaces, are not considered in the model. The radiolytic 
reactions of aqueous iodine species are also modelled very comprehensively, 
starting vith the formation of the water radiolysis intermediates, H, e»q~, 
OB, BJOJ, and their subsequent interactions with iodine species, as 
discussed in Section 3. The kinetics of hydrazine reactions with aqueous 
iodine species such as I2, BIO and organic iodides, are also included in 
The model. Hydrazine is used for corrosion control in CANDU™ reactors and 
•other l£Rs. 

Release of volatile iodine species, such as I2, EIO and organic 
Iodides, from the containment sump water to the containment atmosphere is 
modelled as «mass transfer process. The rate-limiting step is assumed to 
be The diffusion of the volatile iodine species across the solution side 
boundary layer at the surface of the sump pool. The reverse rate constants 
lor these processes are then chosen so they are consistent vith the 
equilibrium partition coefficient data for these species. The rate 
constants for organic iodide release were based upon data for CB3I- The 
rates of leakage of -airborne volatile iodine species to the outside 
-environment are based on a containment leak rate of 0.1 voIX per day. 

The development of the Vhiteshell model has been supported by a 
comprehensive program of bench-scale laboratory experiments. Recently, 
construction has begun on a semi-scale integrated test facility, to 
complement the bench-scale studies. The essential features of this 
facility Are illustrated in figure 6.2. It is designed so that iodine 
partitioning and speciation can be measured under conditions simulating 
various reactor accidents, lodine-131 vill be used as a tracer for -
monitoring the iodine distribution between the aqueous and gaseous phases. 
The effects of the following'variables "will be studied: temperature, pH, 
redox potential, iodine concentration, radiation field, inorganic and 
.organic impurities, surface and venting. Design and construction of this 
facility is being spread over a two-year period. 

The facility vill provide 'early integral data that can be 
immediately applied in radiological evaluations, and vill identify specific 
parameters that need further investigation at the bench-scale or 
fundamental levels. Within five years, the semi-scale tests vill provide 
data for the verification of models and computer codes, to confirm that the 
-objective, a sufficient understanding of iodine chemistry to predict and 
-control .aqueous/gaseous phase partitioning, has been met. 
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7. VOLATILITY CONTROL 

The key to restriction of radioiodine release in the long t-erm 
following a reactor accident is control of the volatility of radioiodine 
species. Laboratory -experiments have demonstrated that substantial 
•quantities of volatile iodides (primarily organic iodides) .can be generated 
in a nigh radiation field; however, it is not yet clear whether similar 
production will occur in a real containment -environment. Detailed chemical 
models capable of accurately predicting iodine behaviour are not likely to 
be available in the near future. Hence, there is a need to -ensure that the 
volatility of iodine species will be controlled during an accident. 

At least three techniques can be used to reduce the production 
and release of volatile iodides: 

<1) Control of solution chemistry to reduce the rate of I" oxidation, 

(2) Control of solution chemistry to reduce the stability of organic 
iodides, -and 

(3) Engineered systems to restrict the release of volatile iodides 
from solution. 

This list assumes that the-dominant source of volatile iodides is the water 
in the containment and that a steady state develops between the gaseous and 
&queous phases. 

The most attractive form of volatility control is the first 
technique. The dominant volatile iodides are expected to be organic 
iodides, and these can only form readily in solution via reactions of I2 

and/or £10. If the solution chemistry is adjusted to limit the formation 
of these species by preventing the oxidation of I", then organic iodide 
production vill be slow. There «re several means of reducing the rate of 
X" «oxidation, such as 

(1) -élimination of oxidizing agents from solution, 

(2) «elimination of catalytic agents in solution, which accelerate 
oxidation of X~ by -dissolved 02, and 

(3) addition of chemical agents that promote the back reaction of 2 2 

to I". 

Unfortunately, -options 1 and 2 are not realistically available during a 
reactor accident since it vill he difficult, if not impossible, to prevent 
the access of 02 or catalysts to the 'containment solution. Also the 
•dominant cause of I" oxidation in severe accidents vill be direct 
radiolysis of the containment water. 

The stability of T2/HI0 can be reduced by adding reducing agents 
and/or bases to the containment water. Figure 7.1 shows the dominant 
aqueous iodine species as a function of pE and oxidation potential for one 
set of containment conditions. In general, I" is the dominant aqueous 
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species for basic and reducing conditions. Currently, hydrazine (N2H<), a 
strong reducing agent, is used in some reactor systems for corrosion 
control. Adding hydrazine to the containment vater during an accident is 
one means of ensuring continued reducing conditions in the vater and,#in 
fact, this vas done during the TMI-2 accident. Other reducing agents'are 
available, but all have the disadvantage that they vill be consumed by 
radiolysis-driven oxidation. Thus, to maintain reducing conditions, 
continuous addition of chemicals vill be required during an accident. A 
high pH can be ensured by the addition of a sufficient quantity of & strong 
base to the containment vater. Control of pH is perhaps preferable to 
control of the oxidation potential, since, the pH is less sensitive to 
change by radiolysis and, hence, less active intervention vill be required 
during an accident. In fact, radiolysis of I" solutions tends to increase 
the solution pH. 

The quantities of reducing agents and/or bases required to 
decrease iodine volatility during an accident vill depend on the chemistry 
of the reactor vater during normal operation and the buffering chemicals 
that may be released during an accident (e.g., boric acid). The quantities 
also depend on a compromise betveen reduced iodine volatility and 
practicality. For example, a safety system that guarantees a sump vater pH 
of 13 during an accident vill prevent significant iodine release from 
solution but vill pose a considerable hazard to the reactor equipment in 
the' event of accidental operation'. It should also be noted here that any 
engineered safety system that affects the chemistry in the containment sump 
vater vill not necessarily also affect vater not in the sump (e.g., vater 
in films on surfaces or local pools). Time vill be required to transfer 
iodine from these locations via airborne species to the sump vater. 

The second technique for control of iodine volatility is to 
adjust the solution chemistry to reduce the stability of organic iodides. 
This may be accomplished by chemical agents such as nucleophiles, vhich 
substitute for iodine in organic iodides. The potential of such reagents 
for CH3I reaction has been revieved by Parsley [A4]. Such reagents include 
bases (0H~) and reducing agents (N2H<) so that control of I" oxidation can 
also reduce organic iodide stability. 

The third technique is an engineered safety system that prevents 
the release of volatile iodides from solution. This is the least desirable 
alternative since it vill not be a passive system that is guaranteed to 
operate during an accident. The potential of such sys-t-ems for accident 
mitigation has not been videly explored. Bovever, one technique has been 
identified that has the potential to control organic iodide release. This 
involves the introduction of an oil or other organic solvent that is 
immiscible vith vater and that vill float on the surface of the containment 
sump vater. Paquette et al. [68] have shovn that a surface oil film is 
effective in preventing release of organic iodides from vater because of 
the preferential solubilities of the organic iodides in the organic 
solvent. This technique may be most useful vhen the major source of 
airborne iodine is a contained vater volume. It may also be useful for 
reducing releases from secondary vater spills in auxiliary buildings where 
there is limited containment of airborne iodine. 

The single most effective and efficient means of volatile iodine 
control is maintenance of a basic pB in the containment vater. The best 
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method of achieving this goal is not clear. This technique would likely be 
plant specific and the chemical requirements would vary for different 
reactor types and normal operating water chemistry. 

8. DISCUSSION AND CONCLUSIONS 

In the two years since the review, Reference 1, was completed, 
there have been substantial advances both in the acquisition of data and in 
our understanding of the behaviour of fission product iodine in accident 
situations in water-cooled reactors. Particular advances have been made in 
the kinetic and mechanistic understanding of thermal reactions of inorganic 
species in water, and in the radiolytic chemistry of controlled water 
systems. We are beginning to understand the effects of certain additional 
materials and impurities specific to different reactor types; however, 
progress in establishing the mechanisms of organic iodide formation has 
been more limited. 

Thé main conclusions from each of the foregoing sections are 
reviewed below. 

8.1 THERMAL REACTIONS 

It is clear that the thermal oxidation/reduction and 
disproportionation reactions of inorganic iodine will not control the 
behaviour of iodine in containment in severe accidents, but that the 
behaviour will be dominated by the effects of radiolysis and the presence 
of impurities. The study of thermal reactions is, thus, most relevant to 
conditions of low radiation fields in the containment, namely, design basis 
accidents (D8A). In this respect, a problem arises over much of the work 
that has been done in controlled water chemistry conditions representative 
of DBA, in that the iodine concentrations have been too high, more typical 
of severe accidents. Thus, while there have been great improvements in the 
kinetic data on key thermal reactions, such as the oxidation of iodide by 
02 and the disproportionation of hypoiodous acid to iodide and iodate, the 
accuracy of extrapolations to concentrations < 10"É mol.dm"3 in iodine are 
still uncertain. At such low concentrations, impurity effects are likely 
to be important, or dominant, even in 'pure' water regimes. Moreover, in 
DBA situations, water conditions in the containment will typically be far 
from pure. In these circumstances, the combination of experimental 
difficulties at very low concentrations and uncertainties in water 
chemistry in r-eal accidents pose serious challenges. 

On the important question of partitioning of individual species 
between the gaseous and aqueous phases, there has been little new 
information. The partitioning of elemental iodine is veil established. 
Uncertainties remain over the volatility of hypoiodous acid from solution, 
but the limited new data are consistent vith the conclusion in Reference 1 
that hypoiodous acid will not, in general, be a significant contributor to 
total iodine volatility. This is due in part to a recognition that, for 
the very low concentrations associated vith DBA, organic impurities are 
likely to yield sufficiently volatile organic iodides to dominate the 
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partitioning. For higher iodine concentrations, elemental iodine and 
organic iodides vill .greatly outweigh any contribution by hypoiodous acid. 
The greatest data need is for improved information on the partitioning of a 
range of organic iodides of higher molecular veight than methyl iodide.. 

8.2 RADIOLYTIC REACTIONS 

This has been the area of most rapid progress, and nev results 
have clearly shovn that radiolytic chemistry vill dominate the scene in 
severe accidents vhere high radiation fields prevail in the containment. 
Data are nov available on the radiolytic oxidation of iodide at 
temperatures and concentrations appropriate to severe accidents, and there 
is a good understanding of the effects of dose rate and controlled 
additives, such as boric acid. Detailed models have been developed of the 
mechanisms and kinetics of the full radiolytic oxidative system coupling 
the (-1) to the (+5) oxidation states of iodine. It can reasonable be 
claimed that a sufficient basis exists to predict the tine-dependent 
partitioning of iodine following release to the containment for a range of 
controlled vater chemistry regimes. Bovever, -extraneous materials from 
core debris, paint-, concrete, etc.-, are likely to -play important roles in a 
real accident. 

B.3 IMPURITY EFFECTS 

Accumulated evidence during the past two years -has shovn that 
•extraneous .materials can have a major influence on the partitioning of 
iodine in both thermal and radiolytic systems. "Particularly significant is 
•elemental silver, which vill be released from PVR control rods in a core-
melt accident. This has been shovn to be -effective In fixing iodine under 
a vide range of conditions. There vas earlier evidence .that PTFE (Teflon) 
has a marked «ffect in promoting the radiolytic oxidation of iodide. In 
viev of the great diversity of potential •extraneous materials dissolved or 
suspended in vater pools in the post-accident containment, it is difficult 
to «extrapolate Iron the separate-effects experiments performed to -date to 
the real situation. The interactions, or competition, of different 
materials may -not be evident from separate-effects -experiments. Thus, more 
«experiments are needed on a large scale that more nearly reproduces the 
actual conditions and the diversity of -extraneous materials present 
•following accidents in different types of reactors. The appropriate -
xadiation fields must be included to simulate severe accident conditions. 

8.4 '-ORGANIC IODIDE FORMATION 

This is still an area of considerable uncertainty. Some progress 
-has been made in demonstrating that radiolytic reactions in solution can 
convert significant amounts of inorganic iodine to organic iodide, and that 
2Œ0 Is a key intermediate. Bovever, the basic mechanisms are still very 
ameer tain, and it is not -even clear vhich formation routes vill dominate in 
particular situations. In severe accidents with high radiation fields, V P 
of the following reaction types may be involved: homogeneous gas phase, 
-gas-surface, homogeneous solution phase, and solution-surface. For DBA, 
vhere thermal processes are more important, only one or two of these 
reaction types may be important. 

The preoccupation in the past vith methyl iodide as the 
significant form of organic iodine may have been misleading. Many organic 
materials are present in the reactor containment, such as paints, plastics 
and oils, .and many of these may react to generate a vide spectrum of 
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organic iodides vith varying degrees of volatility. The nature of the 
organic iodides vill vary from plant to plant, and even from time to time 
in the same plant. The mixture of organic iodides in the containment 
atmosphere following an accident at a given plant may be highly specific. 
Thus, generic-answers to the question of organic iodide formation should 
not be expected. Some organic sources, such as paints and plastics, are 
used widely, and useful information may be obtained from separate-effects 
experiments involving these. Others, such as spilled lubricating oils, are 
less amenable to this approach. Much useful information might be 
forthcoming from a more sophisticated characterization of the organic 
iodides in the atmospheres of operating plants. In view of the complexity 
of this topic, we feel that if real progress is to be made, a major effort 
is required along the following lines: 

(1) A comprehensive review of the large amount of earlier data on the 
topic, examined critically in the light of new insights available 
on iodine chemistry in general. 

(2) Separate-effects, experiments to examine the roles of particular 
materials and processes, aimed at establishing the main 
mechanisms of organic iodide formation. These are unlikely in 
themselves to generate data directly applicable to accident 
analysis, but will provide a basis for understanding the trends 
to be expected in.-rdifferent situations. They may also be useful 
for planning countermeasures if required. 

(3) Integral simulation experiments in which wide ranges of likely 
organic precusors are present. These must involve the 
appropriate radiation fields if the results are to be applicable 
to severe accidents. Vater sources should be as realistic as 
possible, for example, actual samples of sump water from reactor 
containments. Such experiments will provide two types of 
essential information, namely, the rate at which organics are 
generated and realistic limits to the steady-state fractions or 
organic iodides that might arise in actual accidents. 

8.5 MODELS AND INTEGRAL TESTS 

There has been excellent progress in developing kinetic models of 
the basic thermal and radiolytic chemistry of inorganic iodine in solution 
under controlled water chemistry conditions.,-which has complemented the 
experimental progress in this area. These models are of limited value in 
application, in that they do not account for the effects of extraneous 
materials, nor do they, in general» model the mass transport limitations on 
transfer of species between the aqueous and gaseous phases in the reactor 
containment. 

A new development is the construction of integral models that aim 
to track the overall distribution of iodine in the containment throughout 
the course of an accident. Such models do not attempt to treat the 
detailed chemistry of the aqueous phase, but rely on algorithmic treatments 
that are empirically based. They attempt to account for the main effects 
of radiolysis and extraneous materials, and take specific account of mass 
transport. This approach is attractive in application, provided the 
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algorithms are soundly based on vide-ranging data, and do not rely on 
single observations. Confidence in these integral models vill be 
substantially increased if they can be validated against integral 
simulation experiments of. the type advocated above. Integral experiments 
have been neglected in the recent resurgence of activity on iodine 
chemistry, but it is clear that they are essential to place the vide-
xanging separate-effects experiments that have been performed in context. 

8.6 VOLATILITY CONTROL 

A general conclusion to emerge from all of the recent 
experimental and modelling vofk is that, if the pB in solution can be 
maintained at a high value (> 8), inorganic and organic iodine volatility 
vill be minimized under all conditions. Thus, alkaline buffers offer the 
best means of volatility control. Reductants such as hydrazine can also 
reduce volatility, but their stability in high radiation fields during 
severe accidents is not established. 

The effectiveness of buffers in the diverse mixture represented 
.by a containment -sump pool following a severe accident may not foe the same 
A S in tests binder controlled conditions. Once more, integral -tests offer 
the best approach to confirming that performance is unimpaired. 

t 

"9. -NSUMMARY AND CONCLUSIONS 

There has been valuable progress in the past two years in 
^establishing a basic understanding of the vide range of factors that vill 
•determine the behaviour of iodine in accidents -extending from -design basis 
to severe at vater-cooled reactors. Ve believe that the data -base on the 
kinetics and thermodynamics of thermal and radiolytic reactions of 
Inorganic iodine in solution under controlled water -chemistry conditions is 
near to a satisfactory state. However, basic understanding t>f the 
«mechanisms -of organic iodide formation is still lacking, .and .much more vork 
is needed on this important topic. 

An -outstanding problem, in applications is that of integrating the 
results of separate-effects experiments on * clean' vater systems and-
translating them to the -very 'dirty' situation *>f a post-accident reactor 
-containment- The importance of extraneous materials vas highlighted in 
Reference 1* and subsequent experimental evidence has confirmed this. 
Integral, large-scale, simulation experiments, and integral aodels 
•developed -from them, appear to offer the nest prospect for progress in 
-applications. 

Historically, severe Accident analysis nas extended only over the 
period from accident initiation up to containment building failure, if this 
occurs, or up to at most a few days if it does not. For iodine release, is 
particular for a delayed containment failure vhere the immediate airborne 
release is small, the question of resuspension over a prolonged period is 
very important. The decay of 1 3 1I is not so rapid that this nuclide can foe 
ignored -even after a nonth. On these timescales, sump pools can foe 
•expected to dry out-. Consideration of iodine behaviour in concentrating 
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pools under oxidizing conditions has been largely neglected, and more 
emphasis on this long-term aspect of iodine behaviour is needed. 
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THE EFFECTS OF COMBUSTION, STEAM EXPLOSIONS AND PRESSURIZED MELT EJECTION 
ON FISSION PRODUCT BEHAVIOUR 

SUMMARY 

The behaviour of fission products within containment after a 
loss-of-coolant accident is a function of the physical conditions which 
prevail. There are two important phenomena which may occur after fission 
products are released from the core and which will affect the fission 
product environment. These phenomena are hydrogen combustions and steam 
explosions, both violent events capable of depositing large amounts of 
energy into the containment atmosphere in a short time. This report 
reviews the major consequences of these events on the fission product 
behaviour relevant to the source term. 

The consequences of hydrogen combustion or a steam explosion can 
be divided into three categories: chemical effects, physical effects and 
aerosol generation. Hydrogen combustion is expected to have the most 
significant chemical impact on fission product iodine. Airborne organic 
iodides will be converted to HI and I2. Also aerosol-borne Csl may also be 
converted to HI and I2. 

Both hydrogen combustion and steam explosions will have impact on 
aerosols in containment. The energy deposition in the gas may promote 
turbulent agglomeration and also lead to changes in aerosol sizes. 
Particle resuspension will be favoured over particle deposition but 
quantitative predictions are not yet possible. 

Steam explosions are not likely to lead to substantial aerosol 
generation but may in fact lead to phenomena which attenuate existing 
aerosol concentrations. The phenomenon of pressurized melt ejection, which 
has also been considered in this report, could lead to significant aerosol 
generation. More work is required to assess the potential impact of this 
process. 

In general, there is a qualitative understanding of many of the 
important physical processes involved in hydrogen combustion and steam 
explosions which leads to qualitative predictions of their impact on the 
source term. However, there is a dirth of experimental evidence in some 
areas and some difficulty in making quantitative predictions of the 
consequences of these events. 
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INTRODUCTION 

The behaviour of fission products within containment is a 
function of the physical and chemical processes that occur after an 
accident. It is recognized that highly energetic processes such as 
hydrogen combustion and steam explosions may have a significant impact on 
fission products and consequently the source term. In this paper, ve 
present the status of our knowledge in these areas and a summary of some 
particular problems where further work is recommended. 

The organization of this paper is divided into four sections: 

I. The Chemical Effects of Hydrogen Combustion 
II. The Physical Effects of Combustion on Aerosol Particles 
III. The Formation of Aerosols by Steam Explosion and Melt Ejection 
IV. Conclusion and Recommendations. 

The first three sections outline the problems and potential impact of 
combustion and steam explosions on the source term. The last section is a 
summary of the major areas where the need for further work has been 
identified. 

I. CHEMICAL EFFECTS 

Steam explosions and hydrogen flames are two high-temperature 
processes that lead to chemical changes in the airborne radionuclide 
inventory in containment. In steam explosions, the hot core debris will be 
propelled into the containment atmosphere where the high particle 
temperature, large surface area and plentiful gas reactants will promote 
reaction. The major consequences of this will be oxidation reactions and a 
rapid approach to chemical thermodynamic equilibrium. The most important 
radionuclide affected by this process is thought to be ruthenium and the 
source term implications of ruthenium reactions will be discussed in detail 
in Section III.l. 

Hydrogen combustion, in addition to generating very high tempera
tures at the moving flame front (1000-2200°C), also generated large 
transient concentrations of reactive radicals. These radicals may react 
with radionuclides in either airborne molecular or particulate form. The 
following sections discuss the projected impact of hydrogen combustion on 
the source term as a function of the radionuclide chemistry. Chemical 
reactions caused by shock-wave heating may also occur but the temperatures 
involved will generally be lower. The temperature rise induced by the 
shock wave will be a function of the energy deposited in the atmosphere by 
the steam explosion [1]. 

1.1 HALOGENS (I, Br) 

The halogens, principally iodine, may exist in the gas phase as 
molecules (I2, HI or organic iodides) or as part of an aerosol particle. 
In the latter case, the iodine may be present as an ionic salt, Csl, or a 



- 303 -

more covalent inorganic iodide (e.g. Fel2). All of these species are 
capable of reacting with intermediates generated during hydrogen 
combustion. 

The reactions of I2, HI and small organic iodides (such as CH3I) 
with each other and the species present in H2/02 combustion are relatively 
veil documented in the chemical literature. Kinetic calculations [2] have 
shown that, over a vide range of conditions, organic iodide vill rapidly 
react in flames to release iodine as HI or I2. The reverse process, which 
has been studied for methyl iodide [3], 

CH4 + I2 •* CH3I + HI 

does not occur to any significant extent at the H2/CH4 ratios required to 
support hydrogen combustion in containment because of competing process 

CH3I + H -» CH4 + I. 

The relative quantities of I2 and HI in the gas phase after 
combustion vill depend on the flame temperature, the fraction of H2 in the 
air and the degree to vhich equilibrium is achieved during passage of the 
flame front. For H2 lean combustion, I2 vill dissociate and recombine 
predominantly as I,, vhile for H2 rich combustion or incomplete combustion 
a large fraction of the product vill be HI. 

The behaviour of iodine associated vith aerosols is less clear. 
High flame temperatures may lead to vaporization of aerosols followed by 
gas phase reaction of the released molecules. For iodine as Csl, the most 
important reaction in an H2 flame is expected to be 

Csl + OH •+ CsOH + I 

vith the I atoms subsequently forming I2 or HI. Nelson et al. [A] have 
carried out experiments on the behaviour of dry Csl aerosols (< 43 urn in 
diameter) in a hydrogen deflagration. There vas some scatter in the 
results vith a maximum of 73% Csl dissociation observed for the richest % 
H2/air mixtures studied (30% H 2 ) . There vas no data available on the post-
burn aerosol particle size distributions. 

An alternative mechanism for explaining Nelson's results is 
direct chemical reaction of OH radicals vith Csl at the particle surface 
rather than vaporization followed by reaction. There is some indirect 
evidence from other experiments at Sandia (discussed later), vhich suggests 
that dry aerosol vaporization may not occur to a large extent. This is an 
important question that needs resolution. In a real accident, iodine vill 
not be found in pure Csl aerosols, but rather as iodine in a complex 
aerosol containing many other fission products and structural elements. 
Hence, all of the Csl may not be exposed to surface attack by combustion 
radicals. 

In vet aerosol particles, Csl vill be subject to chemical 
reaction only folloving aerosol dehydration. As discussed later, experi
ments suggest that aerosol size droplets vill be subject to complete 
evaporation in the event of a burn. Folloving this, the dried aerosol 
containing Csl vould be expected to react as described above. In 
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considering the potential behaviour of vet aerosol particles it should be 
remembered that steam concentrations sufficient to promote condensation on 
aerosols may also lead to steam inerting of the atmosphere, which prevents 
combustion. 

In the event of a deflagration, which converts a significant 
fraction of aerosol-borne Csl to I2 or HI, the airborne lifetime of the I2 

or HI will be quite short. I2 will be subject to plateout on the aerosol 
particles, which are present after the H2 burn. Burmash et al. [5] have 
shown that I2 is very rapidly adsorbed onto Na20 aerosols, for example. 
Also HI is expected to react rapidly with aerosol Ag to form Agi [6] 
(provided the Ag has not oxidized to Ag20). The iodine on new aerosol 
particles will be subject to the same aerosol depletion mechanisms as the 
original aerosol-borne Csl and only a fraction of the l2 or HI will persist 
for a longer time as airborne iodine. 

A hydrogen flame in containment will also lead to secondary 
combustion and pyrolysis of other material such as paint and cable 
insulation. The products of such combustion will include airborne organic 
species. Further study is required to extend this result to pyrolysis of 
other containment materials. Fridemo and Liljenzin [7] have experimentally 
studied the products of cable pyrolysis and reactions of pyrolysis products 
with I2 and Nal. They have found that less than 0.5% of the total iodine 
is converted into volatile organic iodides (methyl iodides and ethyl 
iodides) as measured by gas chromatography and mass spectrometry. Further 
study is required to extend this result to pyrolysis of other containment 
materials. 

It has been suggested that the pyrolysis of containment materials 
may lead to formation of organic acids which will affect the solution 
chemistry of iodine [8]. However, this effect is likely to be minor and 
will be buffered by the production of C02 that will dissolve to form 
carbonate. In the presence of a strong radiation field, formation of 
organic iodides in solution will control the overall iodine volatility [9]. 
The introduction of pyrolysis products, which are reactive organic 
molecules, into solution may have a significant impact on the release of 
airborne iodine late in an accident sequence. Giraud [10] has reviewed the 
literature on the products of combustion in a nuclear containment building, 
and many reactive species such as phenol and formaldehyde have been 
identified. 

1.2 CHALCOGENS (Te, Se) 

Tellurium may be present in containment atmospheres as H2Te, 
Te0(0H)2 or as part of an aerosol particle (as Te, Te02 or metal 
tellurides). Gas phase reactions of the first two species have not been 
extensively studied and their behaviour in flames cannot be predicted. If 
thermodynamic equilibrium is achieved during the passage of a flame front, 
the products of Te combustion will be H2Te for atmospheres with excess H2 

and Te02 for atmospheres with excess 02 [11). 

Tellurium adsorbed on particles and surfaces will undergo the 
same processes as Csl, vaporization followed by gas phase or surface 
reaction, with the products being again either H2Te or Te02. Since 
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atmospheres with excess H2 are unlikely, H2 combustion will have the net 
effect of converting Te(Te2) to Te02, an involatile species that will be 
subject to condensation and plateout. In the event of incomplete 
combustion there will be unreacted H2 but in the presence of excess oxygen 
the fraction of tellurium as H2Te is expected to be small. Unreacted 
tellurium is also involatile and also subject to the same condensation and 
plateout. 

Small organic tellurides are also volatile species (particularly 
methyl telluride). However, these will not be formed during H2 combustion 
for the same reasons as for organic iodides. The tellurides will also be 
unstable with respect to attack, by the combustion radicals B and OH. 

There is no experimental data available on the behaviour of 
tellurium in H2 combustion to verify the predictions of thermodynamics. 

1.3 RUTHENIUM AND TECHNETIUM 

Prior to a hydrogen deflagration, these species will be present 
in containment as part of aerosol particles or adsorbed onto surfaces. 
Their chemical state will either be as metals or involatile metal oxides 
(Tc02, Ru02, or RuO). While both of these elements may exist as volatile 
oxides, Tc207 and Ru04 or Ru03, these species will not be formed during a 
hydrogen deflagration. All of the higher oxide species are thermodynam-
ically unstable at flame temperatures, particularly in the presence of even 
a trace amount of hydrogen. As a consequence, hydrogen combustion will not 
lead to an increased source term for either of these species. 

While ruthenium and technetium are the principal elements that 
may form volatile oxides, other fission products also possess relatively 
volatile oxide states. These include molybdenum, rhenium, rhodium and 
niobium. For all elements, volatile oxides are not expected to be formed 
via hydrogen combustion. 

The existence of volatile oxides presents a problem if the oxida
tion occurs at lower temperatures under conditions where hydrogen is not 
present. These conditions may be met during direct oxidation of hot 
metallic aerosols containing ruthenium and other elements, or during steam 
explosions and the possible consequences on ruthenium volatility are 
discussed further in Section III.1.1. 

1.4 ALL OTHER FISSION PRODUCTS 

The remaining fission products, including the alkaline earths 
(barium, strontium), the alkali metals (cesium, rubidium), the lanthanides 
(lanthanum, cerium . . . ) , the actinides (uranium, plutonium) and various 
metals (e.g. zirconium), may be considered together. None of these 
elements form chemical species that will be airborne in containment, except 
as particulate aerosols. In all cases, the most thermodynamically stable 
species are oxides and hydroxides. H2 combustion will only drive reactions 
to produce these compounds from metals or alloys present in aerosol 
particles. The oxides and hydroxides are all involatile species, which 
will recondense on surfaces. 

* 
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Reactions and high flame temperatures may result in the temporary 
volatilization of metal oxides or hydroxides from particle surfaces, but 
these must recondense rapidly on all available surfaces after the flame 
front passes. 

II. PHYSICAL EFFECTS 

A steam explosion or hydrogen combustion will produce a pressure 
pulse propagated by a shock, wave. In the case of a steam explosion the 
shock wave will lead to a large temperature jump [1]. For hydrogen combus
tion the shock heating vill be less important than the flame temperature. 
The high velocity of the particles at the shock front may have an impact on 
aerosol behaviour via a number of mechanisms. In addition, high tempera
tures may cause particle vaporization, which vill also affect aerosol 
physics. 

11.1 AGGLOMERATION AND DEAGGLOMERATION 

Airborne particles will be subject to the competing processes of 
agglomeration and deagglomeration at the shock front. Enhanced 
agglomeration will be promoted by the fast movement of particles at the 
shock front which vill increase their collision frequency. Deagglomeration 
vill occur if enough energy is transmitted by collisions vith fast 
particles to break the bonds betveen primary particles and the body of the 
aggregate. 

The tvo collision processes vill not take place simultaneously 
and usually exclude each other. Deagglomeration is possible only when the 
particles absorb much more energy than required for turbulent agglomeration 
(assuming reasonable sticking coefficients). Agglomeration is the dominant 
process under normal circumstances and is enhanced for moderately increased 
energy densities. 

Assuming that surface tension forces govern interparticle bonding 
in aggregates, the transition from agglomeration to deagglomeration should 
occur in the absorbed energy range of 0.1 fj to 10 pJ per particle, for 
particles of 0.1 um to 10 um, respectively. Hovever, even if significant 
deagglomeration occurs during shock-vave passage, it vill be followed by 
agglomeration during the later passage of the lov energy tail of the shock 
vave. The dominant agglomeration process in explosions vill be turbulent 
inertial agglomeration. Diffusional agglomeration vill be of minor 
importance because all important parameters (particle size, particle size 
dispersity and degree of turbulence) are sufficiently large to favour 
turbulent inertial agglomeration [12]. 

11.2 DEPOSITION AND RESUSPENSION 

Particles may be deposited or resuspended from surfaces as a 
result of a shock, but both deposition and resuspension vill not occur 
simultaneously except in an intermediate energy regime. Deposition may be 
promoted by drag of particles by the travelling shock to vails or 
obstacles. Hovever, deposition due to explosions vill be a very 
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inefficient process. Only a small boundary layer adjacent to vails vill be 
affected because of the short-lasting acceleration induced by the explosion 
wave. The resulting maximum range of the layer is only a few microns. 
This agrees with experience gained from generating aerosols via exploding 
vires [13]. 

Resuspension of particle deposits due to kinetic energy 
absorption by a dust-laden vail can go via tvo routes: 

by direct interaction betveen shock vave and particles (and the 
reflected shock vave in the case of a hard vail); 
by elastic absorption of the shock vave energy by the vail and 
partial transfer of this energy to the dust layer. 

Resuspension by elastic vail absorption is expected to be much more 
effective than the direct interaction of particles and shock vaves; vhether 
this elastic absorption is important, depends on the material and 
dimensions of the vail. 

Hydrogen combustion in a closed or vented compartment vill 
generate very sharp pressure oscillations of up to 2 MPa at the vails of 
the compartment [14]. These oscillations may cause resuspension of some 
particles by the expansion of gas trapped in voids of loosely packed 
particle beds during the lov pressure trough of an oscillation. 

Resuspension may also result from the blast of an explosion (e.g. 
the propagation of a steam explosion through the primary heat transport 
system). This vill be governed by various mechanisms, each of vhich 
dominate in three particle diameter regimes vith the transition points at 
approximately 30 urn and 200 urn [15]. For source term considerations, 
interest is mainly in the small particle regime (diameter < 30 urn). Larger 
particles, though possibly having a higher probability for resuspension, 
are of little interest due to their extremely short airborne lifetimes. 
Resuspension in the small particle regime is dominated by the forces of 
adhesion and turbulent lift. The boundary condition for resuspension is 
given by: 

- 3 lot tw > 4 log d + 22 
vhere 

tw - vail shear stress (Pa) 
d « particle diameter (m). 

Brockmann in Appendix G of the QUEST study [16] has revieved the 
conditions for resuspension of particles as a function of particle size, 
flov velocity, relative humidity and surface type. The minimum velocity 
for resuspension of dry 10-um-diameter particles is estimated to be about 
2 nrs"1. For vet aerosols the minimum resuspension velocity is estimated 
to be greater than 5000 nrs"1 due to the strong surface tension forces 
binding the vet aerosol to the surface. In a hydrogen combustion, the 
shock vave front vill move at a velocity up to 1000 nrs-1 if detonation 
occurs and certainly greater than 10 nrs-1. Hence, the blast of a 
combustion is capable of resuspending dry aerosols, but vill not affect vet 
aerosols except for potential droplet stripping from a thin liquid layer. 
It is possible to estimate the quantity of resuspended aerosol if 
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the geometry and flow conditions of the explosion are known and if 
simplifying assumptions regarding the deposited aerosol material are made. 
No attempt has yet been made to do this for an accident analysis. 

Preliminary data on particle resuspension is available from 
TRAPMELT validation tests [17]. The results of these tests indicate that 
the rate of resuspension is influenced primarily by the particle-bed depth 
and the effective particle-bed density. In low-loading tests particle-
surface forces appear to dominate and particles are removed individually. 
In high-loading tests particles are removed in a layer-stripping manner. 
The layer stripping provides an additional complication in predicting the 
aerosol adhesion forces and hence the degree of resuspension. 

Nelson [18] has conducted some preliminary tests on the 
resuspension of deposited aerosol material during hydrogen combustion. 
This work indicates that the fraction of deposited material that is 
resuspended may be high. However, these are only scoping studies and their 
analysis is also incomplete. Further work in this area has been proposed. 

II.3 PARTICLE CHARACTERISTIC CHANGES 

Explosions may affect the physical characteristics of aerosol 
particles via two mechanisms. The particle shape factor may be altered by 
physical forces. In particular, fluffy aggregate particles may be 
compacted owing to increased turbulence and more energetic turbulence. The 
impact of this process would depend largely on the degree of water 
condensation on the aerosol particles and the shape of the particles prior 
to an explosion. 

The particle size distributions may also be altered. Direct 
heating of the particles via energy absorption from shock waves or burning 
hydrogen will lead to substantial vaporization of (at least) water from the 
particles, but may also vaporize chemical species containing cesium, 
iodine, tellurium and ruthenium [19]. The vaporization, if sufficiently 
great, may alter the size distribution of the aerosol or a particular 
component of the aerosols (e.g. particles comprised mainly of Csl). 
Following evaporation, the chemical species may react as discussed in 
Section I or simple recondense. The recondensation will occur onto the 
particle size fraction having the main surface area and onto walls. 

One mechanism of direct heating, in addition to heat transfer 
from hot atmospheric gases, is combustion of the aerosol particles them
selves. Nelson et al. [20] have shown that a metallic aerosol (iron) can 
participate in the combustion process during a hydrogen deflagration. The 
smaller the initial particle size, the more efficient the particle 
combustion. This has the effect of both converting the aerosol to an 
oxide, but will also lead to vaporization of a fraction of the aerosol 
particle. 

Heating of wet aerosols may lead to evaporation of the aerosol 
droplet. This process has been studied for individual aerosol droplets and 
also for aerosol fogs in conjunction with the use of water fogs for 
hydrogen combustion suppression. The results of both experiments [21] and 
theoretical analysis [22] indicate that, for water droplets less than 
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500 um in diameter, the droplets will be completely vaporized by a passing 
hydrogen combustion flame front. For vet aerosols containing fission 
products (either discovered or as insoluble nucleation centers) the 
evaporation would result in smaller dry aerosol particles, which would 
themselves be subject to further vaporization depending on the original wet 
particle size, flame speed, etc. 

Unpublished results of Nelson [18] suggest that the vaporization 
of dry aerosol particles may not be extensive. This is based on 
observations of Fe203 aerosols exposed to hydrogen combustion. Hence, the 
extent of physical changes to aerosol during combustion is unclear. The 
process of evaporation is a complicated function of aerosol/shock-
wave/ combust ion interaction, aerosol material properties and aerosol size 
and concentration. There is, at present, no good experimental data base or 
well-validated theory to predict changes in aerosol morphology caused by 
high-temperature transients. 

III. AEROSOL GENERATION 

Aerosol generation via a hydrogen burn can occur via combustion 
of containment materials, which generate soot. This will have the 
beneficial effect of increasing the amount of airborne aerosol material, 
which can help to remove fission product aerosols via agglomeration and 
deposition. The extent of fission product aerosol depletion is obviously a 
function of the combustion aerosol quantity, physical parameters and 
timing. 

Fission product aerosols may be generated via two "explosive" 
mechanisms. One source is a steam explosion, which may occur when molten 
debris from a reactor core streams into a pool of water beneath the 
reactor. A second source is ejection of molten core debris from a 
pressurized reactor vessel. Both of these processes, if they occur, may 
have a substantial impact on the source term. The remainder of this 
section is devoted to a more extensive discussion of these two processes. 

III.l STEAM EXPLOSIONS 

The process of a steam explosion begins with coarse fragmentation 
of the core melt as it enters the water pool. The melt initially fragments 
into 1-2 cm droplets, which are surrounded by a film of boiling water (and 
hydrogen if the material is reactive). There is some debate on the amount 
of molten material that can mix in a coarsely fragmented fashion and a 
lesser debate on the size distribution of the fragments [23]. 

At some point the gas envelopes around a droplet may collapse 
permitting intimate melt/water contact. The result is a sudden burst of 
steam, which creates a shock wave. The conditions and forces required to 
cause the gas envelope to collapse are not well established. The initial 
shock wave may collapse other gas envelopes leading to reinforcement as the 
shock wave propagates. The coherent propagation of the shock wave is also 
not well understood. 
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The sudden cooling of a coarse fragment upon gas envelope 
collapse will cause it to fragment into finer particles, further 
accelerating the cooling process. The explosion concludes with the 
expansion of the steam, which lofts finely divided particles and water into 
the atmosphere. 

Molten material adjacent to the explosion site but not in the 
water may also be propelled into the atmosphere by the force of the 
explosion. This melt will fragment as a result of the sudden acceleration 
[24]. 

Experiments have been conducted at Sandia to determine the nature 
of the aerosols produced during steam explosions. The data show that, in 
comparison with the dimensions typical of aerosols, the particles formed by 
steam explosions are very coarse. Mean sizes are greater than 100 urn. 
Seldom is more than 1%, by weight, of the material of a size less than 
1 urn. These results seem independent of melt composition. The above 
results have been obtained from tests with molten iron, iron oxide, alumina 
and uranium dioxide. 

The aerosol data have been obtained from experiments with 
relatively small melt masses (< 25 kg) and relatively inefficient 
explosions. The efficiencies of thermal to mechanical energy conversion 
were typically < 1-2%, though efficiencies as high as 10% were observed for 
single FeO droplets. There is a question about the extent of fragmentation 
as the explosions approach the thermodynamic limit of ~ 30% efficiency. 
Careful examination of particle size data suggests that the material has a 
multimodal distribution. As the efficiency of the explosion increases, the 
population of a mode at 60-200 urn increases, but the mean size of this mode 
does not decrease. This suggests that even for very efficient explosions, 
the extent of aerosol production (i.e. particles with sizes < 20 urn) will 
still be small. 

A second source of aerosol production is water droplets formed 
from excess water ejected along with the core debris into the atmosphere. 
The size distribution of water droplets produced during steam explosions 
has not been reported. There are two possible consequences of such droplet 
production. If very fine droplets are produced, they will participate in 
agglomeration with solid particles accelerating the sedimentation process. 
If coarse droplets are produced, these should behave like spray droplets in 
sweeping particles from the atmosphere. In either case, water droplets 
produced during steam explosions should attenuate the inventory of 
suspended radioactivity in the containment atmosphere. 

III.1.1 Chemical Processes During Steam Explosions 

It has been recognized in the Reactor Safety Study [25], that 
during the course of a steam explosions, volatile fission products may be 
released from the melt fragments via vapourization and reactions with the 
containment atmosphere. It has been believed that the latter mechanism 
would control release of volatile molecular species. Experiments at Oak 
Ridge National Laboratory (0RNL) have demonstrated quantitative release of 
noble gases, halogens and alkali metals, extensive release of ruthenium and 
tellurium and very limited release of barium and strontium from used fuel 
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fragments heated in air at 500-1200°C [26]. Based on these data, release 
predictions were made in the Reactor Safety Study. Despite intensive 
research into steam explosions, there have been no attempts to validate the 
release estimates made in the Reactor Safety Study. 

The predicted release of noble gas, halogens and alkali metals is 
inconsequential as these volatile species will have largely escaped the 
fuel by the time it becomes molten and hence prior to any steam explosion. 
The release of tellurium is possibly significant, but other phases of a 
severe accident will result in a near quantitative tellurium release 
whether or not a steam explosion occurs. Hence, a steam explosion may have 
only a minor impact on the timing of tellurium release. However, extensive 
release of ruthenium if it were to occur, would constitute a significant 
addition to the source term compared to that predicted for other accident 
phenomena. 

Since the addition of significant quantities of ruthenium to the 
source term is the only important addition to the source term, the 
following discussion focuses on its behaviour. There are three points at 
which chemical processes may cause radionuclide release: 

during coarse mixing of the debris when the melt is surrounded by 
steam; 
during gas film collapse when water comes into intimate contact 
with the core debris; 
during the flight of fine debris particles through the atmosphere 
following an explosion. 

Ruthenium is present in irradiated fuel as a metal inclusion 
alloyed with palladium, molybdenum, and tellurium [27]. Ruthenium metal 
has a low vapour pressure, and extensive release of ruthenium will occur 
only if the element forms volatile ruthenium oxides. At moderate 
temperatures ruthenium may be quite volatile due to the formation of the 
oxides Ru04 and Ru03• The stability of these oxides relative to the much 
less volatile lower oxides, Ru02 and RuO, will be controlled by the 
steam/hydrogen gas ratio and is reduced substantially when even minor 
amounts of hydrogen are present in the gas. This point has already been 
made in the previous discussion on hydrogen combustion. 

The depression is the volatility of ruthenium in steam/hydrogen 
mixtures relative to the volatility in air suggests two things: 

ruthenium release as a result of an in-vessel steam explosion 
that does not cause massive rupture of the vessel ought to be 
less than predicted in the Reactor Safety Study. 

ruthenium release ought to be small during the coarse mixing and 
gas film collapse stages of a steam explosion. 

It appears that high release of ruthenium is possible only during the 
debris flight through air. 

In the air environment, the release of ruthenium will be 
controlled by kinetics rather than thermodynamics. The kinetics observed 
in the ORNL experiments may not be applicable to particles in the air. 
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These tests dealt with somewhat porous fuel containing ruthenium probably 
present as metallic inclusions [27]. The porosity of the fuel was probably 
increased as a result of oxidation of the U02 matrix to U207 and U 30 B, 
increasing the rate of oxygen access to the ruthenium alloy. 

Fuel participating in an explosion will have melted and porosity 
present in the fuel pellets will have been lost. Melting also allows the 
ruthenium to partition into a metallic phase which will have low porosity 
[28]. Thus, release mechanisms available in the ORNL experiments would not 
be available for ruthenium release following a steam explosion. 

The chemical kinetics observed in the ORNL experiments when 
extrapolated to higher temperatures are very fast and ruthenium release 
from very hot debris might be controlled by the availability of reactants 
rather than the reaction rates when reactants are present. The 
availability of oxygen to form the volatile ruthenium oxides might be the 
rate-limiting process. Correlations for the mass transport of oxygen to 
the surface of a single aerosol particle are available [29]. The reaction 
rate is then found from: 

g- = 4 «r» k, [P^ -P02(eq)] 

where N = moles of ruthenium released 
r = particle radius 
^02(*q) = equilibrium partial pressure of oxygen at the surface 

of the debris particle 
Po2 = oxygen partial pressure in the atmosphere 
kg = mass transport coefficient for oxygen. 

Integration of this equation requires knowledge of the particle size 
distribution and airborne residence time. 

Powers [30] has performed a detailed analysis of the behaviour of 
ruthenium in airborne particles following a steam explosion. The results 
of his calculations indicate that the ruthenium source term predicted in 
the Reactor Safety Study for steam explosions may be conservative. However 
the calculations also indicate a need for more experimental data on 
radionuclide release and, for better analysis, more data on temperatures 
and trajectories of small debris particles. 

III.2 HIGH PRESSURE MELT EJECTION 

It has been recognized in reactor analyses that there is a 
possibility of a core meltdown in a pressurized reactor vessel [31]. In 
such an accident sequence, the molten core debris is predicted to be 
forcibly ejected from the vessel. Early analyses of this event predicted 
that the core debris would disperse across the reactor containment floor 
where it could be quenched and permanently cooled. This was thought to 
reduce both gas and aerosol generation by melt/concrete interactions, and 
hence to significantly reduce both the inventory of airborne radionuclides 
and the probability of containment failure via either a hydrogen 
deflagration or long-term over-pressurization. 
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While experiments have confirmed that debris is dispersed nearly 
quantitatively from scale models of reactor cavities, two additional 
phenomena have been observed. The dispersed debris vere found to directly 
heat and pressurize the atmosphere and, hence, raise the possibility of 
early over-pressure failure of the containment. Secondly, intense aerosol 
generation vas observed to accompany the pressurized melt ejection [32]. 
This is an aerosol source term that has not been considered in previous, 
supposedly bounding, reactor accident risk studies. 

The behaviour of molten core debris expelled from a pressurized 
vessel is poorly understood and is an area of active investigation. The 
following is a brief discussion of some of the very recent experimental 
results obtained to date and the questions and uncertainties that they 
raise. 

Within the United States, two groups have investigated the 
problem. A summary of their work is presented in Table 1. The SPIT and 
HIPS tests have been instrumented for aerosol detection and character
ization. Results of SPIT tests with N2 pressurization yielded intense 
production of trimodal aerosols with modes at 0.5, 5 and - 50 urn [33]. The 
last mode is probably due to a tail of the size distribution of macroscopic 
droplets. The finest aerosol material consists of agglomerates of yet 
finer particles (0.1 - 0.05 urn diameter). The mode at 5-8 um consists of 
spherical particles as would be expected if mechanical processes caused the 
expelled jet of molten material to disintegrate into liquid droplets. 

Tests with C02 pressurization yielded similar results except for 
an absence of the 5-8 um mode for the aerosol. The current hypothesis is 
that this difference arises from a high solubility for N2 versus a low 
solubility for C02 in the melt and evidence from X-ray analysis of the melt 
jets appears to support this. 

Analysis of the bulk debris on the cavity floor has found it to 
be dispersed as macroscopic droplets rather than as a coherent liquid 
layer. The mean sizes of the droplets were 0.43 and 0.76 mm. 

The aerosol generation could occur at three points in the 
ejection process: 

during emergence of melt from the reactor vessel, 
from the melt jet or as a result of melt dispersal from the 
cavity, 
from debris expelled from the cavity interacting with the 
containment atmosphere. 

Hodels for aerosol production during melt emergence include a coherent melt 
stream followed by pressurized gas, and a melt stream penetrated by and 
mixed with gas. Study of the latter model has shown that a process called 
pneumatic atomization can lead to production of very fine particles [34]. 
Models can be formulated to predict when the pressurized gas will penetrate 
the melt and the droplet sizes [35]. However, while criteria for 
entraining melt in a gas exist, there is currently no model for the rate of 
entrainment that is required to predict the magnitude of aerosol 
generation. 
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The multimodal character of aerosols observed in melt ejection 
tests suggests that several mechanisms may be responsible for their 
formation. The finest agglomerated aerosols may be formed by vapourization 
of the melt followed by subsequent condensation. The limited composition 
data available for the aerosols are consistent vith this hypothesis. The 
fine aerosol would then be enriched in the most volatile species. Scaling 
of test results for this process is difficult because of uncertainty in 
melt geometry. 

The possibility of mechanical aerosol generation by gas effer
vescing has been mentioned above. Powers [36] has shown that H2 and B20 
would be quite soluble in core melts with the pressurized reactor vessel. 
The volumetric expansions after ejection are predicted to be large enough 
to cause substantial disruption of metallic melts. Pilch and Frid [37] 
have formulated a model of melt jet disintegration by gas effervescence. 
The particle size is controlled by bubble nucleation and growth with the 
stability criterion [24]: 

where dBax = 

Vd = 
v* -
a = 

Pg -

Gas effervescence drastically increases the melt surface area and presum
ably the rate of vapourization of volatiles from the melt. 

Entrained melt droplets will also be subject to disintegration 
during "blowdown" of the pressurized gas. Quantitative analyses of the 
disintegration process shows that maximum stable droplet sizes are much 
larger than sizes typically associated with aerosols. 

The dispersed molten core debris will be subject to chemical 
reaction with the containment atmosphere in a similar fashion to aerosol 
material generated by a steam explosion. As described in Section III.1.2, 
the most important factor is oxidation and the rate controlling mass 
transport of oxygen to the particle surfaces. In addition to chemical 
release of volatile species such as Ru04 or Ru03, oxidation of large metal 
droplets can lead to disintegration into fine aerosol particles. 
Comprehensive models of definitive data on chemical reactions of debris 
droplets lofted from the cavity do not exist. 

In conclusion, we would note that there is still uncertainty over 
whether in-vessel core degradation will lead to the initial conditions 
necessary for high pressure melt ejection. These conditions are a high 
internal pressure and a large quantity of molten debris. Modelling of core 
degradation is an evolving area where more scrutiny is required. It is 
clear that if a pressurized melt ejection does occur, it could lead to very 
high radioactive aerosol concentrations and a large source term if 
accompanied by an over-pressure containment failure. 

12. 5 — Il - Li- l'2 

maximum particle diameter 
liquid particle velocity 
gas velocity 
liquid surface tension 
gas density. 



- 315 -

IV. CONCLUSIONS AND RECOMMENDATIONS 

Our current level of knowledge and ability to predict the 
consequences of explosions on the source term is clearly limited. Work is 
now in progress in areas which have only recently been recognized as 
potentially important. The following is a brief summary of some of the 
conclusions that can be made to date and also some recommendations of work 
in areas where knowledge is particularly lacking. 

IV.1 CHEMICAL EFFECTS 

1. Hydrogen combustion will convert airborne organic iodides to I2 

and HI. 

2. Reactions of the products of pyrolysis of containment materials 
with airborne I2 or Csl are unlikely to produce significant 
quantities of volatile organic iodides. Secondary reactions of 
pyrolysis products with iodine in solution may lead to organic 
iodide formation. 

3. Hydrogen combustion may convert some aerosol-borne Csl to 
airborne I2 or HI. 

4. Experiments are required to verify that no volatile tellurides 
will survive a hydrogen burn. 

IV.2 PHYSICAL EFFECTS 

1. Explosions may promote agglomeration of aerosol particles via 
turbulent inertial agglomeration. 

2. Particle deposition caused by explosions will be minimal. 

3. Resuspension of particle deposits is partially understood for dry 
particles, and unlikely for wet particles. A major problem is 
defining the geometry and shear forces accompanying a steam 
explosion or hydrogen burn. Experiments to verify predicted 
resuspension rates are now in progress. 

4. Particle vaporization may lead to changes in an aerosol size 
distribution and also the chemical form of airborne fission 
products. The impact of this phenomenon has not been fully 
assessed. 

IV.3 AEROSOL GENERATION 

1. Steam explosions are not likely to generate large quantities of 
aerosol material. 

2. Water droplets produced by steam explosions will attenuate the 
inventory of suspended radioactivity in the containment 
atmosphere. Work is required to measure the size distribution of 
the water aerosol to quantify this effect. Coarse core-debris 
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particles, which are lofted by a steam explosion, will also 
attenuate the existing aerosols. 

Steam explosions may lead to an increase in the quantity of 
airborne ruthenium. 'Chile this is expected to be lov, 
experiments are required for confirmation. 

Pressurized jselt ejection is a potential source of large 
quantities of aerosol material. Models of core slump behaviour 
must be improved to assess the probability that conditions may 
exist that can lead to in-v«ssel high pressure failure. 

Experiments and improved models are required to predict the 
magnitude of aerosol generation during pressurized melt ejection 
as a function of vessel pressure, melt temperature and melt 
composition. 

More work is required to understand the effects of reactor cavity 
geometry and containment geometry on aerosol production during 
pressurized melt ejection. 

Models of the chemical reactions of airborne molten debris with 
the ambient containment atmosphere leading to aerosol formation 
and release of volatile species are inadequate. 
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1 INTRODUCTION 

The magnitude of severe accident source terms for those BUR sequences 
which do not by-pass the suppression pool is dominated by the 
effectiveness of the pool for removing the fission products and 
aerosols. In addition, a significant number of important PVR 
sequences have pathways that include the quench tank which can also 
behave as a suppression pool. 

In modelling the physical phenomena involved in removing fission 
products and aerosols by suppression pool, four distinct zones are 
usually recognized (Fig. 1): (1) the emergence of the jet and 
formation of bubbles at the injection location within the pool, 
(2) the rise zone for the bubbles to move to the surface of the pool; 
during this rise, the gas rapidly breaks up into a swarm of bubbles 
(Pig. 2); (3) the bursting of the bubbles as they pass through the 
surface (plus possible desorption at the pool surface) and (4) the 
pool compartment where significant condensation on the walls of the 
containment structure under saturated pool conditions can result in 
significant decontamination. 

The pool retention capability is expressed in terms of decontamination 
factor (DF). The DF for a given fission product or aerosol can be 
specified either as a differential value (rate in divided by rate out) 
or as an integral value evaluated over a time period (total in/total 
out). 

The bubbles contain a steam-non condensable gas mixture + trace 
fission product (gaseous: cesium iodide, iodine and methyl iodide 
and/or mono or polydisperse aerosol). Condensation or evaporation 
situations are encountered, so that heat and mass transfer through the 
surface of the bubbles as well as gas circulation inside the bubbles 
occur (Fig. 3). Depending upon the fission product, the gas side or 
liquid side transfer process may control the removal rate. The 
condensation or evaporation rate, as well as the circulation rate play 
critical roles in determining aerosol particle removal rate. 

The mechanisms involve in this scrubbing effect are: injection zone 
modelling, rise zone modelling with gravitational settling, inertial 
impaction, diffusional plateout, convective transport, thermopheresis, 
diffusiopheresis, growth of particles, and surface zone modelling. 
The modelling of aerosols in the pool compartment is similar to the 
modelling of aerosols in a tank, where water condensation and 
sedimentation occur (1). 

All or part of these mechanisms are included in computer codes, which 
calculate decontamination factors of suppression pools; they are the 
SUPRA (2-5), the GE (6) and the SPARC (7) codes. In summarizing the 
parameteric studies, one arrives to the conclusions that the most 
important factors influencing the DF are: 
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1. For aerosol fission product removal: 

. Particle size and density 

. Fraction of steam in inlet gas 

. Gas mass flow (* bubble size) and ellipticity 
ratio of bubbles 

. Presence of surfactants in pool («quality of water), 
(not yet fully verified) 

2. For gaseous fission product (FP) removal: 

. Type of FP and gas carrier 

3. For hot pools: 

. Condensation in the compartment above the pool 

The less important factors are: 

. pool temperature 

. pool depth 

. percentage of soluble material in particles 

. non condensable gas composition for aerosol removal 

. pressure above pool 
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2 POOL SCRUBBING MODELS 

In reviewing the physical phenomena involved in suppression pool 
scrubbing, three distinct zones were recognized: (1) the emergence of 
the jet and formation of bubbles at the injection location within the 
pool, (2) the rise zone for the bubbles to move to the surface of the 
pool, and (3) the bursting of the bubbles as they pass through the 
surface (plus possible desorption at the pool surface). The first 
zone, above, has been recognized as being highly significant in the 
overall effectiveness of the pool for scrubbing aerosols and is 
currently included only in SUPRA discussed below. The third zone 
involves phenomena that would decrease the effectiveness, and these 
phenomena are treated in two models (SPARC and SUPRA). The existing 
models for suppression pool scrubbing are SUPRA, (10, 11), GE-MODEL 
(6) and SPARC (12) . 

As a result of pool scrubbing experiments being conducted for the 
Electric Power Research Institute at Battelle Memorial Institute, a 
fourth zone is now also recognized. There can be significant 
condensation on the walls of the containment structure under saturated 
pool conditions resulting in significant decontamination because of 
the synergism between the pool and the pool containment cavity. The 
hot pool "steams" condensing on pool cavity structures causing fission 
product decontamination. The condensate then drips into and is 
trapped in the pool. The fourth zone, a pool containment compartment, 
is being added to SUPRA to account for this phenomena. 

2.1 Injection Zone Modelling 

SUPRA has models to describe scrubbing in the injection zone. The 
removal mechanisms treated are flow impingement (against the water in 
the pool) and internal circulation in the forming bubble. The flow 
impingement model is based on the extensive literature dealing with 
impactors. Performance characteristics of impactors (and the flow 
impingement model) are described in terms of the ratio of the jet 
plate spacing (or the bubble surface distance) to the jet width, S/W, 
the removal efficiency, e , and the square root of the Stokes number, 
where the Stokes number, Stk is 

2 
Stk = p a V. C/9u D iJP 

aero aero jet gas orif 

where p is the aerosol density 
aero 

daero *s t n e aerosol particle size diameter 

C is the Cunningham correction factor 
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v is the steam/hydrogen gas viscosity 
cas 

Dorif is tne orifice diameter 

V. . is the gas jet velocity. 

The jet velocity, V. _,_ is 
jet 

2 
V. = 4m /Up D . _ C ) 
jet gas gas orxf v 

where m is the steam/hydrogen gas mass flov rate 

p is the steam/hydrogen gas density 
gas 

Cv is the orifice coefficient of velocity. 

Correlations of data for efficiency vs the square root of the Stokes 
number as a function of S/V are used to determine the decontamination 
factor, DF , from 

DF » 1/U-e) . 

The decontamination from the circulation velocity set up during bubble 
growth and release from the orifice is dependent upon the growth rate 
and rise velocity, VB, of the bubble during attachment to the orifice. 
Here the tangential velocity, V, was assumed to be 

V = V. sin 6 3 et 

where 6 is the coordinate angle as measured from the 
vertical. 

This results in a DF « exp( at ) 
â 

where a « 2V2 CT/r
2 

jet Bub 
t^ is the bubble detachment time 
r , is the equivalent bubble radius 
Bub 

. 2 aero 2 
and T = — g r is the Stokes time 9 v aero gas 
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where g is the gravitational constant 

r is the aerosol particle size radius 
aero r 

2.2 Rise Zone Modelling 

For the rise phase modelling, three separate types of considerations 
are made: (1) a hydrodynamic evaluation in which some form of the 
momentum equation is solved including drag, buoyancy, and inertial 
forces along with a balance of surface tension and pressure forces to 
arrive at the bubble size, shape, rise velocity, and internal 
circulation rates (Taylor-instability and Helmholtz-instability 
considerations are sometimes invoked here to explain bubble breakup); 
(2) a thermal hydraulic analysis (conservation of energy and mass) to 
arrive at the exchange rates for heat and vapour mass. This gives the 
rates of evaporation/condensation of water vapour and the transport of 
vapour species into the pool. In this analysis, thermodynamic 
equilibrium is generally assumed at the bubble/liquid interface. It 
is sometimes assumed that thermal equilibration occurs instantaneously 
on emergency of the jet into the pool; (3) an aerosol analysis 
determines the dynamic behaviour of particles entrained within the 
bubbles. Phenomena that are treated in this portion of the analysis 
include: 

o Gravitational settling (Su, GE, Sp)*; 
o Inertial deposition process 
o Inertial impaction due to internal circulation (Su, GE, Sp); 
o Diffusional plateout (Su, GE, Sp); 
o Convective transport due to steam condensation or evaporation 

(Stephan flow) (Su, Sp); 
o Thermophoresis (Su); 
o Diffusiophoresis (Su); 
o Growth of soluble particles via the uptake of water (Sp); 
o Agglomeration (none); 
o Nucleation (none); 

The modelling for each of these phenomena is similar in many respects 
to the modelling for the respective behaviour in containments. The 
calculations generally assume that each removal mechanism acts 
independently of the others and that the interface behaves as a 
perfect sink for deposited particulates. 

The decontamination factor DF, or the ratio of the initial to final 
amount of a fission product, after scrubbing has occurred, generally 
corresponds to a first order removal rate process. This idealization 
yields 

Phenomenon is treated in the indicated model: Su = SUPRA, GE = G.E. 
Model, and Sp = SPARC. 
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N 
DF « ~ * exp(Bt) 

N 

where 6 is the removal rate coefficient for a fixed volume (V) for 
carrier gas, defined as 

A, 

k E j V\ 6 
v * -

and t is the exposure time. 

f"1 
itegraljQ V^ 

The integralJQ V^d^ has dimensions of a volume flow rate and A. is 
the collection surface area for the i t h process. x 

The evaluation of decontamination factors is largely determined by the 
fission products deposition velocities, VJ associated vith various 
retention modes which depend on whether the fission products are in 
particulate or gaseous form. 

Gravitational Settling 

An application to an ellipsoidal bubble by Demi track T. and Moody 
"F.J. (13) gives the removal rate coefficient for 
gravity sedimentation £( ) 1. 

8 = F B 
g,e g g,s 

where the removal rate coefficient for sedimentation in a spherical 
bubble, 6 , is given by (14). 

9»s 

where 

B = 2£i_Çm 
g, s 4 R 

g i s the gravity acce lerat ion 

T =p d /18 g u 
P P 

p is the particle density 
P 
d is the particle diameter 

P v 

Cffi is the Cunningham slip factor 

B is the radius bubble 
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The shape factor F_ as a function of a/b ratio can be found in the 
paper by Moody, Salamah and Tovnsend (15) (Fig. 8). 

Flat bubbles with higher a/b have higher particle removal by 
sedimentation. 

Inertial deposition process £( ) 1 are summarized in the removal rate 
coefficient 

2 

6I,s _ 2 2 T C m 

R 

where U b is the bubble rise velocity 

and if the bubble is ellipsoidal, 

8T = FT BT I,e I I,s 

where the shape factor Fj also is given in (15) (Fig. 8). 

Flat bubbles increases inertial removal rate coefficients due to 
higher gas velocity and smaller radius of curvature near the equator. 

Inertial Impaction 

The analyses follow that of Fuchs (14) in which an internal 
circulating flow velocity at the interface is assumed to be that given 
by a completely circulating interface (no slip) in inviscid flow, 

V = 1.5 V sin6 
B 

where V is the tangential velocity 

V is the bubble rise velocity 
B 

and 6 is the coordinate angle as measured with the vertical. 

The inertial force is given by 

2 
_ mv 

C ~ r 

where m = mass of particle 
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r e radius of curvature (bubble radius for spherical 
bubbles). 

Stokes Lav (balance with drag forces) is then used to obtain a 
"terminal" velocity than is averaged around the bubble. A net 
deposition velocity is used when steam evaporation is accounted for. 

Diffusional Plateout 

Diffusional plateout modelling is basically that of Fuchs (14) which 
considered diffusion as occurring across a small boundary layer within 
the bubble. Fuchs established the "average" thickness of this 
boundary layer as being equivalent to the distance a particle would 
travel by diffusion in time, J, estimated as the time required at the 
internal circulation velocity at the periphery to travel - 1/4 segment 
around the bubble (the upper and lover quadrants were assumed 
ineffective for diffusional deposition because they represent regions 
near stagnation points in the internal flow pattern). This gave rise 
to a mass transfer deposition coefficient, a , as being 

where a is defined from 
D 

2£« - a c 
3Z D 

Because the "average" thickness of the boundary layer and the 
effective area which it serves are difficult to establish rigorously, 
the coefficient above can only be considered approximate (the GE model 
and the SUPRA model use 1.8 whereas SPARC uses - 2.4 for this 
coefficient). 

Convective Transport Due to Steam Condensation 

The condensation of steam from a bubble represents a convective flow 
towards the interface. This flow will enhance particle removal. On 
the other hand, evaporation of water into the bubble represents a 
convective flow that would retard particle removal. In SPARC, these 
two possible effects are treated in separate ways. Condensation is 
assumed to occur if the inlet mole-fraction of steam is greater than 
the equilibrium value after thermal equilibration (assumed to occur 
instantaneously). In this case an initial quantity of aerosol is 
assumed to be removed that is equal to the amount that would reside in 
the initial volume of steam condensed to establish thermal 
equilibrium. Subsequently, as the bubbles rise, only evaporation is 
assumed to occur in SPARC because the pressure inside the bubble 
decreases as it rises. The rate of water vapour entering at any depth 
is determined to be the quantity required to keep the bubble in 
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thermodynamic equilibrium (partial pressure of vater vapour constant 
at the saturation value). Stepwise calculations show that the steam 
inflow velocity (at the interface) is a minimum at the greatest depth 
and increases with rise distance. The retarding effect is determined 
in SPARC by adjusting the various "deposition velocities" determined 
for the separate depositional mechanisms (inertial, gravity, 
diffusion, thermophoresis) as being the vector difference with the 
steam velocity. 

In SUPRA, the effect of condensation is treated simply as another 
additive removal mechanism where the rate of removal is given by 

9N 

—- = - QN 
at 

where N is the number concentration of particle in the bubble and Q is 
the volumetric steam condensation rate. If the thermal analysis 
determines that evaporation occurs, Q is assigned a negative value and 
thereby acts as a source to counteract the removal mechanisms. If 
this "source" exceeds the sum of the other removal mechanisms, the net 
transport is then set equal to zero. The problem here is to establish 
the value of Q as a function of time or bubble position. This is done 
in SUPRA by a coupled solution of approximate forms for the 
conservation of energy and the conservation of mass equations applied 
both inside the bubble and in the liquid phase using standard 
convective transport relationship. Thermodynamic equilibrium is 
assumed at the interface. 

Thermophoresis 

Brock's -formulation is used in SUPRA where the temperature gradient is 
obtained from the coupled solution of the energy and mass conservation 
equations. 

Diffusiophoresis 

SUPRA defines diffusiophoresis as a net movement of particles present 
in a diffusing gas mixture of different molecular weights. This is 
treated as a separate term to the convective flow due to 
condensation/evaporation of water vapour. The diffusiophoretic 
"deposition velocity" is given by 

v = -
«I2 - »f 

1/2 V2 
Vl + X2M2 

M l - M 2 

Vl + X2M2 
D12 V X1 

where Mn is the molecular weight of water vapour 

X ,X 

is the effective molecular weight of the 
non-condensibles 

are the respective mole fractions, 
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D is the coefficient of diffusion for the water 
* vapour with respect to the non-condesibles 

and VX, is the gradient of the water vapour mole fraction 
established via the coupled energy/mass conservation 
equations 

Growth of Soluble Particles 

SPARC includes the effects of the change in soluble particle' size due 
to the uptake of water. A rate is not calculated but, rather, an 
equilibrium drop size is determined that would balance the further 
uptake of water molecules by the drop (as a result of molecular 
collisions with the drop surface) against the evaporation rate as 
affected by the drop temperature, curvature, and solute content. This 
equilibrium, as attributed to Fletcher (16), is expressed as 

2o 
e X p | ^ a ~ 

r A 3 
M ( — ira p-m)_ 

where S «= saturation ratio (the relative humidity) 

o s surface tension of solution 

n = no. of molecules/cm of solution (solvent •+ soluté) 

k = Boltzmann's constant 

T = temperature, K 

a « radius of drop 

i = Van't Hoff ionization factor 

p *= density of solution 

M « molecular weight of solute 

MQ * molecular weight of solvent 

m = mass of solute in the drop. 

It is not exactly clear in SPARC as to the exact meaning of S in this 
context. It is believed that a thermal calculation is made to 
establish the rate of water vapour evaporated into the bubble. This 
is then coupled with the bubble expansion as it rises to determine the 
effects on the partial pressure of the water vapour. This establishes 
a bulk gas saturation value, P/Psat Œ °* Eas' • This procedure gave a 
typical value in SPARC of S = 0.99 for an H /H 0 bubble initially at 
99°C and at a depth of 10 feet. 2 2 
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2.3 Surface Zone Modelling 

SUPRA contains a model for evaporation of water and desorption of 
fission products from the pool surface. The models require heat and 
mass transfer coefficients. The evaporation process is driven by 
natural convection. Mass transfer coefficients are related to Nusselt 
numbers, which are derived from a Grashof and a Schmidt number. The 
heat transfer coefficient is related to a Nusselt number derived from 
a Grashof and a Prandtl number. The Nusselt number correlations are 
designed to cover both laminar and turbulent flow. 
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3 POOL SCRUBBING EXPERIMENT REVIEW (PARAMETRIC STUDIES) 

The parametric studies have shown the following variation. 

Aerosol Particle Size 

A strong variation of DF vith aerosol particle size is observed 
(Fig. 4). Due to the fact that the parameters chosen for this 
computation are not identical for the code SUPRA and SPARC (Table 1), 
a direct comparison is not possible, however one notices that the 
trends are very similar for both codes: 

o A minimum of DF (close to 1-5) for aerosol particle sizes of 
0.2-0.5um and a DF orders of magnitude higher for aerosol particle 
sizes very small or very large. The minimum occurs where neither 
diffusion nor sedimentation/inertial offer a significant driving 
force. 

Carrier Gas (steam mass fraction) 

Marble et al. (6) have used compressed air as the carrier gas to 
simulate a 'no condensation' accident scenario (conservative case). 
In B.C.L. experiments (17), (using cesium iodide, tellurium and tin 
oxide/phase 1), the effect of the increasing carrier gas steam mass 
fraction is most apparent for the Csl and Te02 aerosol material which 
have an AMMD of about 0.4 ym. The effect is less apparent for the tin 
powder aerosol which has a 2.7 ym AMMD, apparently because the DF for 
this material is large even when the carrier gas contains no steam. 

The experiments have reported DFs values between 2.5 and 2,500. The 
tendences in the data are such that higher is the steam mass fraction, 
higher is the DF (Fig. 4). This is mainly due to aerosol removal by 
convection due to steam condensation. For steam mass fractions less 
than 0.15 the DFs are slightly higher than those for pure 
non-condensibles. On the other hand, for mass fractions of steam 
greater than 0.5 the DFs are markedly increased. 

Mass Flow Rate (Injection Velocity) 

Calculations showed that when gas velocity is high, impaction 
efficiency, due to the entrained water drops in the entrance zone, 
becomes higher. 

Of course, when entrained droplets approach the gas velocity, the 
efficiency goes to zero. 

Bubble Size 

No apparent effect of bubble size on decontamination factor was 
observed (Fig. 5). 
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Larger bubbles become elliptical rather than spherical: shape and 
gyrations tend to minimize the distance between the particles and the 
gas-liquid interface and improve the scrubbing probability. 

It can be concluded from hydrodynamic studies (3), (6), that steam 
bubbles in saturated pools, and noncondensible gas bubbles in 
subcooled pools will shatter to swarms of bubbles less than 6 mm in 
diameter. In subcooled pools the steam in steam-air mixtures rapidly 
condenses, leaving behind the jioncondensible gas in the form of small 
spherical bubbles. 

Furthermore large temperature differentials between the gas and the 
water (which are more representative of degraded core conditions) may 
promote particle scrubbing because of thermophoresis. Not many 
experimental results are available for hot pools. 

Internal Circulation Velocity 

Fig. 6 shows the effect of diminishing the internal circulation 
velocity. This effect is not very well studied; however according to 
(7), it depends upon the purity of water and this effect may be 
important. 

Gaseous Fission Product 

Fig. 7 shows the decontamination factor forthe gaseous CH I and I 
as a function of the noncondensible gas mass fraction. 

Submergence Height 

For a constant rise velocity, the bubble residence time in a water 
pool is directly proportional to the submergence height. The DFs are 
expected to have an exponential dependence on residence time. 

Subcooled and Saturated Pools 

In an EPRI sponsored program at Battelle Columbus Laboratory, still 
under way, calculations were carried out in order to determine the 
effect of increasing the pool water temperature (17). 

For a subcooled pool minimum D? (Fig. 4d) at a particle radius of 
.1 um, for pure air is about 13, while the corresponding hot pool 
value is 3.2 (Fig. Ae). Evaporation into the bubbles inhibits the 
removal of aerosols by both convective and diffusiophoresis 
mechanisms. 

Anyway, at high mass fraction of the carrier gas the DF of a hot pool 
is largely due to condensation. The effect of hydrostatic pressure 
causes the pool to be subcooled at the injection depth, and therefore 
condensation takes place. 

Fuchs (14) has noted that the DFs of bubbling falls, become 1 at the 
boiling point as the water temperature rises. He suggests that two 
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factors are acting in this case: (1) an increase in the size of the 
bubbles due to the production of vater vapor, and (2) a repulsion of 
the aerosol particles from the vails of the bubble due to Stephan 
flow. Fuchs believes that both effects such as turbulent 
agglomeration and inertial deposition from turbulent flow may dominate 
in the saturated pool case. 

Particle concentration 

Particle concentration should play an important role because of 
agglomeration in condensing carrier gas (particle growth). In fact 
vater condenses in a film around the particle and makes it more 
susceptible to collection by inertial impaction and to removal by 
settling. 

In condensing steam flows the degree of supersaturation and the 
residence time in supersaturated regions are important particularly 
for sub-micron particles (13), but further experimental data is 
needed. 



- 337 -

4 FISSION PRODUCTS POOL SCRUBBING EXPERIMENT: SPARTA FACILITY 

4.1 SPARTA Aerosol Generation Technique 

In the SPARTA facility the aerosol generation system will include a 
plasma arc heater, fissium feeders and a vaporization chamber. 

For this experiment the 80 KW Metco type 10 MB plasma heater has been 
chosen (19). The same plasma torch was used in the Marviken test 
facility and two identical torches will be used in the LACE project 
(Hanford Laboratories) (20), (21). 

At least, two aerosol materials will be generated by 
vaporization/condensation process and mixed in a chamber to provide 
some co-agglomeration and fallout of oversize particles before sending 
them to the suppression water pool. 

Separate feeding systems will be used, one for each fissium 
components. 

Cesium hydroxide (CsOH) will be used as the water-soluble species and 
manganese oxide (MnO) for the insoluble species. CsOH water solution 
and Mn powder will be injected near and almost perpendicular to the 
plasma jet axe, vaporized and discharged to a reaction chamber filled 
with a mixture of steam and nitrogen. The Mn is expected to react 
with steam to form MnO aerosol particles and H„. 

At the exit of the chamber the mixed aerosol species will have an 
expected aerodynamic mass median diameter (AMMD) of 2.5 - 5 ym and a 
geometric standard deviation (og) of 2.0 for bo'th species, in 
according to previous experiences with plasma torches (21). 

The primary particles are initially of submicron size. The aerosol 
particle size at later times is determinated by the coagulation 
processes strongly depending on the air to steam ratio. The size 
distribution of aggregates is independent in the sizes of the primary 
particles but depends on the dilution. Immediate dilution of the 
aerosol is necessary to prevent formation of very large aggregate 
particles (23). 

The mass release rates will be about 5.0 g/s for CsOH and 2.0 g/s for 
MnO at the inlet to the aerosol delivery line. The average density of 
the CsOH/HnO mixture is 4.7 g/cm3, based on handbook values of the 
pure compounds (21). 

4.2 SPARTA Test Matrix 

SrARTA will investigate some parameters such as (1) injection velocity 
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(or mass flow), (2) aerosol-type (hydroscopic vs. non hydroscopic, 
(3) non-condensible gas (air-nitrogen), (4) steam mass fraction, (5) 
pool temperature (subcooled vs. saturated), (6) injection geometry 
(X-quencher, horizontal vents). 

Some key parameters will be investigated in a large scale facility 
(greater than 6 meter depth), others in a small water pool in order to 
facilitate visualization techniques and particular experimental 
procedures (i.e. pool vail wiping, water filtering, etc.). 

Jankowski, M. et al. (24) have made some calculation comparisons 
between currently available suppression pool codes (GE, SPARC, SUPRA). 
They selected a set of conditions for use as example problems in 
calculating pool scrubbing of aerosols. Those conditions arepresented 
in table 1 (BVR TC sequence - Transient event with failure of the 
reactor protection system, x-quencher discharge). 

A feasibility analysis was made by Kropp, C. (22) and a preliminary 
test matrix was fixed (see tables 2-4). The presented values are 
subject to revision as project knowledge and data evaluation proceeds. 
Data concerning pool experiments (case 3) refer to small scale 
facility. 

As model validation effort, experimental data will be used for pre and 
post-test calculations with available codes (e.g. SUPRA, SPARC). 
SPARC is the NRC Suppression Pool Aerosol Removal Code and is now 
being extensively used ( by NRC) for the BVR source term reassessment 
program. 

The NAUA Code can be used in SPARC application. NAUA calculates the 
behaviour of aerosols in closed gaseous volumes which may contain a 
condensing steam atmosphere. Aerosol size distribution and other 
pertinent NAUA output concerning drywell can be used as input for 
SPARC which then provides the NAUA input for wetwell gas space. 

An additional effort of SPARTA Project will be to verify the 
characteristics of the suppression pool in according with the theory 
by Calvert (25): 

The capability of a particle scrubber is the diameter of the particle 
that it will collect at 50 X efficiency. This diameter is referred to 
as the "cut diameter" dc, generally given in aerodynamic units. Thus, 
a scrubber with cut diameter of 1.0 urn AMMD would collect particles of 
1 urn size at 50 X efficiency (Fig. 9). 

Cut diameter is a useful parameter because a curve of collection 
efficiency vs particles diameter for collection by inertial impaction 
is quite steep. (Several important types of scrubbers have 
performance characteristics such that a particle whose aerodynamic 
diameter is half the cut diameter will be collected at about 10 X 
efficiency, whereas a particle with an aerodynamic diameter twice 
thecut diameter would be collected at about 90 X efficiency. See 
Fig. 9). 

Because the cut is fairly sharp, one can use as a rough approximation 
the concept that the scrubber collects everything larger than the cut 
diameter and passes everything smaller. 

« 
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Morewitz (26) compared DFs experimental pool scrubbing data vith the 
data on packed vet bed scrubbers and obtained extrapolated "cut 
dimaters" (0.26 um for insoluble particles and 0.13 um for soluble 
particles) for a 6 m deep sbucooled suppression pool. 

In other words, correlating the experimental Dfs on the basis of 
turbulent energy per unit volume of gas passing through the pool, (or 
inlet gas-phase pressure drop), the Dfs yielded by Morewitz can be 
verified: DFs of 170 for insoluble aerosols (AMMD = 5 um; g = 3) and 
of 1400 for soluble aerosols of the same size for the subcooled pool 
case. 

For the saturated case, available experimental data is not sufficient 
to calculate Dfs unambigously. If enough data is taken in SPARTA 
experiments, it will be possible to calculate, according to Morewitz, 
Dfs values for the saturated case. 

5 CONCLUSION 

A review of previous experiences in pool scrubbing retention has been 
made. This analysis has led to the determination of those key 
parameters which need further investigation. 



- 340 -

References 

(1) Nuclear aerosols in reactor safety, supplementary report, OCDE, 
Paris, 1985. 

(2) A.T. Wassel, M.S. Hoseyni, J.L. Farr, Jr. and R.N. Oehlberg, 
"Scrubbing of radionuclide aerosols in water pools", unpublished. 

(3) D.D. Paul, L.J. Flanigan, J.C. Cunnane, R.A. Cudnik, 
R.P. Collier, R.N. Oehlberg, "Radionuclide scrubbing in water 
pools-gas-liquid hydrodynamics", unpublished. 

(4) J.C. Cunnane, M.R. Kuhlman, R.N. Oehlberg, "The scrubbing of 
fission product aerosols in LVR water pools under severe accident 
conditions, Experimental results", unpublished. 

(5) A.T. Vassel, A.F. Mills, D.C.Bugby, R.N. Oehlberg, "Analysis of 
radionuclide retention in water pools", unpublished. 

(6) W.J. Marble, T.L. Wong, F.J. Moody, D.A. Hankins, "Retention of 
fission products by BWR suppression pools during severe 
accidents", Proceedings of ANS/ENS International Meeting on 
Thermal Reactor Safety, Chicago, Illinois, August 29 -
September 2, 1982. 

(7) P.L. Owozarski, A.K. Postma, "Suppression pool modelling", 
unpublished. 

(8) J.A. Gieseke et al., "Radionuclide Release under specific LWR 
Accident Conditions", Vol. II and III, BMI-2104. 

(9) W. Hatch et al., "Reactor Safety Study Methodology "Applications 
Program, Grand Gulf 1 BWR Power Plant", Nureg /CR-1659/4. 

(10) D.C. Bugby, A.F. Mills and R.L. Ritzman, "Fission Product 
Retention in Pressure Suppression Pools", Science Applications, 
Inc., January 7, 1982. 

(11) A.T. Wassel, J.L. Farr Jr., D.C. Bugby, A.F. Mills, 
M.S. Hoseyni, "Removal of Radionuclides by Water Pools under 
Severe Accident Conditions", Draft report for RP2117-2 
(July 1983). 

(12) P.C. Owczarski, A.K. Postma, R.I. Schreck, "Technical Bases and 
User's Manual for SPARC - A Suppression Pool Aerosol Removal 
Code", NUREG/CR-3317 (PNL-4742), Pacific Northwest Laboratory, 
(to be issued). 

(13) T. Demitrack and F.J. Moody, "Planimetry Ellipsoid Bubble Model 
for Fission Product Scrubbing"; TRANS ANS, Vol. 45 pp. 483-485, 
1983. 

(14) N.A. Fuchs, "The Mechanics of Aerosols", The MacMillan Company, 
New York, NY (1964). 

(15) F.J. Moody, D.A. Hankins, K.W. Holtz Clav, "Pressure Suppression 
Bubbles Enhance Safety"; Nuclear Europe, V.III, No. 5, May, 
19B3. 



- 341 -

(16) N.H. Fletcher, "The Physics of Rainclouds", Cambridge University 
Press, London (1962). 

(17) R.C. Vogel, "Source Term Research and Prognosis"; Electric Power 
Research Institute. 

(18) H.P. Diffey, C.H. Rumary, N.J.S. Smith, R.A. Stichombe, "Iodine 
Clean-Up in Steam Suppression System"; AERE-R-4882, 1965. 

(19) Metco Inc., "Type 7MC Plasma Flame Spray Control Unit"; 
INSTRUCTION MANUAL. 

(20) Studsvik, "The Marviken Aerosol Transport Tests - Fifth Series 
MXE-202b", Interim Report 

(21) V. Hanford, "LACE program - LA2 Test Plan", June 1985 

(22) C. Kropp, "Fattibilita di Esperienze sui Fattori di Ritenzione in 
Piscine d'Acqua"; TERM/ISP NQO0/2TS4B/85015. 

(23) 0. Mercier, W. Schôck, "Generation and Properties of Highly 
Concentrated Metal Oxide Aerosols in a Steam Atmosphere"; 
Proceeding of the Annual Conference of the Association for 
Aerosol Research. 

(24) M. Jankowsky et al., private communication, 1983 

(25) S. Calvert, "How to choose a particulate scrubber"; Chem. Eng., 
August 29, 1977 

(26) H.A. Morewitz, "Attenuation of Fission Products by a Suppression 
Pool"; H.M. Associates Ltd., unpublished. 



- 342 -

Pool compartment 

V 
Surface zone 

Bubble rise zone 

Pool compartment 
• Condensation on walls 
• Sedimentation on pool surface 

Surface zone 
• Desorption from pool surface 
• Entrapment of liquid droplets 

Bubble rise zone 
• Rising swarm of condensing or 

evaporating steam-non-
condensable gas bubbles 

Injection zone 
• Bubble, slug or jet formation at 

orifices 

Î Entering as gas stream 
(steam, noncondensable 
gas, and fission 
products mixture) 

Figure 1 Schematic of the Pool Model (from r e f . 5) 

G A S / V A P O R SPACE 

POOL 

NLET GAS 

Figure 2 Schematic of Suppression Pool during 
Scrubbing of Inlet Gases (from ref. 7) 
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Figure 3a Rising Oblate Spheroid Bubble Showing 
The constant Vapor Concentration Isopleth, 
Various Velocities (V : centrifugal velocity, 
V : surface circulation, V : gravitational 
settling velocity, V : incoming vapor velocity) 
and Ellipse Parameters (from ref. 7) 

GAS PHASE 

BULK BOUNDARY 
GAS | LAYER i 

LIQUID PHASE GAS PHASE LIQUID PHASE 

BOUNDARY 
LAYER 

BULK 
LIQUID 

(a) TEMPERATURE PROFILES (b) MASS SPECIES PROFILES 

Figure 3b Schematic of Stagnant Film Model for Gas and 
Liquid Side Heat and Mass Transfer (from réf. F! 
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SPARC SUPRA 

T pool 

P above pool 

Pool depth 

Pool water composition* 

Inlet gas 

T-gas 

Flow of gas 

Bubble size 

Bubble shape 

Particle density 

100 °C 

1 at 

12 feet 

pure water 

H2 dry 

7 

low 

0 1.0 ID 

a/b « 1.5 

1.0 g/cc 

100 °C - RT 

1 at 

4.5 - 5 m 

7 

air 

575 - 600 K 

0.5 - 35 kg/s 

( calculât 
i 

4.5 g/cc 

Table 1 ; Values of the parameters, used in the calculation of DF 

« 
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Figure 4 Predicted differential decontamination factors vs particle radius a) and 
b) SPARC code; c) d) e) SUPRA code 
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BWR TC SEQUENCE 

X-Quencher Discharge 

To calculate DF versus p a r t i e l * size and integrated DF. 

Case 1 Case 2 

Flow Rate (lbm/min) 

Hydrogen 

Steam 

Inlet Gas Temperature (°F) 

Pool Depth (ft) 

Surface Pool Temperature (°F) 

Pressure Above Pool (psia) 

Bubble Diameter (cm) 

Bubble Aspect Ratio 

Particle Material Density (g/cc) 

6.5 

150 

700 

18.8 

210 

14.7 

0.5 

3:1 

10 

8.5 

2.4 

730 

18.8 

206 

14.7 

0.5 

3:1 

10 

P a r t i c l e Size D i s t r i b u t i o n ( urn ) 5.1 AMMD* ^ g = 2.2 

P a r t i c l e . S i ze ( uni ) 0.1-5 0.1-5 

Number of Holes (0 .391" d ia) 1496 1496 

* AMMD = aerodynamic mass median diameter. 

Table 2 
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Case 1 Case 2 

Flow Rate (Kg/s) 

dry air 

steam 

Inlet gas temperature (°C) 

Aerosol mass rates (g/s) 
3 

Particle concentration (g/m ) 

Particle size distribution (urn) 

Particle size (urn) 

Test duration (min) 

Discharge device 

Number of holes 

Hole diameters (mm) 

Hydrodynamics 

Bubble diameter (cm) 

Rise configuration 

Bubble aspect ratio 

Pool depth (m) 

Surface pool temperature (°C) 

Pressure above pool (ata) 

4 

/ 

• • 

3 

1 

5 AMMD 

0.1-5 

120 

quencher 

1.496 

10 

0.5 

elliptical 

bubbles 

3:1 

5.7 

30 

1 

2 

/ 

• • 

3 

2 

CT = 2 
g 
0.1-5 

120 

quencher 

1.496 

10 

0.5 

elliptical 

bubbles 

3:1 

5.7 

30 

l 

Table 3 
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Case 1 Case 2 

Flow Rate (Kg/s) 

dry air 

steam 

Inlet gas temperature (°C) 

Aerosol mass rates (g/s) 
3 

Particle concentration (g/m ) 

Particle size distribution (um) 

Particle size (um) 

Test duration (min) 

Discharge device 

Number of holes 

Hole diameters (mm) 

Hydrodynamics 

Bubble diameter (cm) 

Rise configuration 

Pool depth (m) 

Surface pool temperature (°C) 

Pressure above pool (ata) 

4 

/ 

150 

3 

l 

5 AMMD 

0.1-5 

120 

horizontal 

vents 

1 

70 

35 

swarm of 0.5 cm 

dia bubbles 

1.8 

30 

1 

cr 
g 
0 

-

2 

/ 

150 

3 

2 

«= 2 

.1-5 

120 

horizontal 

vents 

swarm 

dia 

1 

70 

35 

of 0.5 cm 

bubbles 

1.8 

30 

1 

Table 4 
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Case 1 Case 2 Case 3 

Flow Rate (Kg/s) 

dry air 

steam 

Inlet gas temperature (°C) 

Aerosol mass rates (g/s) 

Particle concentration (g/m ) 

Particle sixe distribution (urn) 

Particle size (um) 

Test duration (min) 

Discharge device 

Number of holes 

Hole diameters (mm) 

Hydrodynamics 

Bubble diameter (cm) 

Rise configuration 

Bubble aspect ratio 

Pool depth (m) 

Surface pool temperature (°C) 

Pressure above pool (ata) 

2 

1 

150 

3 

l 

5 AMMD 

0.1-5 

120 

quencher 

1.496 

10 

0.5 

elliptical 

bubbles 

3:1 

5.7 

30 

1 

1 

1 

150 

3 

1.5 

cr = 2 
g 
0.1-5 

120 

quencher 

1.496 

10 

0.5 

elliptical 

bubbles 

3:1 

5-7 

30 

1 

2 

1 

150 

3 

1 

0.1-5 

120 

horinzontal vent 

1 

700 

35 

swarms of 0.5 cm 

dia bubbles 

/ 

1.8 

80-90 

l 

Table 5 
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Technical Annex 

FISSION PRODUCT RELEASE FROM 
FUEL IN SEVERE ACCIDENTS 

(Last Revision September 1986) 

NOTE 

This contribution on fission product release from fuel 
was not viewed by the entire group as representing a complete 
state-of-the-art review of the subject. It contains a particular 
model for the mechanism controlling the release rates. This 
model may not be adequate to describe fission product release 
during all phases of a severe accident. The contribution is 
nonetheless viewed as having important technical content and hence 
has been included as an annex to the main body of this report. 
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F I S S I O N PRODUCT RELEASE FROM FUEL IN SEVERE ACCIDENTS 
by 

C D . A n d r i e s s e (KEMA) and C. B l a h n i k ( O n t a r i o Hydro) 

SUMMARY 

The release of fission products from overheated fuel is being studied on 
a largely phenomenological basis, with little emphasis on theoretical 
understanding. Although this paper mentions phenomenological algorithms 
(CORSOR. TRAPMELT. VANESA), it concentrates on the theory behind these 
approaches. It is less a review than a scoping paper. Release of fission 
products is limited by diffusion of these products inside grains of solid 
uranium dioxide. A simple, but basic model for the diffusional modes 
(interstitial and substitutional) is discussed and applied to the 
high-temperature regime where the fuel is evaporating and interacting 
with it6 cladding. 
Clearly, this solid-state model predicts lower releases than fluid-state 
models, where vapour transport is the limiting mechanism. These lower 
releases may not be in conflict with experimental data, which are 
uncertain though. It is concluded that the high-temperature regime with 
melts of fuel, cladding and eventually concrete is not well understood. 
Here releases will be more and more dependent on factors which are not 
intrinsic to the fuel. 

1.0 INTRODUCTION 

Studies of the source-term deal with the transport of fission products 
away from the uranium dioxide reactor fuel, where they are formed, to -the 
environment, where they can do no harm. Such transport is possible -when 
the reactor fuel is severely overheated, but tends to be thwarted by 
physico-chemical interactions which, for mo6t fission products, are 
strong. The transport processes can be divided into four groups by the 
various transporting media: the fuel, the reactor cooling circuit, the 
containment building and the ecosystem outside. In this order the 
processes are increasingly complex, not only because the media are less 
and less homogeneous, but also because they become increasingly dependent ̂ fe 
on the ways an accident can develop. The transport of fission products ^ P 
in overheated fuel is by far the simplest part of the source-term 
problem, and still it is not fully quantified. It is also the part of 
the source term methodology wich governs the whole problem. Put simply, 
if the movement of fission products in fuel is inappropriately 
quantified, then the most elegant analysis of subsequent processes will 
be for naught. 

In analyses of severe LWR accident scenarios, fuel release models appear 
to be critical only for the less volatile fission products. All of the 
volatile species will ultimately be released under the extreme 
temperature excursions of core meltdown accidents, while the less 
volatile fission products may largely be retained. (One recalls, 
however, that about 1/1000 of all the fission products is always 
released, by recoil at fission, from a thin layer below the fuel 
surface.) To a certain extent our understanding of the transport in fuel 
of the less volatile species is handicapped by the many details we know 
about the transport of volatile gases in fuel under normal operating 
conditions [1]. Such details are the role of gas bubbles, grain 
boundaries-, closed or open porosity, precipitation, cladding, burn-up or 
overstoichiometry. temperature history and others. By extrapolation they 
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have led to ingenious, but complicated release models of krypton, iodine, 
xenon, and cesium from overheated fuel [2.3,4], such as that used in 
the FASTGRASS code [3]. The drawback to these models is that their 
extrapolation to other, less volatile, fission products is not possible 
without introducing empirical simplifications and approximations which 
affect their very nature. More serious perhaps are their practical 
limitations. Even for the estimates of volatile fission products release 
one needs to know more details about -the fuel power/burn-up history, 
morphology and local transient heatup conditions than normally are 
available in source term studies. Consequently, simple empirical models 
are popular and widely used. 

Most data on high temperature releases have been obtained from laboratory 
experiments involving heating of irradiated fuel or non-radioactive 
materials which both physically and chemically are similar to irradiated 
fuel. All release rates are found to increase with temperature. 
Owing to differences in the experimental material and method, however, 
the value of the release rate at a given temperature is uncertain. 
An unbiased comparison of presently available values for the volatile 
fission products [5] shows a scatter over 4 decades. Clearly, one 
should discriminate between the different materials and methods and 
select a biased but homogeneous subset of data. This has led to 
best-estimate values [6.7] which are used in the CORSOR algorithm 
[8]. Originally this code tended to give an upper limit, but in its 
modified version (CORSOR-M) it is less conservative and it computes 
almost the same release rates as are discussed in the present paper. The 
bias in the underlying choice is towards old fuel under reducing. 
conditions. Fresh fuel seems to release its volatile fission products 
more slowly, however [5]. This can be explained by the absence of 
extensive porosity and cracking. Also the availability of oxygen can 
slow the release down (case of barium [9] and case of tellurium - see 
below). This can be explained as follows. At the fuel surface the 
fission product metals can be transformed to the less volatile oxides, if 
the zirconium cladding has not yet taken up most of the oxygen bound in 
the fuel. (For tellurium, CORSOR-M models this effect by dividing the 
release rate by 40 as long as less than 10% of the cladding is oxidized). 

The CORSOR algorithm is not based on a physical model of the release 
mechanism(s). Therefore it does not lend itself to meaningful 
predictions for temperature ranges and for fission products which, so 
far, have not been studied in the laboratory. Especially the 
temperatures above 2000 K are of concern. In this range the solid fuel 
matrix vaporizes at rapidly increasing rates (mass-spectroscopic studies 
show a remarkable coïncidence of release of uranium oxides and of the 
oxides of fission product lanthanides). whereas at the same time a liquid 
phase is forming (a eutectic resulting from the interaction of fuel and 
cladding). Transport under such conditions is quite different from 
transport in solid fuel below 2000 K. It may be dominated by vapour 
pressures and the pertinent kinetics, such as assumed in the TRAPMELT 
algorithm [10] and, in the context of the liquid resulting from the 
interaction of fuel, cladding and concrete, in the VANESA algorithm 
[11]. Clearly, the thermohydraulic conditions of the vapours (and 
liquids), which depend on the particular accident scenario and on the 
particular structure of the reactor, will in this approach determine how 
much of the fission products will be released. In other words: the 
environment will tell, not the fuel. The present paper, however, will 
describe fuel release as much as possible in terms of the fuel itself. 
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Summing up: besides the four algorithms mentioned there is a need for a 
simple, yet fundamental and realistic model, which can be incorporated 
into a broad range of severe accident methodologies and code6 presently 
in use around the world. On the other hand, it is clear that a simple 
model will encounter difficulties in capturing all the phenomena that can 
influence the release kinetics. It should be easy to amend, therefore. 
For in-vessel releases, it could provide a more realistic assessment of 
the timing of the release of fission products relative to the timing of 
the release of structural materials. (This timing is important for the 
retention of fission products in the cooling circuit and for their 
re-evaporation by decay heat.) For ex-vessel releases, it could show 
that many of the less volatile fission products will be retained in the 
fuel even under the extreme conditions of a melt down of the reactor core. 

2.0 RELEASES FROM SOLID FUEL 

Recently, a simple release model has been developed which addresses 4>oth 
the more recent experimental data as well as the above aims 
[12.13.14]. It is based on diffusion of a broad range of fission 
product elements inside the fuel grains. The basic release properties © W 
the various elements are related to the basic atomic transport in tn^P 
uranium dioxide matrix, as discussed below. Strictly speaking, this 
model only describes the limiting kinetic process leading to release of 
radiologically significant fission products from the solid fuel. It does 
not treat the diffusion of long-lived fission gas bubbles, nor the 
release of the gases residing at the grain boundaries. It neglects any 
delay or holdup except for that occurring in the grain. It also neglects 
any dimensional changes of the fuel grain (i.e.. grain growth) which may 
occur during heatup. although the effect of grain size is explicitly 
treated in the model formulation. For most of the severe accident 
applications, the neglected phenomena are of minor importance. It 
desired, they can be readily added to the model. 

2.1 Basic Model 

The p r e s e n t l y ava i lab le re l ease data have been assembled and analyzed i n 
Arrhenius diagrams [ 7 . 1 4 ] . They can be wel l described by: 

l o g ( f ) - - c x / T • ca (1) 

where f is the release rate, expressed in inverse seconds. T is th^ 
absolute temperature, expressed in Kelvins (the range being 1500 to 
3000). and cx and ca are constants related to physical and 
chemical properties of the fission product atoms. Table 1 gives the 
values of these constants for thirteen fission products, obtained at a 
best fit of the various experimental release rates, and Figure 1 shows 
the pertinent straight lines in an Arrhenius diagram. 

The obvious interpretation of Equation (1) is that the release process is 
dominated by elementary diffusion in grains. In the majority of the 
cases the activation energy, which follows from the slopes in the 
Arrhenius diagram. is close to that for oxygen diffusion in 
(stoichiometric) uranium dioxide, which proceeds by jumps between 
interstitial sites [12]. However. Figure 1 shows that there is also 
a class of fission products with a about four times larger activation 
energy than is typical for interstitial diffusion. So there is still 
another diffusion mechanism, probably via jumps between substitutional 
sites. 
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The data from different laboratories have been obtained at small but 
different temperature gradients without being in conflict with each 
other. So. there is a factor intrinsic to the interaction of fission 
products with the uranium dioxide matrix which must exist to describe the 
differences in release rates, and this factor probably is the diffusion 
entropy. The pertinent arguments are given in References [12.13] and 
they are summarized below. 

The relation between the release rate f and the diffusion coefficient D 
can be written as 

f - D/R*[-VC/C • V(Q/kT)] (2) 

where R* is an effective grain radius, C the atomic concentration. Q the 
heat of transport and k the Boltzmann's constant - the term in square 
brackets gives the driving force. Physically this equation implies that 
fission products move faster outside the grains than inside and that, 
therefore, the release rate of fuel is limited by intragranular diffusion 
with its coefficient D. The latter is given by 

D • (a>v/6) exptAS/k - q/kT] (3) 

Here a is the jump distance between the interstitial (or substitutional) 
sites and v the Dé bye frequency of the matrix - they yield about 
4 x 10"* square meters per second for the prefactor -, whereas AS 
is the entropy of diffusion and q the activation energy for diffusion. 
By combining the above equations one finds that 

cx - (q/k)log(e) (4) 

ca - log(a*v/6) - log(R*) + log[-VC/C • v(Q/kt)] + 
(AS/k)log(e) (5) 

The last identity shows that c, varies only weakly (logarithmically) 
with the driving forces, but strongly (proportionally) with the diffusion 
entropy, the first two terms being constant. This means that the broad 
range of values for ca (see Table 1) is most easily explained by 
variations in AS. The basic model has to address this spread in AS 
and the dichotomy in q. with one class at about 2.5 electronvolt and 
another class around 10 electronvolt. 

Obviously, the dichotomy is explained by the presence of chemical bonds 
between the fission products and the oxygen of uranium of the matrix. 
Atoms without a bond will be at interstitial sites, but atoms with a bond 
to oxygen (uranium) will substitute a uranium (oxygen) atom. A jump to 
the next substitutional site requires not only activation energy (like 
chemical interaction leading to the removal of an uraium (oxygen) atom to 
an (adjacent) interstitial size. As a rule, the sum of those energies is 
of the order of the formation enthalpy of the bond between the fission 
product and oxygen (uranium): this rule is obeyed by the four fission 
products of the high-q class in Figure 1. 

Reference [12] examines the possible chemical bonds in the fuel and 
finds that the following fission products belong to the high-q class: 

La. Ce. Pr. Nd. Pm. Sm. Eu. Gd. Tb. Y. Zr. Nb. Tc. Ru, Rh and Pd. 

The low-q class includes the following: 

(Ge. As). Se. Br. Kr. Rb. (Ag. Cd. In. Sn). Sb. Te. I. Xe. Cs. Sr. Ba. 
and Mo. 
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Turning now to the spread in the diffusion entropy, it is useful to 
sketch its physical significance first. The AS arises from disorder 
associated with the insertion of an impurity atom in a host matrix. 
This disorder is small when the impurity fits to the open space of 
interstitial sites, but it becomes large when it does not fit. The 
bigger the interstitial fission product atom, the larger the disorder and 
hence the diffusion entropy. This trend is indeed found by plotting the 
values of ca. against atomic radii (Figure 2). 

Using the above ideas, a simple theory for the relation between AS and 
the atomic radius of the interstitial (low-q class) fission products was 
developed. It results in: 

AS/k - <3/o)[r(r0 • ri)/(r0 • r) - rj.] (6) 

Here o is an empirical parameter, determined to be 7.2 picometer, r the 
radius of the pertinent fission product atom. r0 the radius of the 
oxygen ion (0.135 nanometer) and r^ the radius of the interstitial 
hole, being about equal to the radius of the uranium ion (0.100 
nanometer). This almost linear relation, shown in Figure 2 by a dotted 
curve, can be used to predict values of ca for all interstitial 
fission products, as their atomic radii are known (Table 2). A 

For the substitutional (high-g class) fission products, the fact that the 
values of ca are on the whole much higher than those for the 
interstitial fission products may be explained by the greater disorder at 
a jump and a substitution. It is clear that these substitutional 
elements will find it very difficult to move within the fuel matrix. 
Figure 1 illustrates that appreciable release rates are only observed 
when very high fuel temperatures are reached. For most source term 
applications, a single constant value of ca - 10 will be adequate in 
describing their release behaviour. Figure 2 and Table 3 suggest that 
there might also be a relationship between ca and atomic radii of 
substitutional elements which is not yet explained from fundamental 
considerations. 

In summary, the release of fission products from overheated solid fuel 
can be described by elementary diffusion in grains. Two classes of 
fission products have been identified which move by different 
mechanisms. For de class defined in Table 2. the movement is by 
interstitial transport process with activation energies of about 2.5 
electronvolt and diffusion entropies varying with the atomic size. For 
the class described in Table 3. the movement is by subsitutionaA 
transport process with activation energies around 10 electronvolt autor 
high diffusion entropies. 

2.2 Application 

The basic model only describes the release of fission products from solid 
uranium oxide matrix. It is. therefore, directly applicable to accidents 
where temperatures stay below about 2100 Kelvin and thus avoid any 
significant formation of uranium/zirconium liquid alloys. Before 
addressing the model applicability to accidents with higher temperatures, 
it is useful to review several refinements that can be introduced to the 
basic model, by considering possible variations in q. E* and VT. 

« 
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The activation energy for interstitial diffusion is lowered by excess 
oxygen in the fuel, which is the effect of burn-up. For a lattice with 
increasing disorder, the threshold for a jump between interstitial sites 
is decreasing. This burn-up effect on the (low-) q values has been 
estimated and it can lead to an increase of release rates by up to an ' 
order of magnitude [13]. The basic model readily accomodates 
sensitivity studies of this effect. No data are available at present on 
a possible effect of burn-up on the activation energy for substitutional 
diffusion. 

Equally important can be the effects of fuel morphology (initial grain 
size and subsequent grain growth). The release rate is inversely 
proportional to R* (Equation 2) which can vary from about 1.5 x 10~* 
to 1.5 x 10~* m depending on the fuel manufacturing and operating 
histories. So the fission product release rates can differ by up to an 
order of magnitude for the same heatup conditons. The value of B* can be 
further altered by grain growth occurring during the accident which tends 
to be promoted by high temperatures and oxidizing steam environment 
[1.15.16]. This latter phenomenon involves mass transfer processes 
driven by differences in grain boundary surface energies. Large grains 
with concave surfaces tend to increase in size at the expense of smaller 
grains with convex surfaces. Thus, simultaneous decreases and increases 
in R* occur, perhaps accompanied by "sweeping" of some fission products 
from the bulk matrix to grain boundaries. This may result in a net 
change in the overall release rate, by up to an order of magnitude. The 
basic model directly facilitates sensitivity studies to the grain size 
effects. It can also be readily coupled to existing grain growth and 
sweeping models (such as that reported in [16] or employed in the 
FASTGRASS code) to provide a more mechanistic description of the 
release. In practical source term applications, the effects of fuel 
morphology may have to be ignored, but some attention should be given to 
the choice of the effective grain size used in specific accident 
scenarious. Tabulated values of release constants provided herein are 
based on R* • 10~* m which should be typical for most LWR source term 
studies. 

Although the driving forces have not been addressed so far in any detail, 
it is obvious that they control the release directly. The temperature 
gradient vr is normally small in source term studies. Rapid transient 
heating or cooling can make it large and thus cause large transient 
(burst) releases. The basic model is not suitable for modelling these 
rapid transients (see, however. Reference [13]). Burst releases of 
fission gases can also occur from the accumulated inventories residing in 
open cavities of the fuel rod (gap inventory) or in closed cavities at 
the grain boundaries. These predominantly involve long-lived noble gases 
of low radiological significance and may be ignored in most severe 
accident analyses. 

Thus, the basic model appears to provide estimates of fractional release 
rates from solid bare fuel for a broad range of fission products, fuel 
morphologies and heatup conditions to within about an order of 
magnitude. The model can be readily expanded to consider additional 
details of fuel burn-up history or morphology to improve its accuracy. 
Effects of fission product interaction with the cladding (such as that of 
Te) can also be readily approximated by applying retention criteria 
similar to that in the CORSOR code [8]. 
It also facilitates rapid and meaningful sensitivity analysis of the 
effects of-these details. 
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3 . 0 RELEASES FROM TWO-PHASE FUEL MIXTURES 

Modelling, of severe accidents involves not only the telease from solid 
uranium dioxide, but al6o that from molten fuel. Part of the fuel may be 
reduced by the zirconium of the cladding, so that metallic alloys of 
uranium and zirconium are formed which melt at temperatures well below 
the melting point of uranium dioxide. In this melt, the diffusion of 
fission product is much faster than in the solid state and. therefore, 
the release is enhanced. The total release (sum of the release from fuel 
debris and from the melt) now becomes very sensitive to the details of 
accident progression, such as the contact geometry of cladding and fuel 
at the high temperatures where the reduction occurs, the extent of prior 
cladding oxidation, the melt relocation kinetics, the temperature and 
geometry of any resulting melt/fuel debris pool(s). the time this 
temperature can hold and the mass transport kinetics of fission product 
vapours. All these factors are uncertain. While in .the core, the fuel 
debris/melt mixture is expected to reach temperatures in the range from 
about 2200 to 2500 Kelvin, although some temporary and localized 
excursions to higher temperatures may be possible. An upper bound to the 
reduced and molten fuel fraction appears to be about 0.1. for the range 
of zirconium/uranium ratios relevant to LWR fuel assemblies [17], buj^ 
the actual extent of alloying is probably lower due to prior claddingV 
oxidation. 

In-core releases of fission products can be modelled by considering the 
solid and liquid fuel phases separately. For example, the basic model 
(Chapter 2.1) can be used to describe the releases from solid fuel 
debris, while all the fission product inventory remaining in the melt say 
be assumed available for immediate release, subject to prevailing mass 
transfer limitations. However, this modelling approach would require a 
more detailed description of accident scenario than is typically 
available. In the absence of such description, the basic model can still 
provide a reasonable order-of-magnitude approximation of in-core releases 
as the bulk of these originates from the solid fuel debris. This has 
been tested in Reference [14] by computing released fractions F after 
a temperature excursion T(t) for Severe Fuel Damage (SFD) test 1-3 
performed at EG&G (Idaho, USA) using the scheme: 

F - l - M (7) 

t 
ln(M) - -J dt'f(t') 

o 

log[f(f)] - -cx/T(f) • c, (see 1) 

Preliminary reports of the SFD test show that the release of krypton is 
as predicted. However, the release of iodine, cesium and tellurium is 
apparently smaller than predicted by a factor 2 to 4 and that of barium 
is apparently more than order of magnitude higher than predicted. The 
discrepancies do not refute the applicability of the basic model, as the 
behaviour of the least reactive element seems to be understood. If less 
iodine, cesium and tellurium is measured, it may be assumed that a 
portion of these reactive elements is held back in the long 
transport-tubes between the fuel and the measurement station. And if 
much more barium is measured it may be because the pertinent isotope 
(140) originates from the abundantly released cesium, cesium-140 decaying 
with the half-life of 65 seconds. 

(8) 
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Thus, the basic model appears to provide direct predictions of in-core 
releases even in the presence of molten phases. Further verifications 
should be performed to clarify whether or not an explicit treatment of 
molten phases is necessary for this stage of release. 

Ex-vessel releases originate from non-homogeneous two-phase mixtures of 
solid debris and melt which may reside at temperatures in excess of 
2100 Kelvin for hours. These temperatures apply in particular to the 
phase where the fuel is interacting with the concrete below the reactor 
vessel: the lower value is fixed by a melt which largely consists of 
concrete. The releases from solid uranium dioxide will continue to be 
governed by diffusion kinetics in grains. The melt release kinetics 
being unknown, one can use data on vapour pressures of fission products 
and chemical species that might be formed by fission products and other 
melt constituents [11]. The steam. carbon oxides and hydrogen 
generated by melt concrete interactions are assumed to form gas bubbles 
in the melt and rise to the surface. The fission products and other 
constituents are assumed to undergo chemical interactions whith the gas 
and vaporize into the bubbles. In this approach of VANESA [11]. the 
retarding interaction with the quasi-lattice of a liquid is ignored and 
it is replaced by an accelerating interaction with oxygen or hydrogen 
leading to more volatile chemical forms. The molten "corium" is treated 
as a solvent for the fission products and the release is assumed to be 
limited only by vapour transport kinetics. The release then becomes a 
complex function of geometry, temperature, pressure, gas composition and 
flow regime of the system under consideration. All these factors are 
plant and accident scenario specific. They are difficult to quantify and 
even more difficult to verify experimentally. 

An alternative approach is to rely on empirical data. Melting 
experiments with fuel in concrete, performed in the SASCHA program 
[9]. suggest that the release rates of fission products are not much 
different from those of fuel alone. This may be an artefact of the small 
scale of these experiments or of the composition of the concrete used, 
but it may also be an indication that the melt release processes may 
have been treated too conservatively in the accelerated vapour-transport 
approach. Both of the above approaches. VANESA en SASCHA. should be 
treated with caution. The former can overestimate the release rates as 
well as the release fractions of the less volatile species, perhaps by 
orders of magnitude, depending on the choice of the chemical equilibrium 
constants and the gas transport assumptions. At the same time, the 
vapour pressure models can result in lower releases relative to 
experiments for core-concrete interactions with little gas release 
[IB]. The latter is valid as long as the experimental mass transfer 
conditions are representative of the real accident conditions. However, 
nonprotypical extrapolations could underestimate the release. 

At present, there appears to be considerable controversy among the 
various analysts and researchers as to which of the approaches is 
appropriate for realistic source term studies. At stake are substantial 
differences in the release fractions for the less volatile species, as 
illustrated by scoping analysis in Reference [14]. Here, the fuel 
release fractions were evaluated with solid release kinetics for an 
extreme temperature excursion and they were found to be much lower than 
the environmental releases reported in Reference [19.20]. On the 
other hand. American concretes tend to generate more gases upon 
interaction with melt than European concretes. If the vapour transport 
indeed governs the release from molten pools, there could be substantial 
differences in released fractions for similar accident scenarios but 
different continents. No doubt the quantity of released fission products 
can be considerably altered in complex transport paths from the fuel to 
the environment, but these transport considerations can never violate the 
law of mass conservation. 
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If less fission products are released from the fuel. Ies6 is likely to 
escape from the plant. This provides a strong incentive to improve our 
fundamental understanding of the release processes from solid fuel as 
veil as two-phase fuel mixtures at very high temperatures. 

4.0. CONCLUDING REMARKS 

The complete inventory of volatile fission products (such as noble gases, 
cesium, iodine and tellurium) will be released from uranium dioxide fuel 
in severe accidents where the temperature exceeds 2000 K for prolonged 
-periods of time (tens of minutes). Although the release rates will be 
quite rapid, they tend to be slower than predicted a couple of years 
ago. Certain species, such as tellurium, can be temporarily held up by 
interactions with the cladding or other metallic components. A number of 
alternative models are now available to describe the release rates of 
volatile species more realistically, ranging from a simple diffusion 
model to detailed mechanistic codes. 

The less volatile fission products will be retained in solid uranium 
dioxide matrix even at highly elevated temperatures; they tend to come, 
out in conjunction with the evaporating matrix itself. A model is novf 
available which describes their release behaviour by the diffusional 
transport in uranium dioxide grains. The mechanistic codes are also 
being modified for the same purpose, although these have not yet been 
published. Modelling of releases from solid/melt mixtures of fuel and 
structural materials appear to be important only for these less volatile 
species. Models have been proposed for the in-vessel as well as 
ex-vessel releases which relate the release rates to the chemical 
interactions and mass transport conditions of fission product vapours. 
These have yet to be substantiated. Other empirical data suggest that 
the releases could be similar to those from solid fuel. 
A fundamental understanding of limiting release processes is emerging for 
solid fuel, but it is apparently not yet available for the full range of 
fuel liquids that might be encountered in severe LWR accidents. The melt 
releases could be sensitive to the plant and accident scenario specific 
details. The range of experimentally determined release rates extends 
over several orders of magnitude at any given fuel temperature. The 
present models tend to give the upper bound of this range, by 
concentrating on the release enhancement processes and perhaps neglecting 
the important retardation phenomena. 
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TABLE 1 Values of the constants In Equation (1) obtained from a 
best fit to experimental data of the release rate. For the 
first class the average value of cj Is 1.219 x 10~4 

" Kelvin and for the second class It Is 4.70 x 104 Kelvin, 
these values being equivalent to 2.42 and 9.32 
clectronvolt. respectively. 

« 

cj (104 Kelvin) . C2 (log sec"1* 

Ag 1.09 4 1 1.40 1 1 
fia 1.26 " 0.20 
Cs 1.52 4.13 
I 1.74 5.50 
Kx 1.26 2.73 
Mo 0.78 -0.99 
Sb 1.07 0.64 
Sr 1.05 -1.70 
Te 1.20 1.67 

Ce 4.44 • 1 9.94 • 3 
Nd 4.92 " 11.58 
Ru 3.70 7.50 
2r 5.76 14.40 
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TABLE 2 Predicted values of C2 for Interstitiel fission products. 
based on Equation (5). where the sunt of the first three 
terns Is taken constant et -2 .50. end Equation (6) with 4 
best guess of the atomic radii. Comparison with 
experimental velues of ££ fToa Table 1 i s also provided. 

r(nanometer) C£ predicted C2 experiments 

Ag 
Be 
Br 
Cd 
Cs 
I 
Kr 
Ho 
Kb 
Sb 
Se 
Sn 
Sr 
Te 
Xe 

0.152 
0.129 
0.184 
0.148 
0.167 
0.216 
0.184 
0.130 • 
0.148 
0.136 
0.114 
0.140 
0.110 
0.132 
0.21"? 

2.17 
0.10 
3.72 
1.51 
2.74 
5.31 
3.72 
0.17 
1.51 
0.64 
-1.17 
0.94 
-1.54 
0.33 
5.35 

1.40 
0.20 

4.13 
5.50 
2.73 
-0.99 

0.64 

-1.70 
1.67 
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TABLE 3 Predicted values of 02 for substitutional fission 
products, based on linear Interpolation between empirical 
data on C2U) for Zr, Nd. Ce and Ru. 

«lestent 

U 
Ce 
Pr 
Nd • 
Pa 
Sm 
£u 
Gd 
Tb 
y 
Zr 
Kb 
Tc 
Ru 
Rh 
Pd 

r (nanometer ) 

0.115 
0.111 
0.109 
0.106 
0.106 
0.104 
0.103 
0.102 
0.100 
0.093 
0.080 
0.070 
0.136 
0.134 
0.134 
0.13*7 

C2(predicted) 

9.9 
1-0.4 
10.7 
10.8 
11.0 
11.3 
11.4 
11.5 
11.8 
12.6 
14.2 
15.4 
7.3 
7.6 
7.6 
7.2 

C2(empirical) 

9.94 

11.58 

14.40 

7.50 



- 368 -

logf 

Ndî\f\Ce 

i » 
104/T 

FIG. 1 The logarithm of the release rate f. in 
inverse seconds, versus the inverse 
absolute temperature, in fcelvin. lor 
thirteen fission products, according to 
Equ2tion (1) and the values of Table I for 
c, and c . 
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2 The values of e, versus the atomic or 
ionic radius r. in k * 10*10 meter: 
the horizontal error bars refer to the 
uncertainty in the nature of the atoos or 
ions; the dotted line refers to Equation 
(6). 
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Appendix 1 

CONTAINMENT LEAKAGE UNDER POST-MELTDOWN CONDITIONS 

(Last Revision March 1986) 
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Containment leakage under post-meltdown conditions 

J. van de Vate, ECN 

Containments of nuclear power plants have the purpose of limiting 

release of radioactive material in the environment and exist in a 

large variety. A concise review of containment system design concepts 

is given in Annex 1 of [1] and in [5]. Containment walls may consist 

of 

1. steel-lined concrete, 

2. bare steel, in case of a full-pressure containment, usually 

surrounded by a concrete secondary confinement, 

3. concrete, reinforced or prestressed. 

There is increasing Interest in the leak-tightness of the 

containments under heat-and-pressure loads during the post-meltdown 

situation [23. There is still considerable uncertainty as to what 

extent the various types of reactor containments will show 

significant leakage at higher pressure loads [33* In Technical Annex 

0 on Containment Performance of ref. [33 and in its Summary [43 it 

is concluded that (citation) 

- the potential for containment leakage through penetrations prior to 

reaching currently reported containment capability should be 

considered in severe risk estimates, 

- the potential for significant leakage before reaching currently 

reported containment capability pressures appears to be greater for 

BWR's than PWR's (end of citation). 

It is further stressed that leak-before-break is highly plantspecific 

for PWR's and also that failure of non-metallic seals for 

penetrations is the most likely source of leakage. Additionally to 

these observations, the Workshop on Containment Integrity gave more 

details and a larger variety of opinions [23. It was stated e.g. 

that in FRG experts "unanimously agree to-day that the limit of 

failure of the undisturbed steel sheet of a German 1300 MWe PWR of 

standard design will occur above 11 bar and that the 
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"leak-before-break" criterion applies to the reactor containment as 

well. In view of the uncertainty of the leak-tightness beyond 2 

times the design pressure it cannot be excluded that the containment 

will not show gross failure because of the large leak rate limiting 

pressure under these extreme conditions. Agreement exists on the role 

of "leakage as a major cause of source term uncertainty" and the need 

for "characterisation of the leakage pathway" [4]. 

Containment leakage 

An extensive study of containment leaktightness was made in 1985 by 

the Containment Performance Working Group on the request of the SARP 

Senior Review Group [5]. On the basis of containment leakage models 

for severe accident source term, assessment leakage areas were 

identified and quantified as a function of containment pressure and 

temperature loading for specific accident sequences for various 

containment types (PWR's and BWR's). This analytical approach has 

been used because of lack of reliable experimental data on the 

leakage behaviour of containment penetrations and isolation barriers 

beyond their design conditions. The study did not consider potential 

leak paths resulting from large containment deformations which could 

occur already at design conditions. This study was the basis for the 

above given conclusions on containment performance taken from [33 and 

[43. The restriction of this study ([5]) and of the conclusions 

given in [3] and [43 to leakage at penetrations alone and not giving 

attention to leakage due to deformation limits its value. In 

accordance with observations of small-scale experiments Gulden 

emphasis that steel shells likely have many weak points especially 

around stiff parts. There, stresses around nozzles, locks, etc., are 

high in the meridional direction [63. This means that steel shells 

and linings can leak at (not only through) penetrations and other 

rigid zones; present knowledge is insufficient to exclude the 

occurrence under design pressure conditions of many of such small 

leaks through tears in steel. This is of importance because 

extensive diffuse concrete cracking has occurred long before this 

kind of failure of liner or shell and (even worse) at the moment of 
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failure by tearing of steel, crack widths of the concrete wall will 

be 5 mm typically [7]. 

Also US-NRC regards "the absence of any leakage prior to an abrupt 

failure" as a "limitation" of a study like BMI-210K and has the 

opinion that further investigations are needed [8]. 

Altogether, there is considerable consensus on the principle of 

leak-before-break and there is still large uncertainty about the 

magnitude of the leak rate, not in the least because of the limited 

attention given to the mechanical response of the steel shell or 

lining to containment deformation. Consequently, the leak paths to 

be considered are 

- those through penetrations, presumably due to failure of 

non-metallic sealings, 

- tears in steel shells and linings and furtheron leak paths through 

cracks in concrete walls, 

- cracks in concrete-only containments (prestressed or reinforced). 

Since penetrations are plant-specific, it requires an extensive 

research programme to develop generalised insight in flow through 

such leak paths at penetrations. Some research on this has been 

reported already [2]. 

Tears in steel will not be of importance for aerosol removal inside 

such leak paths because of their small depth. The passage lateron of 

aerosol through cracks in 2 m thick concrete walls, however, could be 

an important lowering of the source term. Obviously, this applies 

also to the monolithic concrete walls for prestressed or reinforced 

containments. 

Argonne National Lab is modelling flow through cracks in concrete 

193. Reference is made to work by Rizkalla [10] on gas leakage 

through concrete and a formula is given for total flow rate 

Q - f { A(pa), k, n, L, B, w } , 
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where: Mp*) - difference of squared internal and external pressures 

k - crack surface roughness 

n - flow coefficient 

L - thickness of concrete wall 

B - crack length along the wall 

W - average displacement of the crack 

Formulae are given relating k and n to W for cracks in concrete. 

[53 also recommends to assess the potential for plugging of leak 

paths. 

Aerosol behaviour in leak paths 

Aerosol penetration P (defined as the ratio of the number 

concentration leaving to that entering the leak path) is given by 

- In P - v | (1) 

where: v - aerosol deposition velocity 

S - surface area available for deposition 

q - flow rate through the crack 

Turbulant flow is assumed. Similar to aerosol behaviour inside the 

containment, various deposition processes can be distinguished 

[11, 12]. Except inertial deposition, the other processes 

(gravitational settling, diffusiophoresis, thermophores!s, etc.) can 

be assumed to have no or only minor flow velocity dependence. 

Inertial deposition, however, has a deposition velocity proportional 

to q^^-d*1 (d - particle diameter) [12]. This means that for large 

flow rates q and larger particles (d > few urn) inertial deposition in 

leak paths is dominant. Gravitational settling, having v 

proportional to d2, is the dominant deposition process for low rates 

and larger particles (d > few urn). In view of the large influence of 

dimensions and roughness properties of leak paths on penetration P 

(note the exponential dependence in Eq (1) for inertial deposition 

and gravitational deposition more information on the leak paths is 

needed. Clearly , diffuse cracking (many small leak paths) or 

discrete failure (few larger leak path) makes a large difference as 

to the behaviour of aerosol in the leaks. 
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Conclusions 

1. Containment performance still is a major issue in the source 

term. 

2. Considerable leak-before-break can occur due to failure of 

non-metallic sealings at penetrations. 

3. Insufficient attention is given to containment deformations as a 

cause of tearing of steel linings or shells near stiff parts 

already under conditions of near design pressure. 

4. Concrete walls usually present (either as leak tight barrier or 

as construction) become cracked near or prior to design conditions 

thereby allowing such walls to act as filters for aerosols. 

5. Larger particles (> few um) cannot penetrate through leak paths 

due to inertial deposition at high flow rates and gravitational 

settling at low flow rates. 

Recommended activities 

The information needed for further evaluation of the contribution of 

leak path processes to the source term, is: 

- kind of leak paths especially those critical with respect to 

interaction of fission product material (gaseous and particulate) 

with leak path walls (these leak paths are not necessarily those 

determining the leakage rate of the containment); 

- thermal hydraulics of leakage (mass and heat transfer from leakage 

flow to the leak path walls); 

- detailed knowledge of chemical reactivity and aerodynamic 

properties of the leaking fission product materials, i.e. 

concentration, and aerodynamic size distribution or chemical 

speciation. 
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This information is needed only in global form initially in order to 

- start model calculations and proper small-scale separate-effect 

studies on well-defined systems, 

- evaluate the feasibility of a limited full-scale experimental 

programme on leakage effects. 

Literature 

[1] "Design of the Reactor Containment Systems in Nuclear Power 

Plants, a Safety Guide", IAEA-Safety Series No. 50-SG-D12 (IntU 

Atomic Energy Agency, Vienna, 1985). 

[2] Proc. Second Workshop on Containment Integrity, Crystal City 

(Virg. U.S.A.), June 13-15, 198*» (NRC, Wash. D.C., August 198U). 

NUREG/CP-0056 and SANDBiJ-1511». 

[3] Draft Report (2nd draft) to CSNI of the Special Task Force on 

Source Terms of Principal Working Group No. M (Source Term and 

Environmental Consequences) OECD-NEA (1985), SINDOC(85)171. 

[il] Summary report to CSNI of the Special Task Force on Source 

Terms of Principal Working Group No. *», OECD-NEA (1985). 

SIND0C(85)196. 

[53 Containment Performance Working Group Report (draft) NUREG-1037 

(US-NRC, Wash. DC, 1985). 

[6] Gulden, W., The KFK/PNS Research Program on PWR Steel 

Containment Behavior under Accident Conditions, in ref. [2], p. 

361. 

[7] Personal communication, June 1984, Dr. Don M. Schultz, Portland 

Cement Association, Skokie, II 60077, USA. 

[8] Reassessment of the Technical Bases for Estimating Source Terms, 

M. Silberberg et al., NUREG-0956, (US-NRC, Wash. DC, 1985). 



- 378 -

[9] Part, Y.C., et al., Predictions of Concrete 

Structures containing Cracks, in ref. [2], p. 247. 

[10] Rizkalla, S.H., et al., Leakage of Pressurized Gases through 

Unlined Concrete Containment Structures, Trans. 7th Int'l Conf. 

Structural Mechanics in Reactor Technology, Chicago, II., August 

22-26, 1983. 

[11] Van de Vate, J.F., Aerosol Leakage through Containment Walls, 

Proc. ANS/ENS Int'l Topical Meeting on LMFBR Safety and 

Operatiosal Aspects, Lyon, France, July, 19-23, 1982. 

[12] Van de Vate, J.F., Aerosols and Leaking Concrete Containment 

Walls, in ref. [2], p. 257. 



mm 

- 379 -

Appendix 2 

SOURCE TERM UNCERTAINTIES 
EXISTING STUDIES AND PLANS FOR 

FUTURE WORK IN UNCERTAINTY ASSESSMENT 

(Last Revision September 1986) 



- 380 -

SOURCE TERM UNCERTAINTIES 
EXISTING STUDIES OF AND PLANS FOR FUTURE WORK IN 

UNCERTAINTY ASSESSMENT 

J. A. Mitchell 

I Introduction 

No discussion of severe accident phenomena or of source 
term calculational methodologies is complete without consider— 
ation of the uncertainties in the descriptions of the phenome
na and the models. Although to date no uncertainty study 
(that is, a study that has statistical confidence intervals 
given for the results) exists, the limited sensitivity studies 
(that is, studies that determine the change in the results for 
changes in the input or models without a statement on the 
likelihood of the range used) that do exist indicate that the 
uncertainty could be a few orders of magnitude on the 
estimated release fractions. This paper provides a resume of 
past work on uncertainties and indications of future work 
planned in the various countries. 

Uncertainties which arise from all phases of the calcula
tion of source terms can be grouped intti three general areas: 

1. Description of the accidpnt sequence and of the 
plant being considered, 

2. Description of the processes of fission product 
reJ ease and transport, and 

3. Description of the behavior of the containment in 
response to the challenges posed by the accident. 

Uncertainties due to area 1 are very important, but are beyond 
the charter of the Group of Experts on the Source Term (BREST) 
and will not be further discussed. Area 3, the containment 
behavior, is also beyond the charter of BREST, but is so 
crucial to the source term uncertainty that future sensitivity 
study plans in this area will be discussed in this paper along 
with the sensitivity studies in the fission product release : 
and transport, area 2. 

II Existing Reviews of the Magnitude or Impact of 
Uncertainties 

Two reviews sponsored by the Organisation for Economic 
Co-operation and Development (OECD) of the status or methods 
of uncertainty estimates are available, although these do not 
contain quantitative results. First, Reference 1 contains a 
discussion of uncertainties in source term information and the 
impact on nuclear safety and regulatory issues prepared by the 
Special Task Force on Source Terms. This summary lists the 
areas of uncertainty by containment behavior and by 
phenomenological effect. It should be noted that this review 
relied heavily on the QUEST study discussed below. Second, 
the Nuclear Energy Agency (NEA) Radioactive Waste Management 
Committee (RWMC) published a draft consultant's report 
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(Reference 2) on sources of and handling o-f uncertainties 
related to management o-f radioactive wastes. This document is 
primarily a definition of terms and a discussion of possible 
procedures to be used in estimating uncertainties. 

Ill Existing Quantitative Sensitivity Studies 

The Quantitative Uncertainty Estimate for Source Terms 
(QUEST) study (Reference 3) is a major attempt to apply 
rigorous methods to the determination of the sensitivity of 
source term results to variation of input and models. This 
program was sponsored by the US Nuclear Regulatory Commission. 
Three specific accident sequences were chosen for study: 

1. The station blackout sequence with failure of the 
turbine driven auxiliary feedwater system (TMLB') 
for the Surry plant, 

2. The small break LDCA sequence with failure of 
emergency core cooling injection (S2D) for the 
Surry plant, and 

3. The ATWS sequence (TO for the Brand Gulf plant. 

The first of the sequences, TMLB', was studied more 
extensively and the others less extensively, based on the 
parameters shown to be important for the first sequence. In 
all cases, parameters or models were varied over ranges 
believed by the authors to be "defensible," not just defined 
by "speculation." 

The QUEST study used the source term analytical procedure 
defined in BMI-2104, "Radionuclide Release Under Specific LWR 
Accident Conditions" (Reference 4 ) , augmented by other models 
and methods as necessary. The authors concluded that uncer
tainties were large and they identified 11 key sources of 
sensitivity of the source term results. 

A second study of sensitivities (Reference 5) was per— 
formed for the Industry Degraded Core Rulemaking (IDCOR) 
program, a group sponsored by US industry. This study consid
ered each sequence less comprehensively than did the QUEST 
study, but the study included eight sequences altogether, two 
for each of the IDCOR reference plants. The authors 
determined the change in (1) selected "figures of merit" which 
describe aspects of the thermal-hydraulic signature of a 
sequence or (2) the release of Cs or I to the environment for 
specific changes to code input or to code options. They used 
a code developed for their program called MAAP. All four 
"reference plants" for the IDCOR program were studied: Grand 
Gulf, Peach Bottom, Sequoyah and Zion. They concluded that 
the major factors controlling the uncertainty were operator 
actions (the sequence definition), chemical state of the 
fission products, and containment failure. Of these factors, 
they concluded that operator actions was by far the most 
influential. 
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A third study of sensitivities was sponsored by the 
Electric Power Research Institute (EPRI) in the US (Reference 
6>). The objective o-f the study was to de-fine parameters 
important in the analysis of uncertainty. The authors used 
the IDCDR code (MAAP), and carried out some 60 separate 
calculations to investigate two speci-fic sequences: 

1. The small break LOCA sequence with -failure o-f 
emergency core cooling system recirculation and 
•failure o-f sprays (S2HF) -for the Surry plant and 

2. The ATWS sequence (TO -for the Peach Bottom plant. 
They also used the -figure o-f merit method and concluded that 
sequence definition was important, that maintaining 
containment integrity can drastically reduce fission product 
releases, and that source terms were lower than in the Reactor 
Safety Study (Reference 7). 

In the United Kingdom, an exploratory study of source term 
uncertainties was undertaken for the proposed PWR at Sisewell 
B (Reference 8). The initial severe accident analysis of 
source terms, termed "first estimate", was based on the 
Reactor Safety Study (WASH-1400) methodology, but an attenpt 
was made to indicate the degree of conservatism in these by 
deriving discrete probability distributions for selected 
source term release categories. The discrete probability 
distribution, or spectral source term, method applied 
reduction factor multipliers (1, 1/2, 1/4, etc.) to each of 
the "first estimate" source terms, and assigned conditional 
probabilities to each of these. One release so defined had 
larger source terms than the Reactor Safety Study methods 
would have yielded, although the probability assigned to this 
case in the final report was zero. The probabilities were 
based on a combination of expert judgment and hand 
calculations. An important feature was allowance for the 
possibility of reactor coolant system retention neglected in 
the Reactor Safety Study methodology. Uncertainty 
contributors additional to physico-chemical uncertainties, 
such as location of reactor coolant system pipe breaks and 
settling area for aerosols in the containment, were subsumed 
into the "second estimate" spectral source terms derived. 
These factors contributed substantially to the breadth of the 
distributions. In this respect, the UK study differed from US 
work based on single defined sequences. 

IV Future Studies of Uncertainties 

Two major studies are in progress in the US to assess 
sensitivities and uncertainties in source term calculations. 
Further, based on private communication from L. Hammar of 
Sweden, there is an uncertainty study planed within the RAMA 
project. No further information on the RAMA study has been 
obtained, but the two US studies are discussed below. 

IV.A NRC Study 
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The -first of the major studies is sponsored by the US 
Nuclear Regulatory Commission and consists o-f two parts. The 
•first o-f the parts is a -follow-on to the QUEST study discussed 
above and will be per-formed at the Brookhaven National Labora
tory. Again, speci-fic accident sequence and plant combina
tions will be chosen to determine changes in calculated 
airborne radionuclide concentrations in the containment as a 
•function o-f time. Note that today this study does not include 
containment -failure (that is, the containment will be assumed 
to remain intact regardless o-f the calculated temperature and 
pressure) and hence is not truly a study o-f source term 
uncertainties. An extensive effort is planned to determine 
the ranges o-f parameters and their distributions within those 
ranges based on the best judgment o-f experts in each 
phenomonological area. The study, then, will have statistical 
aspects, but will be limited by the state o-f knowledge o-f the 
ranges and the ability to de-fine distributions. The overall 
results- will be reviwed by a group o-f peers in addition to the 
experts. 

To the extent possible^ the in-formation -from this study 
will be .used in the second part o-f the study (to be performed 
by the Sandia National Laboratory) which is the sensitivity o-f 
the overall risk o-f six speci-fic US plants covering the major 
US PWR and BWR containment designs. A subpart o-f the risk 
sensitivity study will cover the source term sensitivity (the 
rest will cover the accident -frequency and o-f-f—site conse
quence uncertainties and is beyond the scope o-f this discus
sion). The sensitivity analyses will be performed in several 
alternative ways. In the first and principal method of 
sensitivity determination, limited latin hypercube sampling 
analyses will be performed. These analyses will 
probabilistically combine the ranges of a limited number of 
parameters, that is, about 12 parameters for the entire 
sequence, about 6 of them describing the containment behavior 
and source term subpart. The sensitivity of the source term 
results to these ranges of variation will be determined by 
such techniques as regression analysis or scatter plot analy
sis. Because of the limited number of parameters in these 
latin hypercube analyses, a more extensive analysis will be 
performed in parallel for a single plant and sequence. In the 
second and subsidiary method, three separate evaluations will 
be performed corresponding to optimistic, central, and 
pessimistic views of the containment response and source term 
magnitude. While the definition of these so-called 
walkthroughs is not rigorous, they can be thought of as: 
optimistic - representing the opinion of the subset of experts 
who believe that containments could or would behave in a 
manner that would lead to smaller source terms; central - a 
median of expert opinion; pessimistic - representing the 
opinion of the subset of experts who believe that containments 
could or would behave in a manner that would lead to larger 
source terms. This effort, it can be seen, being based on 
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expert opinion, is subjective. Fission product release and 
transport will be treated in a similar way. 

The results of the first study will be documented in an NRC 
risk assessment update, NUREG—1150. The results will be used 
to de-Fine a range within which it is reasonable -for the mean 
risk o-f internally-initiated events to lie, that is, nD point 
estimates o-f risk will be reported. The results o-f the second 
study will be documented in supporting reports -for NUREB-1150, 
but will not be documented in NURES-1150 itsel-f. 

IV.B EPRI Study 
The second o-f the major studies will be sponsored by 

EPRI, again a -follow-on to their work described above. This 
study has as its objective the development o-f a simplified 
methodology that will point out key areas of uncertainty in 
severe accident analysis. Ey quanitfying the uncertainties, a 
manageable set of variations can be defined for which the MAAP 
code is needed. The work is described by the authors, 
therefore, as an "uncertainty-sensitivity" study, since they 
intend to investigate some aspects of the uncertainty 
statistically. The simplified model will be used in an 
adjoint formulation in combination with response solutions of 
10 to 20 differential equations to describe the sensitivity 
coefficients of the important figures of merit. Some 
calculations of two-parameter sensitivities will be done. 
Latin hypercube sampling will be used to choose runs and the 
most important sensitivity coefficients will be checked with 
MAAP code runs. No information is available on the selection 
process for the ranges of parameters to be used. 

V Summary 

For any application of source term information or in
sights, it is important to describe and account for uncertain
ties in the results. To date, no uncertainty analysis which 
describes statistical confidence intervals is available nor 
are the additional studies to be available in the short term 
likely to lead to such statistical results. However, limited 
sensitivity studies have been performed by a few organizations 
in the US and two reviews of the status or methods of uncer— 
tainty analysis have been prepared by international organiza
tions. Sensitivity studies will continue in the US with more 
results expected in 19B6. 
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GENERAL INFORMATION 
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0 E C D 

In 1948, the United States offered Marshall Plan aid to Europe, 
provided the war-torn European countries worked together for their own 
recovery. This they did In the Organisation for European Economic 
Co-operation (OEEC). 

In 1960, Europe's fortunes had been restored; her standard of living 
was higher than ever before. On both sides of the Atlantic the 
interdependence of the industrialised countries of the Western World was now 
widely recognised. Canada and the United States joined the European countries 
of the OEEC to create a new organisation, the Organisation for Economic 
Co-operation and Development. The Convention establishing the OECD was signed 
1n Paris on 14th December 1960. 

Pursuant to article 1 of the Convention, which came into force on 
30th September 1961, the Organisation for Economic Co-operation and 
Development 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 this to contribute to the 
development of the world economy; 

- to contribute to sound economic expansion in Member as well as 
non-member countries 1n the process of economic development; and 

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

The original Signatories of the Convention were Austria, Belgium, 
Canada, Denmark, France, the Federal Republic of Germany, Greece, Iceland, 
Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, 
Switzerland, Turkey, the United Kingdom and the United States. The following 
countries acceded subsequently to the Convention (the dates are those on which 
the instruments of accession were deposited): Japan (28th April 1964), Finland 
(28th January 1969), Australia (7th June 1971) and New Zealand (29th May 1973) 

The Socialist Federal Republic of Yugoslavia takes part 1n certain work 
of the OECD (agreement of 28th October 1961). 
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N E A 

The OECD Nuclear Energy Agency (NEA) was established on 
20th April 1972, replacing OECD's European Nuclear Energy Agency (ENEA, 
established on 20th December 1957) on the adhesion of Japan as a full member. 

NEA now groups all the European Member countries of OECD and Australia, 
Canada, Japan and the United States. The Commission of the European 
Communities takes part 1n the work of the Agency. 

The primary objectives of NEA are to promote co-operation between Its 
Member governments on the safety and regulatory aspects of nuclear 
development, and on assessing the future role of nuclear energy as a 
contributor to economic progress. 

This 1s achieved by: 

- encouraging harmonisation of governments' regulatory policies and 
practices 1n the nuclear field, 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; 

- keeping under review the technical and economic characteristics of 
nuclear power growth and of the nuclear fuel cycle, and assessing 
demand and supply for the different phases of the nuclear fuel cycle 
and the potential future contribution of nuclear power to overall 
energy demand; 

- developing exchanges of scientific and technical Information on 
nuclear energy, particularly through participation in common 
services; 

- setting up International research and development programmes and 
undertakings jointly organised and operated by OECD countries. 

In these and related tasks, NEA works in close collaboration with the 
International Atomic Energy Agency 1n Vienna, with which it has concluded a 
Co-operation Agreement, as well as with other international organisations in 
the nuclear field. 

An outline of NEA's main activities is given in Annex III. 
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C S N I 

The NEA Committee on the Safety of Nuclear Installations (CSNI) 1s an 
International committee made up of scientists and engineers who have 
responsibilities for nuclear safety research and nuclear licensing. The 
Committee was set up 1n 1973 to develop and co-ordinate the Nuclear Energy 
Agency's work 1n nuclear safety matters, replacing the former Committee on 
Reactor Safety Technology (CREST) with Its more limited scope. 

The Committee's purpose is to foster International co-operation in 
nuclear safety amongst the OECD Member countries. This is done 1n a number of 
ways. Full use is made of the traditional methods of co-operation, such as 
information exchanges, establishment of working groups, and organisation of 
conferences. Some of these arrangements are of Immediate benefit to Member 
countries, for example by improving the data base available to national 
regulatory authorities and to the scientific community at large. Other 
questions may be taken up by the Committee itself with the aim of achieving an 
International consensus wherever possible. The traditional approach to 
co-operation is reinforced by the creation of co-operative (international) 
research projects, such as PISC and LOFT, and by the organisation of 
international standard problem exercises, for testing the performance of 
computer codes, test methods, etc. used in safety assessments. These 
exercises are now being conducted in most sectors of the nuclear safety 
programme. 

The greater part of the CSNI co-operative programme is concerned with 
safety technology for water reactors. The principal areas covered are 
operating experience and the human factor, reactor system response during 
abnormal transients and accidents, various aspects of primary circuit 
Integrity, the phenomenology of radioactive releases in reactor accidents, 
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. 

The Sub-Committee on Licensing, consisting of the CSNI Delegates who 
have responsibilities for the licensing of nuclear Installations, examines a 
variety of nuclear regulatory problems and provides a forum for the review of 
regulatory questions, the aim being to develop consensus positions in specific 
areas. 




