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FOREWORD

The May 1988 CSNI Specialist Meeting on Filtered Containment Venting
Systems (FCVS) had highlighted the fact that countries were designing these
systems on the basis of different assumptions regarding:

- the total mass of aerosols airborne in the containment;
- the particle size distribution (which had a strong impact on the efficiency

of the filters);
- the composition (fission product distribution over the size range, etc.).

As a consequence, the Committee on the Safety of Nuclear Installations asked the.
Task Group on Fission Product Phenomena in the Containment (FPC) of its
Principal Working Group on the Confinement of Accidental Radioactive Releases
(PWG4) to review this issue in the framework of the preparation of a broader
report on the Physical and Chemical Characteristics of Aerosols in the

Containment.

A writing group was set up under the leadershipp of Dr. J. Jokiniemi
(VTT, Finland), composed of Dr. I Dunbar (AEA Technology/SRD, replaced later by
Dr. M. Kissane and Dr. N. Ketchell), Dr. J. Gauvain (CEA/IPSN, replaced later by

Dr. J.P. L'Hériteau), and Dr. E. Schrédl (GRS) .

The report was discussed and endorsed by the FPC; a list of members of
the Task Group is given in an Appendix.
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EXECUTIVE SUMMARY

This report examines the current state of understanding of the behaviour
of fission product and other aerosols released from overheated fuel during a
severe light water reactor (LWR) accident. A knowledge of this is required to
estimate the possible consequences of such severe accidents, and to design
protective measures. One such measure is the use of a filtered venting system
to trap the harmful material. Effective design of such a system requires an
understanding the properties of the aerosol that must be filtered. It is the
objective of this report to summarize that understanding.

An aerosol is defined as a suspension of particles in a gas. However,
because individual particles interact closely with surrounding surfaces, gases
and chemically reactive vapours, an alternative definition is often used;
aerosol here refers to the whole system where particles are suspended. Whilst
the usage of the words may vary it is usually clear from the context. We are
concerned with aerosols formed from the fission products and other materials
released from overheated fuel, and with aerosols released from structural
material which may interact with them.

Under the conditions expected during severe accidents most of the
released fission products will convert to aerosol particles as the gas cools.
Only the noble gases (Xe, Kr), a small fraction of iodine (I) and tellurium
(Te) are expected to remain in gaseous form in the containment atmosphere. To
estimate the in-vessel release of aerosol the material inventory of the reactor
is required. Several computer codes (ORIGEN 2, FISPIN) are available to
calculate fission product inventories for various core operating histories. The
predictions of these computer codes have been campared with measurements on ‘
samples of actual fuel pins taken from operating reactors and with decay heat
measurements. It can be concluded that the computer codes developed for
predicting the core inventory are sufficiently accurate for severe accident
analyses. Inventories of control rod, structural materials and boric acid are
also required.

Most of the in-vessel release models, like CORSOR, are based on
experimental observations, or include only very simple physics (diffusion).
Thus the ability of commonly used severe accident codes (e.g. MELCOR, MAAP...)
for predicting in-vessel releases depends on the quality of the experimental
data and its extension to real accident conditions. The mechanistic in-vessel
release codes (e.g. VICTORIA, MITRA/FUTURE, FASTGRASS) under development may
give a better understanding of the release mechanisms and more reliable
estimates of material release rates in real accident conditions.

Requirements for RCS Aerosol Modelling

Containment aerosol codes require as input the physical and chemical
forms of the aerosol leaving the reactor coolant system (RCS). The RCS aerosol
models therefore need to calculate the particle size distribution of each
species entering the containment and the amount of material entering the
containment as vapour. -

The current RCS codes in use differ from each other in the numerical
methods used for solving the General Dynamic Equation (GDE) for aerosols. It
has been widely accepted that the so called "lognormal" codes, where it is




assumed that the size distribution is always lognormal and the GDE is solved
with a method of moments, are not accurate enough to follow the evolution of
particle size distribution under severe accident conditions. Most current codes
use sectional (e.g. MAEROS) or nodal point (e.g. NAUA) methods, where the size
distribution has been divided into N bins or nodal points. Both these methods
have weaknesses; in the sectional method one has to assume a constant density
for all aerosol particles and in the nodal point method a large number (-~ 50 -
100) of nodal points is needed to achieve the required accuracy. A numerical
technique developed by Wheatley and used in VICTORIA and ITHACA overcomes these
problems.

When solving the GDE such phenomena as chemical reaction rates, new
particle formation due to homogeneous nucleation, vapour condensation,
agglomeration and deposition are treated in different ways. E.g. VICTORIA
calculates the chemical equilibrium, but does not take into account nucleation
or vapour condensation rates on particles, which have been demonstrated to play
a crucial role in particle growth rates by RAFT calculations. On the other
hand, the control volume approach used in most codes and based on the
nwell-mixed" assumption is not able to track changes in concentration and size
distribution affecting aerosol flowing through the control volume, which in
their turn influence the rate of the different mechanisms inside the volume. As
regards the plant components where plug-flow regime is controlling the transport
processes (e.g. pipes), two approaches are possible: either to section the
component into several control volumes, in order to better describe the aerosol
evolution along its pathway, or to insert adjusting formulas for deposition
velocities (and aerosol concentration) along the axial variable. The level of
details requested is dictated by the overall accuracy of the RCS aerosol
transport analysis. The 2D and 3D fluidodynamic analyses of large RCS
components stress the very complex characteristics of the fluid pattern, which
cannot be accurately modelled as a simple trend vs. an axial variable or a
wwell-mixed" volume. Lastly, processes like resuspension and revaporization are
poorly modelled in the existing RCS aerosol codes.

The predictions of the RCS codes for the evolution of aerosol
concentrations and size distributions need a deeper validation. It must be
reminded that the present aerosol models were developed on pure theoretical
bases or using experimental databases pertaining to the non-nuclear field
(usually environmental pollution and atmospheric precipitations). The validity
of those models inside the RCS aerosol codes was tested through some large-scale
experiments. Now, carefully designed laboratory-scale experiments should be
used for a new assessment of the importance of the different mechanisms, in
order to support the new indications coming out from large-scale tests.

Ex-vessel Aerosol Sources

Of the ex-vessel sources the Molten Core Concrete Interaction (MCCI) has
been studied extensively during the last few years within several on-going
experimental programmes (SURC, ACE, BETA2). During the first hour MCCI is a
large source of inactive aerosols in a dry cavity scenario, while in the long
term it will be much weaker. The ability of the computer codes to reliably
predict the releases of radioactive materials from MCCI is not very good at
present. This is mainly because of the uncertainties in initial or boundary
conditions, like temperature, metal content of core debris at RPV failure, and
limitations in the thermochemical data base. However, the results of the on-




going ACE tests suggest that the release of most of the fission products could
be much lower than predicted earlier. The source particle size distribution
from MCCI has not been properly modelled or measured so far. This information
would be important when estimating the effect of co-agglomeration of MCCI
aerosols with in-vessel aerosols.

Releases from boiling pools seem to be important late in the accident,
when other sources have stopped. Especially, a large source is expected if the
pool is following a cycle boiling - not boiling - boiling. High Pressure Melt
Ejection (HPME) is a possible aerosol source at the time of reactor pressure
vessel failure terminating the in-vessel core-melt phase of a high-pressure core
melt sequence. There is scarce information about the aerosol release from this
source based on Surtsey tests. The data indicate that a maximum of a few
percent could transform to suspended aerosol particles in the aerodynamic size
range of 1 -~ 2 pm.

Aerosol Characteristics in the Containment

The aerosol characteristics in the containment are determined by: source
mass chemical composition, source particle size distribution, agglomeration,
deposition and steam condensation. Engineering safety features (e.g. sprays)
may also be used to enhance deposition. Under dry conditions agglomeration and
deposition mechanisms are reasonably well understood and modelled in existing
codes. However, the effect of agglomeration may depend much on the source
particle size distribution and concentration, which is not so well understood.
There are also uncertainties due to electric charge effects on agglomeration and
deposition rates, and hydrogen burns on CsI stability. The engineering safety
features (sprays, ice condensers, pool scrubbing), if available, seem to be very
effective in removing aerosols from the containment atmosphere.

In wet conditions steam condensation on particles, coupled with
agglomeration, can provide a much more effective particle growth mechanism than
dry agglomeration alone. The growth is enhanced if the particles include water
soluble material; as some of the in-vessel and also ex-vessel sources are
expected to. Under favourable conditions for steam condensation particles may
grow to sizes larger than 10 ym. These particles will settle rapidly, after
which a small fraction of micron-sized (or less) particles remain airborne. Our
capability to model quantitatively the effect of steam condensation on particles
depends strongly on both thermal-hydraulic and aerosol modelling.

In the advanced aerosol models the largest uncertainties lie on source
aerosol particle characteristics and on modelling variations in chemical
composition of particles within the same size. Presently, all codes assume that
at the end of the time step particles within a size class acquire a uniform
composition. Thus particles in a same bin will behave uniformly when in reality
there would be differential behaviour. This effect could be important also at
RCS conditions when volatile fission products are condensing. In thermal-
hydraulic codes the accuracy of modelling local relative humidities and steam
condensation on containment walls is crucial for aerosol behaviour at wet
conditions. This is due to the fact that aerosol growth is extremely sensitive
to the containment relative humidity. Finally coupling between aerosol
behaviour and thermal-hydraulics is needed due to the large effect of small
changes in thermal-hydraulic conditions on aerosol behaviour. If steam
condensation on particles is likely, only coupled codes should be used for




accident analyses. The accuracy of the coupled codes (e.g. CONTAIN, MELCOR,
MAAP, ITHACA, FIPLOC) should be verified against the available experimental
data. For aerosol model improvement and validation experiments at uniform well
known thermal-hydraulic conditions should be performed.

In the later stages of an accident the aerosol properties may be
characterized by long term sources like MCCI, revaporization of fission products
and re-entrainment from boiling or flashing water pools. However, the
uncertainty of aerosol mass and particle size from these sources is still rather
broad.

To summarize, our ability to model the characteristics of aerosol in the
containment has improved significantly over the past few years. However, the
accuracy for predictions of fission product mass concentration in the
containment at different stages of an accident is still not very good, due to
the remaining uncertainties. The maximum achievable accuracy could be one order
of magnitude, but this is certainly plant, accident sequence and computer code
specific. The challenges to filtered containment venting systems are their
abilities to remove small particles, large masses and gaseous species, whilst
operating effectively under the kind of thermal-hydraulic conditions expected
during severe accidents.




1. INTRODUCTION

In the last few years there has been a great deal of progress in nuclear
aerosol research, particularly in modelling aerosol behaviour in the
containment. The CSNI Workshop on Aerosol Behaviour and Thermal-Hydraulics in
the Containment at Fontenay-aux-Roses in November 1990 provided good evidence of
this. The importance of coupling to thermal-hydraulics has been fully
recognized, and thermal-hydraulic uncertainties contribute much of the overall
uncertainty in predicting aerosol behaviour.

In this report the physical and chemical characteristics of aerosols in
the containment will be characterized. In the analysis of aerosol behaviour in
the containment one needs to know the physical and chemical characteristics of
the aerosol source into the containment, natural aerosol growth and removal
mechanisms in the containment and the effect of sprays, ice condensers and
pools. '

The aerosol source into the containment may be divided into the Reactor
Coolant System (RCS) and ex-vessel sources. The RCS source depends on the in-
vessel fission product, structure and control rod material release and its
transport through the reactor coolant system into the containment. The possible
ex-vessel source is covered by such phenomena as Molten Core-Concrete
Interaction (MCCI), High Pressure Melt Ejection (HPME) and re-entrainment from
boiling or flashing water pools.

Today Filtered Containment Venting Systems (FCVS) are widely used as a
measure for preventing unacceptable high source terms from severe core melt
accidents. Most of the filtered venting systems available for LWR reactors were
tested in the Advanced Containment Experiments (ACE). In these tests all
filtered venting systems proved their capability to remove particulate matter
and gaseous iodine from the vented gas.

However, all filter systems tend to have a minimum decontamination factor
for particles with a diameter between 0.05 - 0.3 pm, their capability to remove
gaseous iodine species is limited and sometimes high mass loading may cause
problems for the filter system operation. Thus it is important that we are able
to predict the chemical composition, particle size and mass concentration of the
radioactive and inactive materials in the containment atmosphere as well as
possible.




2. POSSIBLE IN-VESSEL SOURCE OF AEROSOLS FOR VARIOUS REACTOR SYSTEMS
2.1 Material inventory of PWR and BWR reactors

The first information that is needed for the estimation of in-vessel
aerosol source is the inventory of radioactive isotopes and various inactive
materials which could be released in the core melt accidents [1,2]. The
concentration of fission product radionuclides depends much on such factors as
the reactor power and fuel burn-up. Several computer programs, such as ORIGEN 2,
FISPIN, are available to calculate fission product inventories for various core
operating histories [3,4].

The predictions of these computer codes have been compared with
measurements for samples of actual fuel pins taken from operating reactors and
with decay heat measurements. As a result it can be concluded that predictions
of the core inventory of radioisotopes is not associated with a great deal of
uncertainty and that the computer programs developed for this purpose can be
regarded accurate enough for severe accident analyses [1].

During reactor operation several hundreds of fission products are
produced. For example in the classical U.S. Reactor Safety Study (WASH-1400) the
radiological consequences of the 54 isotopes identified in Table 2.1 were
considered. The fission product inventories for the Surry (PWR) and Peach Bottom
(BWR) reactors at the end of a cycle as determined by the ORIGEN code and the
jnitial charge of fuel and structural materials from the Safety Analyses Reports
are shown in Table 2.2 ([5].

It is also important to estimate the potential release of control rod,
structure materials and boric acid, because they will affect the transport
properties of fission products. For example due to the low vapour pressure of
some of these compounds they will nucleate first and provide a suitable surface
for condensation during aerosol transport.

Most PWRs use control rods consisting of a Ag 80%, In 15%, Cd 5% alloy,
clad in 304 stainless steel. CE (Combustion Engineering) reactors use boron
carbide pellets, VVER-440 reactors use boron steel cylinders and CANDUs use
steel-clad cadmium [2]). A typical BWR control rod consists of a sheathed
cruciform array of stainless steel tubes filled with boron carbide powder.
Because of the differences in the LWR reactor designs the amount and composition
of materials potential for aerosol source is varying between different reactor
types and may change the properties of the aerosol transporting through the
primary system.

In PWRs boric acid is a significant source of vapour and aerosol. It can
react chemically with specific fission products such as CsI and CsOH, as
discussed further in chapter 3. Tin and manganese are the potential materials
that can be released from Zircaloy and stainless steel; respectively. Small
quantities of fuel material (U0, and Zr0,) and activated corrosion products like
Co-60, Co-58, Fe-59, Mn-54, Cr-51 and Zn-65 may become airborne during core
degradation due to mechanical processes and vaporization. Some of the
mechanically produced particles may be sufficiently small (AMMD < 10 um) to be
transported through the RCS and might also serve as condensation seeds for
volatile fission products [6].
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2.2 Synopsis of the stages of in-vessel releases from the core

The knowledge about the chemical states of fission products in the fuel
pellets during normal operation is summarised in Table 2.3. The release of
fission products from the fuel during core melt progression is generally
categorised into four phases [2]:

1) Gap release on breaching of the cladding early in the accident sequence.
2) Diffusional release before fuel melting.

3) Melt release (vaporisation from molten fuel).

4) Mechanical release.

During the gap release, those radionuclides which have been accumulated
in the fuel gaps are carried out with the escaping gas when the rod ruptures.
This mechanism corresponds to a small release (< 1 %) of the fuel inventory for
volatile species (Xe, Kr, I, Br, Cs and Rb) and a negligible amount for less
volatile species (Te, Se, Ba, Sr and control rod materials) [2]. In modelling
the fission product releases it is usually assumed that it is the phase 2 or
phase 3 which is limiting the mass transport. Thus in modelling material release
rates usually these two processes are considered as sequential. Diffusion is,
however, a limiting process only for volatile species. For the less volatile
species the limiting process is vaporisation. It should be also recalled that
the melting temperature can depend upon conditions. UO, melts at 3150 K while
the 2r, U, O eutectic melts at 2500 K.

The empirical correlations for the fission product releases in the NUREG-
0772 are based on three sets of out-of-pile experiments [7]: (a) H. B. Robinson
(30,000 MWd/T) fuel pins with a 1/16 inch hole in the cladding or with an
expanded gap heated to various temperatures in steam; (b) Trace irradiated bare
uranium dioxide pellets heated in helium, and chunks of 1,000 MWd/T and 4,000
MWd/T pellets heated in a range of temperatures from 1253 K to 2473 K in a
helium atmosphere; (c) SASCHA experiments on melting in air or steam of zircaloy
clad uranium dioxide pellets doped with stable fission product simulants.

In NUREG-0772 [7] a simple relationship for the fission product release
rate was proposed. In this relationship the fission product release is
proportional to the fission product mass in the fuel and to the release constant
specific for each fission product. The NUREG-0772 model was included in the
CORSOR computer code. The values of the coefficients in the release constant
used in NUREG-0772 were later on adjusted with new values in the BMI-2104 study
[8], according to more updated evaluations.

Kelly et al. [9] and Andriesse [10] proposed that the temperature
dependence of the release constant should be replaced by an Arrhenius-type
equation, which can be derived based on diffusion of fission products in the
fuel. This was done in the CORSOR-M code. The values for the Arrhenius-type
release constant have been determined by using also more recent data from SASCHA
and ORNL experiments together with the data used in NUREG-0772 report. Andriesse
{10] has calculated theoretical values for diffusional release, which deviate
slightly from the experimental values.




Reynolds, Kelly and Kim [11] have proposed a vaporisation model for less
volatile species. This should give a better agreement with experiments, because
for some species the release rate as a function of temperature is proportional
to the vapour pressure. This model showed a good agreement with the measured
data from SASCHA experiments for Sb and BaO and a reasonable agreement was found
for Ag, Ru and Zr0,. However, a difficulty in the determination of vapour
pressures and mass transfer coefficients was recognised.

Cubicciotti [12] has suggested that the rate of release of volatile
fission products from uranium dioxide fuel during the course of a LWR melt-down
accident is the same as the rate of sintering of uranium dioxide in steam. The
model of Cubicciotti was chosen as a basis for the development of the FPRAT code
in the IDCOR programme.

From the comparison with experiments it can be concluded that the new
CORSOR-M model gives much better agreement with the data than the old CORSOR
model. Thus it is recommended to use CORSOR-M instead of the CORSOR model for
estimating fission product releases in core melt accident analyses. However,
CORSOR-M overestimates the release of Ba and the temperature dependence of Mo
release does not follow Arrhenius-type correlation due to the complex chemistry
of Mo in the fuel. For less volatile species the vaporisation model is more
physical as compared to the diffusion model. The above models are based on
experimental observations, or include only very simple physics (diffusion). The
reasonable agreement of the results of these models is due to the fact that they
are all fitted to the same data. The more recent experiments carried out in
reducing conditions [SFD programme (U.S.A.) and HEVA programme (France)] will be
of great interest in order to produce a useful update especially for the semi-
volatile fission product release data. It should be remembered as well that the
above mentioned models only cover non-degraded fuel; once liquefaction occurs
they are invalid.

FASTGRASS-VFP [13] is a mechanistic stand-alone code used for
interpretation of experiments. In the latest version of this program the
behaviour of noble gases and volatile fission products is taken into account,
for instance diffusion inside fuel grains, formation and behaviour of gas
bubbles, chemical interaction between I, Cs, CsI, gas bubbles and fuel, channel
formation in the grain boundaries and fuel cracking -are modelled in the
FASTGRASS-VFP code. This code could distinguish the different release behaviour
during heat-up and cool-down periods in the PBF experiment SFD..1-1, which could
not be predicted with the empirical NUREG-0772 model. The FASTGRASS-VFP slightly -
underestimated the release rates, which was thought to be caused by the fuel-
cladding interaction. The restriction of this model is that its application to
less volatile fission products is not possible [10]. Other mechanistic models
like VICTORIA and MITRA/FUTURE for material releases during severe accident
conditions also are under development [14].

A rough indication of the quantities of the aerosol (particles and
condensible vapours) released during core melt is given in Table 2.3 [2]. The
quantity released as aerosol for most important elements is expressed in terms
of fraction of inventory (Table 2.2). It is important to note, however, that
the releases are not known with confidence and therefore the values of Table 2.3
should only be used as an indication of the extent of volatilization. E.qg.
tellurium may react with metallic Zircaloy to form nonvolatile tellurides. The
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nonvolatile fission and activation products (Ce, La, etc.) may be nearly totally
retained in the melt, at least until the time of vessel failure. Furthermore it
is impossible that the core would heat-up and melt homogeneously.

There is also a significant difference for the release rates between high
and low pressure accident sequences. In a low pressure event the core will heat
up rapidly and consequently volatile fission products are released rapidly. Core
slumping is assumed to release any volatile fission products which had been
trapped in the lower plenum before vessel failure. A small portion of the less
volatile fission products and structural materials may be released at this
stage. High pressure events are characterised by slow core melting. Volatile
fission products and structural and control rod materials would be released over
a long period of time at low gas flow rates. The expulsion of materials would be
less violent in the high pressure event, owing to slow core heat-up, as compared
to the low pressure event.

Boric acid can be released from the primary coolant or from the injection
of borated ECCS water onto the degrading core. The release of boric acid is
negligible in low pressure sequences with saturation temperatures around 373 K.
However, in high pressure sequences where saturation temperatures are 573 -

623 K, calculated boric acid volatilization rates are in the range 0.1 - 0.2
mole/s for 1000 ppm boron. Boric acid is also released from the ECCS water and
thus we can conclude that boric acid is potentially an aerosol source
contributing a mass at least comparable with fission product cesium (131 - 207
kg) during core uncovery and melting [15]. BWR control rods could provide a
source of volatile boric acid in a high pressure (slow melt progression) event,
but if temperatures rose rapidly above 1700 K to melting the release would be
minimal due to substantial retention of boric oxide in the core [2].

During a blowdown phase of a PWR LOCA, about 90% of the coolant inventory
will be released into the containment forming aerosol droplets. Some fraction of
these boric acid solution droplets is likely to remain airborne when the core
melt aerosols enter the containment with which they will interact. Further
release of boric acid will occur during the core uncovery stage. Volatilization
from boiling solutions is important only in high pressure sequences, where the
saturation temperatures for solutions are high enough to volatilise sufficient
amounts of boric acid. If then the released boric acid or oxide is reacting with
cesium (CsOH and CsI), cesium borates (CsBOj) and hydrogen iodides (HI) are
formed. Further major generation of boric acid will occur when the core slumps
into the residual water in the lower vessel head, and in high pressure sequence
where pressurized ejection of the heavily borated accumulator water follows core
melt-through of the lower head [14].

The main importance of boron releases is its possible chemical
interaction with cesium and iodine, which can alter the behaviour of these
fission products.

The uncertainties in the material release rates from the .core will
ultimately affect the aerosol source to the containment. )

2.3 Summary

The state of our understanding in the in-vessel material releases may be
summarized with the following findings:
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a)-

b)

c)

d)

e)

f)

9)

Volatile fission product releases from the core can be predicted quite
well for a wide range of accident conditions. More than 80 % of volatile
Cs and I are released [ > 130 kg for a 1000 MW(e) PWR]. However,
uncertainty in timing of release still exists. 1Its impact on fission

product transport in the RCS can be important and should be quantified.

For less volatile fission product releases, the uncertainty remains at a
higher level, but they do not contribute much on the total aerosol mass.
7irconium oxidation plays a major role in the release of Te and other
semi-volatile fission products.

Releases from PWR control rods (Ag-In-Cd) are the dominant non fission
product aerosol sources and the release of these species can be bounded
quite well, but existing models are poorly validated. Current estimate is
only about 10 % of the total inventory (350 kg for a 1000 MW(e) PWR].

From Zircaloy components tin release is a key factor. Recent experiments
show a small and therefore insignificant Sn release and Zr itself is an

insignificant source.

For steel components the existing models and data show that these
components will not be a big source.

Boric oxide (B,0;) source from BWR control blades is poorly defined.

For boric acid there are large uncertainties in the estimations for the
H3BO;~H,0 aerosol source into the containment due to PWR blowdown and in
the core melt process. The current estimate is about 80 - 90 kg for a
1000 MwW(e) PWR without ECCS.
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Table 2.1 /S/. Initial activity of radionuclides in the nuclear reactor
core at the time of the hypothetical accident.*

¥o. Radioauclide Source (curies x 107%) Nalf-Life (days)
1 Cobalt-58 0.0078 71.0
2 Cobalt-60 0.0029 1,920
3 xrypeon-8s 0.0056 3,950
4 Krypton-85a 0.24 0.183
s Krypton-87 0.47 0.0528
6 Krypton-88 0.68 0.117
7 Rubidium-86 0.00026 18.7
8 Strontium-89 0.94 $2.1
° Stroncium-90 0.037 11,030
10 Stroncium=-91 1.1 0.403
11 Yteriuwe-30 0.039 - 2.67
12 Yeerium-91 1.2 $9.0
13 Zirconium=-95 1.5 65.2
14 Zirconium-97 1.5 .71
1s Niobium~9S 1.5 3s.0
16 Mo lybdenum=-99 1.6 2.8
17 Technetivm~99m 1.4 0.25
18 Ruchenium~103 1.1 39.5
19 Ruchenium-10S 0.72 0.185
20 Ruchenium-106 0.25 366
21 Rhodium-10S 0.49 1.50
2 Tellurium=-127 0.059 0.391
23 Telluriua~127m 0.011 109
24 Tellurium-129 0.31 0.048
25 Tellurium=-129m 0.053 0.340
26 Tellurium-l3lm 0.13 1.28
27 Telluriwe-132 1.2 3.2%
28 Antimony=-127 0.061 3.88
29 Ancimony-129 0.33 0.179
30 Iodine-131 0.8s 8.0S
31 Iodine-132 1.2 0.09%8
n Iodine~133 1.7 0.8738
a3 Iodine-134 1.9 0.0366
3¢ Iodine-13% 1.8 0.280
3s Xenca-133 1.7 s.28
% Xanoa-13S 0.)4 0.384
3?7 Cesium~134 0.07% 750
38 Cesium-136 0.030 13.0
39 Casiun~137 0.047 11,000
40 Barium-140 1.6 12.8
4 Lanthanum-140 1.6 1.67
42 Carium-141 1.5 32.3
43 Carium-143 1.3 1.38
4« Carium~-144 0.85 284
4S Prasecdymium-141 1.3 13.7
46 Neodymium~147 0.60 11.1
47 Neptunium=239 16.4 2.3%
48 rluconium—238 0.00057 32,500
Py Plutonium=-239 0.00021 8.9 x 106
s0 Plutonium-240 0.00021 2.4 x 108
s1 Pluconium=241 0.034 5,350
s2 Amgricium—241 0.000017 1.5 x 10°
s3 Curium-242 0.0050 163
s4 Curium~-244 0.00023 6,630

XFrom the "Reactor Safety Study," Appendix VI to WASH-1400, October 1975,
Table VI 3-1. )
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Yable 2.2 /5/. Inventory of fission products and other materials
for Surry and Peach Bottom

Fission Products Actinides and Others
Element Mass (Kg) Mass (kg)  Element Mass (kg) Mass (Kg)
surry Peach Surry Peach

Bottom Bottom
25.7 u 70,210 138,000
23.3 Pu 469 743
62.7 Np 26 41.2
36.2 Ir 16,460 64,100
267 Sn 262 1,050
237 Ag 2,750 0
58.8 In 505 g
172 Cd 173 0
33.2 Cr 1,168 4,140
34.9 Ni 649 2,560
16.6 Mn 0 432
387 ' Gd 0 287
207 Fe 6,486 15,150
105

98.3
208

80.4
271

53.8

4.3

83.2

14.1

11.5
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Table 2.3. Possible in-vessel (sequence specific) aerosol release fractions
from total material inventory and their chemical state during normal

operation.
ELEMENT CHEMICAL STATE RELEASED
DURING NORMAL OPERATION AS .
AEROSOL
Xe, Kr No chemical reactions, gaseous Xe, Kr -
I, Br Single phase halide solution CsI, L, I, >80 %
Cs,Rb Will form compounds with most other >80 %
elements in the fuel. The most important
species formed are the alkali metal halides,
compounds with uranates and Cs;MoO,
Te, Se Mainly in elemental form. Other possible 20-90%
forms are single phase chalcognide solutions
(Cs,T e) and products from reactions with
Zircaloy
Ba, Sr Oxides which can dissolve to some extent in 2-40%? *
the fuel and form separate phases BaO,
Ba(Zr-U-Pu)O,
Mo, Tc Single phase metallic alloy (some Mo present } < 5% ?"
Ru, Rh, Pd as MoO, or Cs MoO)
La, Y, Zr, Oxides which dissolve in fuel -
Nb,
lanthanides
actinides
Ag,Cd, In;- PWR control rods Ag=1%
Ag (fission yield low) Cd>50%
In10-20%
B Boron carbide BWR control rods uncertain
Boric acid in PWR coolant water 50 - 500 kg
1000 MW(e)
Fe, Cr, Stainless steel <1%
Ni, Mn
U Urania fuel <0.1%

expressed in terms of fraction of inventory

** influenced by reactions with zircaloy and by the oxidation potential in the melt

Note: The invessel aerosol release takes place between the core uncovery and vessel melt
through phases. Typical core melting time for a large dry PWR happens between 0.5 (low
pressure case) - 2.5 hr (high pressure case) and the vessel fails between 2 - 4 hr after the start
of an accident. Major diffusional release happens during the core heatup at 1700 - 2600 K
before core slumping process (0.8 - 3.6 hr). During core slumping vaporization and mechanical
rclcase processes are most important acrosol sources.

18




3. REQUIREMENTS FOR RCS AEROSOL MODELLING

Even though for a given accident scenario actual retention of
radionuclides in the primary circuit may be small, a good knowledge of the main
phenomena affecting radionuclides in the primary circuit remains crucial. The
physical and chemical reactions which occur can exert a large influence on the
physical and chemical form of a radionuclide and therefore its subsequent
retention in the containment building or its biological impact. The timing and
rate of its emergence from the RCS may also be considerably altered.
Furthermore, the implications for accident management procedures, such as
choosing if and when to vent the containment, can be substantial.

Containment atmosphere codes take no account of chemical behaviour beyond
hygroscopicity and dissolution of compounds in water, and, to an increasing
extent, hydrogen combustion (perhaps soon to include the effects of combustion
on iodine compounds). This is because, probably justifiably, the reactions in
containment are relatively slow or inconsequential. Exceptions are the rapid
oxidation reactions which may occur immediately upon arrival in the containment
atmosphere. It is sensible for the early oxidation reactions to be dealt with by
RCS codes so that the containment codes deal with a relatively stable source and
simplified, if any, chemistry. For the same reason, any condensations of vapours
which may occur on entry to the containment atmosphere are considered part of
the RCS modelling since RCS codes must always deal with nucleation at some
stage. Hence, it is provision of the post-oxidation, post-condensation source to
containment which is being referred to in this section.

3.1 Input Required for Containment Codes

For reliable predictions, containment modelling requires from RCS
modelling information on the release into the containment comprising:

(i) the masses of the elements from the fuel and core structure released;
(ii) the chemical speciation of releases;
(iii) the particle size distribution;

(iv) the location within the particle size distribution of the key
radionuclides;

(Q) the mass of steam;
(vi) the mass of hydrogen;
(vii) temperatures of releases;
(viii) the time history of all releases.
A requirement of high accuracy can be relaxed for some i£ems and the

importance of the containment aerosol parameters is dealt with in Chapter 5.
Some separate explanation of the less obvious items is worthwhile here.

Item (ii) has implications for the hygroscopic and steam condensation
behaviour of the containment aerosol, the potential influence of which can be
large (section 5.2).

19




The importance of item (iii) has been supported, in particular, by a
sensitivity study [1]. This showed that the longevity of a containment aerosol,
initially of lognormal distribution, is very sensitive to its initial
distribution characteristics (mean size and standard deviation from mean size)

when the initial mean size is large.

Item (iv) is a necessary further step from item (iii). An aerosol
particle’s behaviour is dominated by its size so it is important to know where
radionuclides are in the distribution. This is particularly important if the
radionuclides emerge from the RCS concentrated in the small, sub-micron size
fraction of the aerosol distribution. The suspended activity hazard is made more
persistent and the challenge to filters should containment venting occur becomes
greater. The extreme case of this situation is a bimodal distribution. For some
accident scenarios the most volatile fission products might leave the RCS as
still in the form of vapours. If, as they were quenched by the cooler
containment atmosphere, the vapours condensed to form a large number of sub-
micron particles, then this fission product aerosol would be persistent, even in
the presence of a concentrated aerosol consisting of larger particles made up of .
structural materials. This is because agglomeration between sub-micron and
supra-micron particles is a very slow process. There would therefore be little
accelerated settling out of the fission product aerosol due to interaction with
the larger structural aerosol. This phenomenon has been predicted recently, both
by the AEROSIM-M code (1] and the NAUA code {2].

Item (v) is important both to the specification of heat input to the
containment and to condensation on to aerosol and removal of aerosol by
diffusiophoresis.

Item (vi) has implications for detonation or deflagration (carbon
monoxide comes from MCCI and is covered in Chapter 4) while item (vii) is
important to determine the source of sensible heat output to the containment
atmosphere.

The above discussion can be summarised by saying that the important
information on the fission products needed for the containment calculations is
the following:

- the total mass of each fission product released to the. containment

- the form of the released fission product: either vapour or aerosol, and
if aerosol, then its distribution over the particle sizes.

3.2 Qualitative Description of Primary Circuit Phenomena

Once the vaporised material has left the degrading core it will migrate
through the primary circuit, reaching progressively cooler parts and eventually
either making its way into or bypassing the containment. As well as the direct
flow from the core to the primary circuit breach, there is the possibility in
some sequences for recirculation loops to be set up. The three most important
variables for determining the form in which the fission products enter the
containment are:

- the path length,

- the flow velocity,
- the residence time.
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Any two of these form an independent set, with the third being determined
by them. The underlying question addressed by these variables is whether or not
the primary circuit serves as a good mixing chamber for the fission products and
the structural materials. The fission product transport is affected at a more
detailed level also by the geometry of the flow path, and the temperatures
encountered along it. Temperature gradients are particularly important where
they are largest,. immediately above the core, because they govern the rate of
the initial nucleation of the aerosol.

From the point of view of fission product behaviour in the primary
circuit, the accident sequences can be divided into three broad classes, namely:

— low pressure sequences,
- high pressure sequences,
- bypass sequences.

The low pressure sequences are typically loss-of-coolant accidents caused
by breaches in the primary circuit within the containment building. The gases
and vapours produced in the core region flow through the primary circuit to the
breach and then out into the containment. The length and nature of the flow path
is determined by the position of the breach. The flow rate and pressure in the
circuit are determined by the size of the breach. Because of the wide range of
possibilities for the size and position of the breach, the low pressure
sequences cover a wide range of primary circuit conditions.

The high pressure sequences by contrast consist of the so-called intact
circuit faults, the best known of which is the transient sequence TMLB’. The
circuit pressure rises up to the set point of the pressuriser relief valve, and
the discharge to the containment is then through this valve. In this case
residence times in the primary circuit are much longer than in the low pressure
case. The direct flow path from the core to the containment is well defined, and
the rate of the net flow to the containment is smaller than in the low pressures
sequences. However there is the possibility of recirculation loops being set up.

Primary circuit failures are possible which bypass the containment. If
the interfacing valves between the high pressure circuit and the low pressure
circuits in the auxiliary building fail and this failure leads to core melt,
then the fission products can be transported through the auxiliary building
direct to the environment. (This is the so-called V-sequence.) If steam
generator tube rupture causes or is caused by core melt, then the fission
products can be transported into the secondary circuit, again bypassing the
containment building. The V-sequence in particular is characterised by rapid
flows down narrow pipes.

3.3 Principal Uncertainties in Primary Circuit Phenomena

The uncertain phenomena can conveniently be divided into three
categories: chemical, physical and numerical. In each case it is important to
understand not just what uncertainties there are from the point of view of
scientific understanding, but also which of these uncertainties really affects
the long-term behaviour of fission products in the containment.
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3.3.1 Chemical Phenomena

The state of primary circuit chemistry in the mid 1980s was given a
comprehensive treatment in [3] and some of the issues raised there remain

unresolved.

Firstly, touching upon item (i) in section 3.1, the properties of the
radionuclides and their possible compounds must be known. The usual list of key
radionuclides is caesium, iodine, tellurium, barium, strontium, rubidium,
lanthanum, cerium, uranium and plutonium. However, this list has been decided on
the basis of the biological importance of the radionuclides and their expected
release fractions. In other words, the importance of other elements has been
downgraded due to their smaller release fraction based on existing information.
Recent meetings [4,5] have questioned the reliability of the presently used
thermochemical data for some important species. Reassessment in the light of

further experiments may be required.

Thermochemical data are still lacking for a great many further chemical
species which may be important, though the database is growing (VICTORIA
presently includes a database of 167 species). This problem is compounded by the
need to corroborate data by using more than one source. In particular, the
reactions of tellurium, caesium iodide, caesium hydroxide and hydrogen iodide at
steel surfaces in the presence of steam are poorly understood. And this is
complicated by the decay of tellurium to iodine. The role. of ternary species is
very much unknown: oxyiodides and termary oxides such as caesium zirconate.
Gaseous hydroxides and hydrides may have a role to play but this has not been
quantified. Due to possibility of compounds of unexpectedly high volatility -
existing there is a suspicion that more attention should be paid to lanthanides.
and actinides, and to the compounds of molybdenum and ruthenium.

There has been recent progress in relation to knowledge of tellurium
chemistry in respect of tin telluride formation. The properties of molecular
boric acid have been reassessed and the new result of reaction with caesium
jodide at low temperatures to produce hydrogen iodide and caesium borate has

been produced [6]. .

Recently attempts have focused on defining a limited but. comprehensive
list of elements/compounds for which data are required. In particular, a set of
forty compounds was decided [5] upon which effort should be focused to generate
the required data. In deciding what is required, not for a complete scientific
understanding of the chemical processes in the primary circuit but for an
ability to predict the ultimate fate of the fission products, the following key

questions should be addressed.

(a) Are there chemical forms of an element which are gaseous rather than
condensible vapours?

(b) Will any gaseous forms react with aerosols and thus enter the aerosol
phase?

(c) At what point in the transport through the primary circuit will an
element change from predominantly vapour to predominantly aerosol? Will
condensation onto aerosol or onto walls predominate?
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(d) Do chemical uncertainties significantly affect the key aerosol
characteristics: total mass, particle size distribution and composition
as a function of size?

(e) For which radionuclides do chemical uncertainties cause real problems in
deciding whether aerosol behaviour dominates the primary circuit
transport?

It seems likely that all fission products except noble gases, iodine,
caesium and tellurium will be in the aerosol form soon after release from the
fuel, and apart from the noble gases, only iodine (as HI) and tellurium (as Tej)
have stable gaseous forms which could be important throughout the primary
circuit. Once the element is in the aerosol the detailed chemistry becomes very
much less important. The vital question is instead whether such aerosols are
able to agglomerate with one another regardless of composition. Where chemistry
becomes important again is the re-volatilisation of deposited aerosols, a
phenomenon discussed in section 3.4 below.

3.3.2 Physical Phenomena

The first physical question to be addressed concerning the transport of
fission products and other materials through the primary circuit is that of the
initial nucleation, the condensation of the least volatile species to form the
first aerosol. In the absence of a pre-existing aerosol on which to condense,
the vapours must condense by homogeneous nucleation or by nucleation on the ions
created by the energetic particles emitted in radioactive decay. The question is
whether this first condensation produces many small particles or few large
particles. Calculations carried out in Finland with the RAFT code predict
particle radii after nucleation (that is, after the initial nucleation and
subsequent condensation of other vapours on the particles) varying between 0.7
and 6 pm. The radii depended strongly on the release rates from the fuel and the
temperature gradients immediately above the core, as well as on uncertainties in
the model itself. The resulting large uncertainty in the size of the aerosol
particles has a significant but complex effect on fission product transport. An
aerosol consisting of many small particles will have a larger surface area and
therefore be more efficient in picking up fission products. It will however be
less efficient in causing them to be deposited on surfaces. If the initial
particles are large then they might deposit rapidly and not be available for
interaction with more volatile fission products, leaving them to form their own
small persistent particles. If however the initial particles persist long enough
to pick up the fission products, but are then efficiently deposited within the
primary circuit, they could be responsible for a high degree of fission product
retention.

Once a first aerosol is formed, the next question is whether the more
volatile species condense onto these particles, a process we could call co~
condensation. Normally vapours prefer to condense on existing aerosol rather
than by making their own nuclei. This will be true once the first layer is
formed, when the vapour will see a surface made up of its own molecules. Whether
this first layer forms depends on the nature of the interaction between
substrate and vapour molecules. If this interaction is sufficiently "phobic",
co-condensation may be suppressed. Little attention has been given to this

probliem.
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If different species have condensed to form aerosols of different
compositions, the question then is whether the various particles co—agglomerate.
Normally it is assumed that the agglomeration rate for a given pair of particle
sizes is independent of the compositions of the particles. This is probably true
of the collision rate, but whether it is also true for the sticking probability
depends on the detailed nature of the force between the surfaces. There is
evidence of aerosols forming with the different components in distinct particles
[7], but it is still unclear what implications these observations have for the
modelling. It must be remembered that if the different components are to be
found at different parts of the size spectrum, then purely size effects can
restrict the extent of agglomeration.

Traditionally agglomeration has been modelled as an irreversible process.
There are a number of possible causes of particle break- up (dis-agglomeration)
which have been little, if at all, studied. If this process occured it would be
of importance, because it could significantly reduce the mean size of the source
aerosol to the containment. There are two main routes by which particle break-up
could occur. In sequences with high flow rates there will be regions of strongly
shearing flow at many of the features encountered through the circuit. This will
be particularly true within the containment atmosphere just as the flow leaves
via the circuit breach. The forces exerted on particles in such shears may be
sufficient to disrupt agglomerates. The other route involves break up following
collision of particles with structures - most likely to be violent at changes of
flow geometry. There is some overlap here with the phenomenon of resuspension,
discussed below. The degree to which either of these dis-agglomeration processes
occur is not known.

An important set of processes which may occur in the primary circuit are
those leading to deposition of particles onto surfaces. As in the containment
Brownian motion can lead to the deposition of the smaller particles, and as the
particle radius gets above 1 ym, gravity becomes a progressively more important
removal mechanism. (In slow vertical flows, gravity can also be responsible for
the counter-current motion of particles.) When the surfaces are significantly
cooler than the gas, then the process known as thermophoresis can push particles
towards the surfaces. If the flow path passes through the steam generators, and
if there is still some heat removal to the secondary side, then thermophoresis
can be an important mechanism for deposition on the steam generator tubes. If a
surface is cool enough for steam to condense on it then partiele deposition can
be accelerated by diffusiophoresis, but usually fission product release is at
its greatest when zircaloy oxidation is reducing greatly the steam content of
the atmosphere.

These processes are modelled adequately in existing codes. In the fast,
turbulent flows of the V-sequence turbulent deposition becomes the dominant
effect. It must be said that this is, in general, inadequately modelled in RCS
codes principally due to the use of out-dated models, and due to the lack of
validation for hydraulically rough flow regimes. Most mechanistic models have
been based on consideration of the projection by eddies of a particle of
calculated stopping distance towards the deposition surface. Such models have
been implemented in RCS codes but they are not entirely successful when compared
with experimental data. In particular, the deposition velocity for larger
particles is over-predicted. Experimental work on turbulent deposition is quite
substantial in the realm of hydraulically smooth flow of circular cross-section,
Correlations for turbulent deposition have been produced from such data and some
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codes have implemented these. However, there is a paucity of data for
hydraulically rough regimes. The LACE tests LAl and LA3 [8] have not proved
directly useful in developing models because of the resuspension of deposits.

There remain large uncertainties surrounding aerosol behaviour in flows
of changing geometry such as at bends and changes of flow cross-section (in size
and/or shape). The fact that there may be large accumulations of deposits at
features such as bends was indicated by the LACE LA3 test [8]. There is a
serious lack of experimental data here, though attempts have been made to model
in the primary circuit aerosol codes the increased deposition of aerosol due to
flow around bends. TRAPMELT2 takes the approach of a pressure loss due to the
bend and treats the bend in terms of an equivalent length of straight pipe; the
ATLAS code takes a similar line but considers the energy lost by the flow due to
the bend. (Both of these codes are, in effect, enhancing turbulent deposition
for the bend.) VICTORIA uses a correlation to the data of Pui et al [9]. Some
computational fluid dynamics codes now offer the capability of simulating
particle trajectories. Such codes are impractical for routine severe accident
use but could be used in bench-marking. However, in general the CFD codes are
themselves unvalidated for the trajectory capability.

The enhanced deposition at features has a number of repercussions beyond
simply increasing retention: if deposits are of sufficient quantity they could
produce local revaporization due to decay heating; if decay heating is
sufficiently large it could lead to melt-through and substantially affect the
expected scenario by moving the first breach in the circuit closer to the
reactor vessel.

The mechanical re-suspension of deposits is poorly understood and must be
viewed as highly uncertain. There are no serious contenders for modelling the
re-suspension of thick, possibly sludge-like deposits from within the primary
circuit. It must be said that particle interactions within thick deposits ensure
a difficult problem in determining the size of the resuspending particle(s).
Models have been developed for isolated particles in dry conditions.
Traditionally these have been based on a balance of forces approach (adhesion
versus lift). More realistic advances have taken the stochastic effect of the
turbulent flow in to account, e.g. the work of Reeks et al [10] (and it is
understood that this work is being extended to dry multi-layer deposits). There
is a further serious difficulty with this problem when account is taken of the
sensitivity to vibration of the surface deposited upon: an apparently stable
deposit may experience rapid and widespread resuspension if the surface is
jolted.

3.3.3 Numerical Uncertainties

There are two difficulties of aerosol modelling leading to uncertainty.
Both concern the consequences of agglomeration. The first is the varying density
of particles within size bins/sections; the second is the more general
consideration of varying composition of particles in size sections. These
problems are also discussed in section 5, in the context of containment aerosol
modelling.

The problem of varying density for each size fraction has been improved.
Due to the computational burden imposed by allowing density in each bin to vary,
the density property of the aerosol has traditionally been fixed from the start




of the integration (and usually the same value for the complete aerosol
ensemble) . A numerical technique introduced to aerosol modelling by Wheatley
{11] and generalised to multi-component modelling [12] enables the problem to be
overcome. Chown and Williams have implemented the same generalization in the
VICTORIA code. VICTORIA and the containment code ITHACA are the only codes known
to have this capability. It remains to be seen what the effects of this

improvement will be.

Presently, all codes assume that at the end of a time step particles
within a size bin acquire a uniform composition based on the mass proportions of
components within the bin. This can have erroneous consequences for the
pehaviour of particles in the bin: they will be treated as behaving uniformly
when in reality there would be differential behaviour. This problem is discussed
in section 5; implications specific to the primary circuit situation have not

been addressed.
3.4 The Effect of Revaporization on the Aerosol Source into the Containment

Originally it was thought that, once the core had melted its way out of
the pressure vessel, the primary circuit was no longer of concern to the
modelling of fission product transport. Then it was realised that fission
product deposits within the circuit could be reheated, and that the more
volatile components of the deposits could even be revaporized. Not only does
this mean that those fission products thought safely deposited within the
circuit were mobile again, but the release of fission products may occur later
in the sequence, nearer to the time of containment failure or venting. The
mitigating effect of long residence in the containment is then not available to
them. In addition, because the re-release occurs in the absence of the core-
derived aerosol formed from less volatile species, the revaporization aerosol is
likely to be finer than the original fission product aerosol and hence more

hazardous.

One cause of revaporization of deposits in the RCS can be the elevation
of the temperatures of deposits by decay heating. Disregarding the chemical
reactions which may have occurred, this situation is a more simple version of
the earlier stage in the accident when the uncovering core heats up. This
mechanism should not be uncertain except in respect of having quantities and
locations of deposits correctly predicted - this rests upon the accuracy of the
RCS deposition models, the physical aspects of which were discussed in 3.3.2. If
these models can be made accurate enough then the chemical modelling upon which
they depend for the state of substances needs also to be accurate otherwise it
will still not be possible correctly to predict the composition and locations of

deposits.

The other heating cause of revaporization is heat transfer from the flow
emanating from the pressure vessel. This in itself should represent
insignificant uncertainty.

The final cause of revaporization is chemical. The reactions occurring
after deposition may produce species of higher volatility. There may also be a
net production of heat from the generally exothermic reactions. The fundamental
problem in the modelling of revaporisation, caused by whatever mechanism, is one
of lack of thermochemical data. Presently, not only are the volatilities of many
species not known, but it is not possible to predict the outcome of the
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chemistry likely to take place in the deposits or between deposits and vapours.
By comparison most of the physical aspects of revaporization can be regarded as
well-enough understood.

Hence, it is clear that the composition, quantities and time scales for
revaporization remain highly uncertain due to the lack of thermochemical
information. Furthermore, the difficulty of predicting revaporization is
compounded by the fact that it lies at the end of a sequence of events, some of
which are not yet themselves reliably modelled.

3.5 Summary

Containment codes require as input the total masses of each fission
product and its form; either vapour or aerosol and, if aerosol, their particle
size distributions. These can have a significant effect on their behaviour in
the containment, particularly if some aerosols are present at sub and some at
supra-micron sizes. Input gas masses, €nergy and timing are also vital to
containment calculations, especially for the steam injected.

RCS aerosol codes need to model the initial nucleation of aerosols,
promoted by large temperature gradients, chemical interactions, agglomeration
and deposition of dense aerosols in high and low pressure flows. Deposition is
probably modelled adequately in existing codes, except for turbulent deposition,
at features such as bends and contractions, but re-suspension of thick deposits
and revaporization later in an accident sequence could give significant late
sources of aerosol. It is important to be able to predict if vapours condense to
form heterogeneous or homogeneous aerosols, and whether they co-agglomerate if
the initial aerosols are homogeneous. Further chemical data are still required
to predict the forms exiting the primary circuit.
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4. EX-VESSEL AEROSOL SOURCES

Processes outside of the reactor pressure vessel (RPV) that may result in
the release of aerosol particles with radioactive or inert materials have been
jdentified and discussed elsewhere [1,2) and include the following which will be
discussed partly in this section:

o core/concrete interactions.

o pressurized ejection of core materials from the RPV.

° energetic thermal interactions of the core materials with water in the
cavity.

o framentation of water droplets due to blowdown ejection from the RCS.

o boiling or flashing of water pools releasing previously collected
materials.

° resuspension by hydrodynamic forces after containment failure.

° aqueous or other chemistry effects that "revolatilize™ some
radio-nuclides.

o nucleation of water droplets from supersaturated steam.

o revaporization of fission products from aerosols as a result of flammable
gas combustion.

o wjirect" release from the RCS after RPV failure if residual fuel is left
in the vessel

° revaporization release from the RCS surfaces due to self heating by
radioactive decay.

Only the "large bullets" jtems will be discussed in some detail in this
chapter. Some of the “"small bullets® items are discussed in other chapters. The
release from RCS surfaces due to resuspension by hydrodynamic forces and
vaporization from RCS surfaces at elevated temperatures from decay heating of
deposits is considered in chapter 3. The items where formation of water droplet
aerosol is touched are discussed in chapter 5. The remaining open items (steam
explosion, chemical revolatilization) are not discussed because of a serious
deficit of knowledge for the quantification of their source term contribution.

Most of the items discussed in this chapter - except pressurized melt
ejection - refer to persistent processes which are of importance for long
lasting accident scenarios presuming an existing enclosure of the main
radioactive material in an isolated containment. The possible aerosol source of
these processes could set up a lower limit for the airborne aerosol
concentration and thus be of importance for ex-venting procedures where the
intentional depressurization of the containment via filters is considered.

4.1 Core-concrete interaction

The ex-vessel progression of a postulated core melt-down accident leads
to molten core-concrete interactions (MCCI), during which matter from concrete
decomposition reacts with the corium melt. Fission products that had not been
released during the in-vessel core degradation prior to vessel head failure may
then be subject for release into the containment.

The importance of MCCI aerosol release is given by two opposing aspects:

a) an additional source of fission product aerosols to the containment
atmosphere, increasing the amount of airborne radioactivity.




b) a source of non-active aerosol which may help to accelerate the
deposition of existing suspended active aerosol particles by
agglomeration.

The main contribution from MCCI in a dry cavity to the containment
aerosol system is expected to occur in the early time period subsequent to RPV
failure. Experimental observations and predictions of mechanistic models give a
time range of about 1 - 3 hours when the core debris will be at maximum
temperature (2000 - 2600 K) and later on be cooled to a temperature right above
the decomposition temperature of concrete (about 1600 K). The highest aerosole
release - inactive and active material is expected during the high-temperature
period when the most rigorous interaction of concrete decomposition
products (H,0, CO,, Si0,, etc.) with a molten metallic phase containing
zirconium (Zr) and iron occurs. During the long term cooling stage of basemat
penetration MCCI is supposed to still represent a weak but long lasting aerosol
source, presumed the cavity remains dry or quenching by an overlying water-pool
is ineffective with respect to cooling and/or retention of aerosol particles.

The timing, the magnitude, the content, and the physical and chemical
character of the MCCI aerosol source has to be quantified in order to estimate
the environmental source term due to postulated accidents. The physical and
chemical phenomena of the MCCI are very complex and not well understood, as it
has been stated in the near past (3,4,5]. In order to improve the current state
of knowledge with respect to MCCI source term, efforts are taken to continue
with code development and validation against adequate experiments which have
already been conducted or are planned.

The following chapter tries to review the relevant MCCI test series that
are completed, under way, or under preparation, with special emphasis on the
item of aerosol release.

Furthermore the current situation of computer models that are applicable
to MCCI source term assessments will be examined, limited to the extent of their
appearance in recent benchmark exercises.

4.1.1 MCCI test series

Several experimental test series have been conducted in order to explore
the kinetic process of concrete erosion, the production of aerosole particles,
and the release of fission product simulants. In parallel to the measurements
computer modeling efforts resulted in the development of codes like CORCON ([18],
WECHSL [19], and DECOMP (MAAP) (20]. The experimental test series performed at
Sandia National Laboratory (SNL), Kernforschungszentrum Karlsruhe (KfK), and
Argonne National Laboratory (ANL) are reviewed and distinction is made between

three types of test:

a) those which provide only thermal-hydraulic data, and no useful data on
aerosol sources :

b) those which provide useful data on the non-active aerosol sources, but
without fission product simulants

c) those with fission product simulants, which provided useful data on both
“active" and "non-active" aerosols.
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4.1.1.1 Thermal-hydraulic MCCI tests

A. Tests at Sandia National Laboratory (SNL) [6]:

FRAG-Tests (SNL)

CHARACTERISTICS: 45 kg of 3 mm steel spheres inductively heated to 1200°C to
1400°C but not melted, penetrating into a limestone or basaltic concrete
crucible, water addition after ablation.

MOST SIGNIFICANT RESULTS: Concrete slag formed an impermeable crust, water did
not quench debris, erosion rate 3 to 4 cm/h.

HSS-Tests (SNL) [21]

CHARACTERISTICS: Two experiments were performed in order to compare hot solid
U0,-concrete and hot solid steel-concrete interactions. The first experiment,
HSS-1, ablated 6 cm of limestone-common sand concrete in a little more than
three hours using a 9 kg slug of 304 stainless steel at an average debris
temperature of 1350°C. The second experiment, HSS-3, ablated 6.5 cm of
limestone-common sand concrete in four hours using a 10 kg slug of 80 % U0,-20 %
2r0, at an average debris temperature of 1650°C. The information from these
tests was used to evaluate a 1-D concrete ablation model named HOTROX.

MOST SIGNIFICANT RESULTS: Concrete erosion rates 1.5 to 2 cm/h, no aerosol
release data.

4.1.1.2 DRerosol release MCCI tests, without fission product simulants

BETA-1 Tests (KfK; 1984-1986)

CHARACTERISTICS: Sustained heating by induction coupled to metallic iron, 3-D
siliceous and limestone concrete crucible, up to 300 kg metallic melt and 300 kg
oxidic melt generated in a separate crucible by a thermite reaction, without
fission product simulants.
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Test

vo.1
V0.2
V0.3

Vl.1
Vi.2
V1.3
V1.4
V1.5
V1.6
V1.7
V1.8

v2.1
V2.2
v2.3
v3.1$
v3.2$
V3.35%

V4.l

NOTE:

BETA EXPERIMENTAL MATRIX, from [3]

Melt Composition Power Remarks

300kg Iron 0.00 PRE-TEST

300kg Iron 400 kW PRE-TEST

300/150 Iron/Alumina 1700 kW Layer dispersion

20kg Iron PULSED Failed

190/130 Iron/Alumina PULSED Lorentz forces

300/150 Steel/Alumina 1000 kW Layer dispersion

400kg Steel 0.00 Transient

300kg Steel 450 kW Layer dispersion

300/50 Steel/Oxide** 1000 kw Layer dispersion

300/80 Steel/Oxide 1700 kW Layer dispersion

350/130 Steel/0Oxide 1700 kW Ca0 no dispersion

300/150 Steel/Oxide 140 kW No dispersion

300/100 Steel/Oxide 100 kW Ca0 added

300/100 Steel/Oxide 250 kW Ca0 added

300/50 Steel/Oxide 1-2.5 MW 1 min of Pwr

300/50 Steel/Oxide .4-1.4 MW Slow Heatup
Steel/Oxide Performed 1-86
Steel/Oxide 600mm dia 2-86

STEEL - mixture of iron, chorium, and nickel

OXIDE - mixture of Tests

planned but not performed

Tests to use Limestoe concrete, rest of tests use basalt:
(V3.1 lime/common sand, V3.2 CRBR limestone)

Aerosol release for all experiments with basalt concrete is very low.

Only test V3.2 with the refractory CRBR limestone concrete has produced
noticeable amounts of aerosols.
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BETA EXPERIMENTAL INITIAL CONDITIONS, from (3]

Test Induction Power Eros. rate Init. Temp Avg. Temp Ratio
Peak Avg Volume Downward (C) (C) H2/H20
(kw) (kw) (MW/m2) Co/co2

v0.1 - - - 0.30 2200 - -~

v0.2 400 370 9.33 0.26-.14 2200 1500 -

V0.3 1700 830 38.50 1.16-.86 2200 1600 -

V1.2 550 380 19.20 0.82-.26 2200 1400 -~

v1i.3 1000 322 28.10 0.75-.30 1900 1500 -

V1.5 450 234 10.50 0.37-.18 2000 1450 1-2/2-4

V1.6 1000 770 23.30 0.66-.51 2000 1450 1-2/2-4

V1.7 1700 800 39.60 0.93-.41 2100 1500 1-8/1-3

V1.8 1900 1125 38.00 1.24-.97 1800 1475 .3-3/1-3

V2.1 250 150 3.55 0.06-.065 2000 1250 .3-1/1-3

V2.2 300 75 1.52 0.02 2000 1150 .1-1/1-4

v2.3 500 190 4.45 1900

V3.1 2500 2000 47.30 1.10 2200 1700 .3-1/2-4

MOST SIGNIFICANT RESULTS: Rapid temperature decrease of the melt after start of
MCCI, relatively low aerosol concentration in the off-gas: about 5 g/m3 with the
exception of the initial aerosol peak during pouring and almost one order of
magnitude less as solidification starts [271.

4.1.1.3 BRerosol release MCCI tests, including fission product simulants

TURC-Tests (SNL)

CHARACTERISTICS: Transient (not sustained) melt heating, 1-D limestone/common
sand (LCS) concrete crucible, 200 kg melt with fission product simulants.

TURC-1T  (Fe-Al,0; thermite)

TURC-1SS (stainless steel, inductively melted)

- TURC-2 (V0,/2r0,, inductively melted using tungsten rings)

- TURC-3 (U0,/2r0,/2r, inductively melted using tungsten rings)

MOST SIGNIFICANT RESULTS: Rapid early ablation in TURC-1T and TURC-1SS but not

in TURC-2/3, high melt superheat required. Substantial reduction of H,0 and CO,
to H, and CO. Copius aerosol production in TURC-1T/1SS, density >50 g/m3 during
early phase. :
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SWISS-Tests (SNL)

CHARACTERISTICS: 50 kg molten steel, sustained heating, fission product
simulants added, Limestone-sand concrete contained in a cast MgO crucible
annulus crucible, water addition after (SWISS-1) or before (SWISS-2) concrete
ablation.

MOST SIGNIFICANT RESULTS: Crusts formed, melt was not quenched, sub-cooling of
water pool increased pool decontamination by a factor of 10, enhanced downward
erosion of 0.1 mm/s (SWISS 1) with little aerosol release of 4 - 7 mg/s in the
first minute and less than 1 mg/s in the later period [3].

SURC-Tests (SNL)

CHARACTERISTICS: Sustained by induction heating (tungsten rings), 1-D limestone
or basaltic conrete crucible, 50 to 200 kg melt with fissionproduct simulants.

- SURC-1 (200 kg UO,-2Zr0,-2r, limestone)

- SURC-2 (200 kg U0,-2r0,-Zr, basaltic)

- SURC-3/3A (50 kg Steel-Zr, limestone)

- SURC-4 (200 kg Steel-Zr, basaltic)

- SURC-5 (200 kg Steel-B4C, limestone)

- SURC-6 (200 kg Steel-B4C, basaltic)

-~ SURC-7 (150 kg UO,-Zr0,-Fe, limestone, water addition)
- SURC-8 (150 kg UO,-2r0,-Fe, basaltic, water addition)

MOST SIGNIFICANT RESULTS: Continuous melt temperature and aerosol concentration
data obtained, substantial CO and H, production but no evidence of coking,
copius aerosol production (40 to 100 g/m3)

SURC-1/2: Highest ablation rate during 2r reaction (> 0.3 cm/min), melt
temperature decreased from 2650 K to 1850 K as concrete was added, aerosol data
for early and late MCCI stage.

SURC-3/4: Sustained melt temperatures were 2000 K and 1800 K, sharp increase in
temperature (>100 K) and ablation rate following Zr addition, substantial
tellurium release, foaming of the oxidic phase (SURC-4), exotheric condensed
phase reactions including:

Zr + Si0, = 2r0 + SIO and 2r + SI0, = Zr0, + Si

CURRENT STATUS

SURC Tests 5 to 8 being postponed.

Instead, a series of melt coolability tests assessing effects of scale on
crust formation and stability is planned.
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DESIGN CRITERIA

approximately 1 m diameter

molten steel or corium with fission product simulants
induction heating

1-D concrete crucible

BETA-2 Tests (KfK)

CHARACTERISTICS: Sustained heating by induction coupled to metallic iron, 3-D
siliceous concrete crucible, 300 kg metallic melt (Fe, Cr, Ni) including Zr
and/or B,C and 100 kg oxidic melt A1,0,/5i0,/Ca0) generated in a separate
crucible by a thermite reaction, including fission product simulants (Te, Ba,

Sr, ...)-
Special features are:

(i) Investigation of failure of biological shield around the reactor cavity
cooled by stagnant sump water from the outer side with potential sump
water flooding of melt.

(ii) Influence of high Zr and/or B,C content in the metal melt.

C. Tests at Argonne National Laboratory

ANL small and intermediate-scale MCCI-tests (ANL; 19 85 - 1987)

CHARACTERISTICS: 3 small-scale (10 x 10 cm cross section, ~ 30 kg corium);
Corium mixture: fully or partially oxidized (U0, Zr0,, zr) plus nonradioactive
fission product simulants as La,0;, BaO, and Sr0; direct electrical heating at
nominally 1 kW per kg of melt; 1-dimensional MCCI using limestone/common sand
and basaltic concrete basemats; instrumentation for characterization of the
thermal hydraulic, chemical, gas release and aerosol release process [7, 8, 9].

MOST SIGNIFICANT RESULTS:

° During test I-8 a total of 3.8 kg of aerosol material was collected of
which 90 % was released during the 40-min ablation period.

° puring test I-8 the aerosol concentration transported by the
decomposition gas was 12 g/m3 (STP) of off-gas during the first 10-min
period and about 7 to 8 g/m3 (STP) of off-gas during the subsequent 30
min.

° Aerodynamic mass median diameter (AMDD) and geometric standard deviation
(GSD) in tests I-8 and I-9 have been determined from data gained by an

8-stage Sierra cascade impactor plotted as cumulated distribution
function on a lognormal probability net: '

Test AMMD pm/ GSD, o4

1-8 0.2 6.1
I-9 0.5 3.4
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° perosol samples were chemically analyzed using inductively coupled
plasma-atomic emission spectrometry (ICP-AES), fluorescence, and atomic
absorption spectrophotometry (ASS)

Three impactor samples from MCCI test I-8 were analyzed. Samples
collected on substrates from stages 4 and 7 in the cascade impactor and the
final filter in the cascade impactor had particles AMMDs in the size ranges 5-8
pm, 0.9-1.7 um, and less than 0.6 pm, respectively.

Results of analysis of the large particles were consistent with SEM/EDX
examinations of large particles on main line coupons and on wires and settling
plates from the STEP canister. Significant amounts of both uranium and zirconium
were present in large particles (such as spheres observed by SEM/EDX). Tellurium
was detected in all size ranges but the largest mass of tellurium was in the
submicron size range. A small amount of cerium was detected (12.9 pg); it had an
AMMD less than 0.6 pm. Slightly more barium, strontium, and lanthanum were
detected. These elements were found mainly in particles smaller than 0.6 pm with
only a small percent present in the 0.9-1.7 pm AMMD size range. Only a small
fraction of the fission product inventory was released as aerosols.

Size dependent distribution of some elements on samples collected in test I-8:

Log-scaled particle diameter

0.1 1 10 pm AMMD
< 0.6 ym 0.9-1.7 pm 5-8 uym

Te (> 50 % mass frac.) Te U

Ce (Ba) Zr

Ba (Sr) Te

Sr (La)

La

° Overall aerosol composition and release fractions of species released are
given below.
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Summary of Aerosol Release Data for Test I-8, from (9]

Percent of Percent of Overall
Inventory Released Berosol Composition

uo, 2.3x10-3 6.5

BaO 3.1x10°3 2.8x1072

Sr0 4.5x10-3 3.7x1072

La,03 2.4x1073 2.1x1072

CeO, 9.2x10-4 2.0x10°2

TeO, 27.1 71.1

Sio 1.6x10-4 1.9

Ca0 1.2x1072 9.0

Mg0 1.8x10-2 2.4

Al,0; 3.7x10°1 8.1

Fe,05 4.1x1074 0.5

Total Percentage 99.6

Note that the species were listed here according to their chemical form in the
pretest corium inventory. The actual chemical form in the aerosol may be
different.

4.1.1.4 Summary of findings (taken from (9])

The following specific findings regarding the physical processes of the
MCCI and the aerosol and fission product releases are based on the results of
MCCI tests I-5 through I-10.

1. Direct electrical heating was a successful means of initiating a core
debris melt involving real reactor materials and providing sustained
internal heat generation in the melt through extended core concrete
interaction, including corium mixture in which metal was present as a
constituent.

2. There was a crust formation that bridged the top of the test cavity in
the intermediate-scale apparatus that was not prototypic of MCCI
conditions. This crust had the effect of a heat shield and also
restricted gas flow and aerosol release. In two of the six MCCI tests,
the crust collapsed into the melt under its own weight.

3. A vigorous mechanical agitation of the melt occurred during ablation for
all concrete and corium compositions tested. The peak superficial gas
velocity was 4 cm/s.

4. Ablation rates between 0.8 and 3.9 mm/min were measured in the
intermediate-scale MCCI tests. The rates were influenced by the power
level, the corium melt temperature, and the uptake of concrete
decomposition products into the melt. Exothermic oxidation of zirconium
metal in the corium elevated the melt temperature above that reached by
sustained internal heat generation; the peak temperature in MCCI test
1-10, determined from thermocouple data, was 2150C (2420K).
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10.

11.

. The presence of zirconium in the corium melt and the type of concrete

used in the tests both had an effect on the composition of the off-gas.
For a fully oxidized melt and limestone/common sand concrete, the off-gas
consisted almost entirely of CO, and H,0, whereas for a melt initially
containing zirconium metal, H, and CO constituted about 50 % of the
off-gas volume. Lack of carbonates in basaltic concrete yielded an
off-gas of H, and H,O0.

. The type of concrete determined the volume of off-gas. In MCCI tests I-8

and I-9 with limestone/common sand concrete, the off-gas production was
0.07 m3 (STP) /kg of basemat weight loss. In MCCI test I-10 with basaltic
concrete, the off-gas production was 0.027 m3 (STP) /kg of basemat weight
loss, only 40 % of that from limestone/common sand concrete.

. Basaltic concrete yielded a larger aerosol mass than limestone/common

sand concrete. Aerosol transport from ablation of limestone/common sand
concrete was 0.45 g/kg of basemat weight loss. For basaltic concrete, the
aerosol transport was >0.52 g/kg of basemat weight loss.

No evidence of coking was found in any of the MCCI test according to
observations of the CO, and CO composition in the off-gas.

. Neglecting aerosols created by volatile fission products (Te, TeO,) and

volatile control-rod materials (Ag, In), the major constituents of the
aerosols released, on a mass basis, were calcium, aluminum, and uranium
in common sand concrete; uranium, silicon, and calcium in MCCI test I-9,
which had zirconium metal in the corium eroding limestone/common sand
concrete; and silicon in MCCI test I-10, which had zirconium metal in the
corium eroding basaltic concrete.

Neglecting the aerosols from the volatile fission products and
control-rod materials, the fission products comprised approximately 1 w/o
of the aerosol inventory.

With the presence of zirconium metal in the corium inventory, the
fraction of BaO and SrO released was increased by an order of magnitude;
the fraction of La,0; released was increased by about a factor of 3.

ANL large-scale MCCI tests (ANL; ACE-C and MACE, 198 8 - 1991)

ACE-C:

This new facility is a scale-up of the intermediate-scale apparatus,

accommodating a 50 x 50 cm cross section, amounting to ~300 kg corium mass. The
scale-up is considered to be necessary in order:

- to avoid mechanically stable upper crust formation by having sufficiently

large lateral dimensions :

- to assure that the depth of the melt layer is large enough for realistic

chemical processes to occur.
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MACE:

appa

is addressed,

Corium

Test
N°.

L5
L2
Ll
L6
L4
L7

L8

*

‘ * %
Xk

1)

The current test matrix as given below includes two tests in a separate
where the issue of melt coolability by an added overlying water pool

ratus,

° Oxides from in-vessel:
Oxides from early ex-vessel: Ca0, Si0,
Metals: Zr or Zry, Fe, Cr, Ni,

L]

©

° Fission products:

ACE MCCI/Fission Product Realease Tests
+ MACE Test Conditions
State: Oct. 1989

composition will be determined from specific code cases:

without the ambition of detailed aerosol measurements.

U02, ZrOZ, Fe304, NiO, Cr203

Ru-steel alloy, SnTe, ZrTe2

(+ Ru, + Te)
Test Corium Initial Absorber
Date Mixture Zr Oxidation, % Material
Aug ‘88 PWR 100 -—-
Jan ' 89 PWR 70 -—-
Mar 89 PWR 70 -
Nov 89 PWR 50 Ag, In
Mar 90 BWR 50 BAC-steel alloy
Jun ‘90 BWR 50 B4C-steel alloy
Aug ‘90 1)
Nov ‘90 PWR 70 Ag, In
Mar ‘91 PWR 50 Ag, In
Jun ‘91 1)
L/S : Limestone - common sand concrete plus rebar
S : Siliceous concrete plus rebar
L/L. : Limestone/Limestone concrete plus rebar
: German concrete
: Soviet concrete
. MACE test conditions currently under preparation

Main aspects:

La,05, BaO, SrO, Ce0,, MoO,

Concrete
Type*

L/S
Sxx
L/S
S

Skkk

L/S

L/L
L/S or L/L

- Different types of concrete have different chemical composition,
different melting points, different off-gas from concrete decomposition
and are supposed to have different effects on concrete ablation, chemical
reaction, and aerosol release. -
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- Great amounts of unoxidized zirconium (2r) and of boron carbide (B4C) are
expected to act as strong reductive agents in reactions with concrete
decomposition species H,0, and CO,, or SiO, to create Hy, CO, and SiO,
respectively

- Refractory oxide fission product mock-ups are expected to undergo
reduction to form more volatile species in the presence of H, and CO
gases sparging through the melt.

Results:

Results from ACE-C MCCI test series are not yet available to the open
literature due to proprietary constraints.

4.1.2 MCCI code situation

some description on the modelling situation of MCCI are given by [1, 3,
10, 11], where references of the code publishers and existing modified versions
may found.

The OECD’s International Standard Problem No. 24 (ISP-24) gave
opportunity to MCCI-codes to prove their predictive capability in blind
post-test calculations of the SURC-4 test, where both thermal-hydraulic and
aerosol data had to be calculated [12]. Computer codes used in this exercise
were:

- Thermal-Hydraulics

CORCON/2.02
CORCON/2.04
CORCON/2.04.TRANC
WECHSL
DECOMP-DOE

- Aerosol Release

VANESA/1.01
METOXA-DOE -

Without going into details of this code validation effort, it may be
summarized that ISP-24 showed a wide divergence in the results in comparison
within the calculations and in comparison with the test observations.

Another OECD’s code comparison effort was the "Benchmark on Chemical
Modelling of Release of Radionuclides due to Molten Core/Concrete Interaction",
which was split into two parts A and B. While part A of the benchmark is going
to be published [13], evaluation of part B is still in progress.

While Part A was a simplified standard problem intended to test the
numerical solution techniques involved in defining chemical equilibrium in the
various codes, Part B of the Benchmark was intended to examine the variability
of results obtained when various treatments of thermochemical equilibrium were
employed. In Part B participants used their own choice of species and
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thermodynamic data. Seven contributions had been received. They showed
considerable difference, and it was clear that there was enormous chemical

uncertainty in the problemn.
4.1.3 Summary

From the above compilatation of experiments on MCCI devoted to the
investigation of fission product release it is concluded that the current state
of knowledge is strongly determined by the observation in the Argonne
Intermediate Scale test series, while most of the data from Sandias SURC test
are still not published, and the running ACE-C test series is not open for
publication, too. It is expected that within the next years, including results
from the BETA-2 experiments, a much more extended data base may be available.

In close connection to this expected improvement the code situation may
develop, because existing codes are applied in pre- and post-test calculations
to predict the source term contribution of MCCI.

There are indications that modelling of MCCI requires an enlarged data
base of physical and chemical properties of the melt and the species involved.

The validation efforts of models against experiments include prediction
of the mass release of radioactive and inactive material and will be confronted
with the need to explain the observed particle size distribution and size
dependent composition of aerosol particles.

4.2 Pressurized ejection of core materials from the RPV

The OECD's PWG2 Task Group on Ex-Vessel Thermal-Hydraulics has recently
completed a report on the topic of high-pressure melt ejection/direct
containment heating [28]. PWG4’s Task Group on Severe Accident Phenomena in
Containment (SAC) is continuing the work.

A recently published report on the severe accident risks assessment for
five US nuclear power plants [16] includes the source term issue of radioactive
releases during high-pressure melt ejection (HPME) with the associated process
of direct containment heating (DCH). As a result of the plant specific risk
analyses of the Zion plant it is summarized that depressurization of the reactor
coolant system by deliberate or inadvertent means plays an important role in the
progression of severe accidents in Zion in that it decreases the probability of
containment failure by HPME and DCH [16, p. 7-17]. Thus radioactive releases by
HPME/DCH phenomena, even if they were relatively improbable, might contribute to
an environmental source term due to an early containment failure induced by
pressure increase of the containment from DCH. .

An introduction to the physical/chemical phenomena and review of research
activities related to HPME and DCH is given in {17]. Some experimental data are
available from the DCH experiments in the Surtsey chamber at SNL, which is a
cylindrical pressure vessel of 4 m diameter and 10 m height. The fraction of the
dispersed high temperature melt aerosolized is in the order of 1 to 5 % in tests
DCH-1 and DCH-2. Measured aerosol mass concentration in DCH-2 range from 0.2 -
50 g/m3 after 1 min and 9 - 14 g/m3 after 5 min considering particles with an
aerodynamic diameter less than 10 ym. The average mass concentration in the time
interval 3 - 30 min is given as 2.7 g/m3 [22]. Relatively scarce information is
available from these tests with respect to the aerosol size distribution. There

41




is only one cascade impactor distribution obtained with confidence in test
DCH-2, which indicates a unimodal aerosol less than 10 pm aerodynamic equivalent
diameter with a mass mean diameter of about 1 to 2 ym.

4.3 Re-entrainment from boiling or flashing of water pools:

Aerosol particles that were released into the containment atmosphere in
the course of a meltdown accident, later on deposited and accumulated in pools
of water may become airborne again in particle or droplet form by boiling or
flashing of the pool.

A comprehensive review of the literature has been given with the CSNI
report 136 [2]. In recently prepared reports by Furrer and Schock it is
concluded, that it would be premature at this stage to update the chapter on
resuspension/reentrainment in CSNI report 136.

4.3.1 Pool boiling

From the CSNI 136 survey of existing literature it may be summarized that
the fraction of liquid droplet of the total evaporated steam massflow, i.e. the
entrainment factor E, from boiling pools in relation to the superficial gas
velocity. The measured entrainment is reported for low gas velocities for the
region of discrete steam bubble flow (v < 1 cm/s) up to steam velocities below
15 cm/s, which is most important for evaporating reactor sumps. A fit expression
of the scattered data of E depends on the gas velocity Vg,.e in m/s by the
equation

E = 3.107% exp (31 vg,s)-

In the churn turbulent flow regime for superficial gas velocities Vg,,
> 0.45 m/s the entrainment ranges from E (v = 0.45 m/s) = 1074 to E (v = 1.5
m/s) = 2.10-3.

With respect to the droplets size distribution CSNI reports on
calculations where it was assumed that about 5 % of the total entrained mass is
attributed to droplet diameters less than 10 pm based on experimental findings.

In an ongoing experimental program named REST (resuspension source term)
conducted at KfK the above mentioned entrainment factors seem to be confirmed by
the first results given [23]. A special item in this test series will be to
distinguish between dissolved and suspended material that may become airborne by
the reentrainment process. ' : A

Source term evaluations for accident conditions [23, 24) have considered
the reentrainment processes in a core melt scenario for a German PWR.
Reentrainment is found to be a weak source for the containment aerosol during
the late stage .of a molten-core concrete interaction associated with an
overlying water pool containing the deposited aerosol mass from-the initial
short-term sources. If no more water is supplied to the sump the concentration
of fission products dissolved or supended increases and the entrainment
phenomenon becomes more important while the sump volume decreases.
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4.3.2 Pool flashing

The CSNI report 136 reports on calculations of reentrainment of fission
products when the containment suddenly depressurizes and the water pools boil or
flash [25].

The calculations resulted in droplet sizes of a mass median diameter MMD
of 135 to 1350 ym and a geometric standard deviation of 2.3 for a 1000 m? hole
at § atm initial pressure. Assuming different cross sections of the containment
hole the reentrainment of deposited fission products (f.p.) are calculated:

1000 m2 - 60 %
100 m2 - 15 %
10m2 - 0.6 %
1m2 -2.1074 %

M Hh Hh Hh
o ltelseRiyel

These calculations did not investigate what fraction of the reentrainment
aerosols would be fine enough to be transported to the environment, rather than
promptly fall out in the containment.

The data base of measurements of reentrainment of aerosols from a pool of
hot water that flashes during rapid depressurization has been improved by tests
LAS and LA6 of the LACE experimental program finished in middle 1988 [26]. These
tests were conducted in a 852-m3 containment vessel that simulated a reactor
containment. A 444 mm discharge pipe with a fast opening valve was installed to
permit rapid depressurization of the containment vessel.

An open cylindrical tank was installed inside the containment vessel to
contain a deep flashing pool. The internal tank was 6 m high, and the pool
inside it was about 3 m deep. Vigorous flashing was obtained, when the
containment vessel was depressurized from 440 kPa to atmospheric pressure within
70 s, and over half of the flashing liquid was ejected from the tank in both LAS
and LA6. The amount of liquid entrained from the flashing pool was successfully
measured using Li,SO, as a tracer in the pool in both LAS5 and LA6. In test LA6
additionally CsOH and MnO aerosols were released into the containment vessel
with a depletion period of 400 min between the end of aerosol introduction and
the start of depressurization.

Measured data of aerosol entrained from the flashing pool were obtained
from measurements of suspended Li,SO, during and immediately following
depressurization, while the concentrations of CsOH and MnO in the flashing pool
were too low to give reentrained concentrations that were detectable above the
existing suspended concentrations. The measured suspended aerosol concentration
of Li,SO, is increased by 1 to 2 orders of magnitude in LAS and LA6 during
flushing.

Measurements of particle size distribution of the reentrained Li, S0,
aerosol were made in the period following depressurization using cascade
impactors:

Aerodynéﬁic mass median diameter AMMD and geometric standard deviation
GSD are given for two sampling periods after start of depressurization:

4 - 14 min: AMMD
18 - 58 min: AMMD

4.5 pm, GSD
3.2 pm, GSD

5.2
2.8

won

43




No valid direct measurements were obtained of the mass of aerosol which
was discharged from the containment vessel during depressurization. A best
estimate of the discharged mass was calculated from suspended aerosol
concentrations measured during depressurization. Bnother attempt was made to
assess the discharged mass through calculations based on material recovered from
the discharge piping, which gave unreasonably high discharge rates.

The inconsistency of these data is so large, that they seem inappropriate
to assess the pool flashing discharge efficiency.

4.4 Revaporization of fission products form aerosols as a result of
flammable gas combustion

During combustion of flammable gases (H,, CO) interaction of suspended or
deposited particles with the burn may revaporize volatile species.

L. Nelson and co-workers report on experimental observations on both
aspects [14,15]. Significant amounts of elemental iodine were produced when an
aerosol composed from a 10 w/o Csl and 90 w/o Al;0; powder mixture was exposed
to combustible mixtures from 6.5 v/o up to the stoichiometric composition of
29.6 v/o hydrogen-air. Chemical analyses indicate that as much as 75 percent of
the iodine ion present in Csl was oxidized to molecular iodine during the burn
of stoichiometric composition [14].

Seven experiments in two large-scale combustion facilities were performed
to investigate the capability of hydrogen burns to remove simulated structural
and fission product aerosol previously deposited on small metal discs that had
surfaces prototypical of those found in nuclear reactor containments. Bare
stainless steel and carbon steel planchets were coated by deposition of Csl and
MgO aerosol particles. Additionally painted stainless steel and carbon steel
coupons were exposed to a combined CsOH and MnO, aerosol. Hydrogen concentration
was varied between 15 and 30 v/o H, in air to achieve mild, moderately vigorous,
and energetic burn conditions. Measured values of the removed fraction of Cs
from coupon surfaces is in the range of 5 % in the mildest burn up to 86 % in
the most energetic burn. Little effect of a wet steam atmosphere to reduce the
aerosol removal compared to dry conditions was observed.

Presently the issue of stability of CsI aerosol particles.during
hydrogen/air burns is addressed within the scope of the Advanced Containment
Experiments, ACE-Part B, through bench scale and intermediate scale experiments.
Very recently, results gained in hydrogen deflagration tests conducted in the ,
Containment Test Facility at Whiteshell Laboratories have been reported [29]. It
is confirmed that CsI aerosol can be oxidized to iodine I2 during hydrogen burns
under dry conditions. However, modest steam concentration (10 %) supresses Csl
oxidation to I2. Additional research on this issue is recommended by the above
authors.

4.5 Summary

The state of knowledge about ex-vessel aerosol sources has achieved some
improvement since CSNI report 136 has been published in 1987. Several of the
above discussed issues are addressed by still ongoing experimental research
programs (ACE, REST etc.) where only preliminary results are available now, or

the publication of results 1is currently prevented by proprietary constraints.
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- MCCI as a possible aerosol source is investigated within several ongoing
test series (SURC, ACE, BETA2). It seems to be well accepted, that MCCI
in a dry cavity scenario will add a large amount of inactive particulate
mass (several 100 kg) during the initial stage (first hour) to the
suspended aerosol mass, while the long term release (days) will be much
weaker even assuming the melt is not quenched. The amount of radioactive
material that can become airborne through the MCCI process is still
difficult to predict, due to uncertainties in initial or boundary
conditions, like temperature, metal content of core debris at RPV
failure, and limitations in the thermochemical data base. However, the
experimental observations made within the still ongoing large scale test
series of the ACE program suggest that the release of most of the fission
products could be much lower than predicted before.

- Reentrainment of aerosol from a boiling sump heated by decay power is
considered to be only a very minor source, unimportant in the early
timeframe of accidents, but increasingly important as the initial
short-term sources settle out.

- Reentrainment of aerosol from flashing pools is expected to be a large
aerosol source to the environment if the containment depressurizes
rapidly due to a gross failure at elevated pressure late in the accident
when initial short-term sources have settled out and are washed down to
the pools. Predictions of the release fractions are still highly
uncertain.

- Revaporization from suspended aerosol is a special item addressed within
the ACE program where already some preliminary observations indicate that
former exzperimental results seem to give strong over-estimations of the
revaporized fractions.

- Pressurized ejection of core material from the RPV is a possible aerosol
source at the time of reactor pressure vessel failure terminating the
in-vessel core-melt phase of a high-pressure core-melt sequence. There
are some data from the Surtsey tests which suggest that the fraction of
ejected material in the aerosol size-range is small - a few percent at
most. There is very scarce information on the particles mass size
distribution from pressurized melt ejection reliably gained in the above
tests, which suggest that the mode of the aerodynamic diameter
distribution is at about 1 - 2 pm.
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5. AEROSOL CHARACTERISTICS IN THE CONTAINMENT
5.1 The behaviour of dry aerosols [1]
5.1.1 Effect of source

Radioactive fission products, condensed on or agglomerated more or less
uniformly with much larger quantities of fuel, cladding and structural
materials, can be released to the containment volume as aerosol particles during
meltdown type accidents. The main aerosol source parameters are the size
distribution, the mass flow rate, the duration of emission and the chemical
composition.

For the first parameter, a bimodal aerosol size distribution has been
assumed, as it was the case in the past GREST code comparison exercise (2], for
the source coming from the primary Reactor Cooling System, ranging in mean
geometric diameter around 1 pm for the more volatile components (i.e. Iodine,
Cesium and Tellurium) and around 3 pm for the less volatile ones (other f.p. and
structural materials). Among the numerous sensitivity studies performed for a
reactor case one, performed in France with the AEROSOLS/B2 code of the ESCADRE
system, has been presented in 1987 [3]. From this study (table 5.1) it can be
seen that changing the aerosol source geometric diameter from 0.1 pm up to 2 pm
(for a standard deviation o=1.7) does not give any difference in the suspended
aerosol concentration as soon as the emission has ended in a large PWR
containment, due to the effectiveness of coagulation (figures 5.1 and 5.3). On
the other size increasing this diameter from 2 pm to 10 pm will decrease the
suspended mass ‘at the end of the source of about one order of magnitude.

Remark from N. Ketchell, SRD (UK)

Studies in the U.K. [4] have shown that the source particle size of
aerosols can have a pronounced effect on multicomponent aerosol behaviour
because agglomeration between aerosols in the sub-micron size range and those
significantly larger than 1 pm in radius is inefficient; Brownian agglomeration
i1s efficient between particles much smaller than 1 um. If fission product
aerosols are produced by homogeneous condensation to form very small particles,
whilst structural aerosols are produced at much larger sizes by mechanical
fragmentation, then the two aerosol components may interact very little with
each other. The result can be that the smaller fission product aerosols behave
as if the larger structural aerosols are not present, and the expected enhanced
depletion of the fission product mass airborne due to interaction with large
quantities of structural aerosol does not occur. ’

For the aerosol source mass flow rate and its duration, best estimate
values are given by the results of accident sequences calculations without
mitigation procedures. That yields an amount of aerosols ranging between 160 kg
and 2,160 kg released within a period of time ranging between 0.5 hours and 2
hours. Sensitivity studies performed with the lowest emitted mass show that
increasing the source duration (i.e. decreasing the mass flow rate) from 0.15
hours to 1.5 hours has quite no influence on the suspended mass ‘in. the
containment at the end of source emission (figure 5.1). Sensitivity studies
performed with the highest emitted mass show that increasing the source duration
from 0.33 hour to 3.3 hours gives a suspended concentration nearly 5 times
higher at the end of source emission (in that case the coagulation effect is
very important due to the very high number of particles - see figure 5.1).
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5.1.2 Effect of agglomeration

When aerosol particles collide they can stick together. This mechanism
for particle growth is called agglomeration and its rate depends on the particle
number concentration. There are several mechanisms which can cause particles to
collide. The so-called gravitational agglomeration is caused by the difference
in sedimentation rates for particles of different sizes which means that larger
particles overtake smaller particles. The gravitational agglomeration rate is
proportional to the volume swept out by a particle as it falls. However not all
the smaller particles within this volume will be captured. The hydrodynamic
interaction between the particles causes the smaller particle to move out of the
way of the larger. This is taken into account by multiplying the swept volume by
a collision efficiency factor. Two collision efficiency formulae are in common
use : the Fuchs formula and the Pruppacher-Klett formula. The former is three
times greater than the latter. There is still no agreement within the nuclear
aerosol community as to which collision efficiency to use. The Pruppacher-Klett
formula has a sounder theoretical basis but some experts claim that the Fuchs
formula gives predictions in better agreement with experimental results. The few
sensitivity studies which have addressed this issue indicate that the
gravitational collision efficiency is an important uncertainty in the prediction
of long-term aerosol behaviour.

Brownian agglomeration results from the random motion of particles
suspended in a gas. The random motion is caused by collisions with gas
molecules. This movement gives rise to diffusion of particles in a concentration
gradient analogous to gas diffusion. This agglomeration mode is only important
for very small particles.

Turbulent agglomeration is the consequence of collisions between
particles induced by the turbulent motion of the gas. Two effects are involved
here. Shear within the fluid can cause particles on adjacent local stream-lines
to move relative to one another. Because turbulent flow is non-steady, particles
will tend to be accelerated, and differences in their inertia can cause them to
move relative to one another. The agglomeration rates due to these two
mechanisms are increasing functions of the turbulent energy density dissipation
rate. If this is large, then uncertainties in the collision efficiencies
associated with the two mechanisms can be important for predicting aerosol
behaviour. However a greater uncertainty is often the magnitude_of the
dissipation rate itself. :

In the study of an hypothetical core-melt accident occuring in a PWR with
a large dry contaiment, the main agglomeration mechanism is the gravitational
one. The sensitivity study shows that with 160 kg of aerosols released in a
containment of 50,000 m3 the agglomeration effect increases by a factor of 3 the
mean aerosol diameter during the 6 first hours and after this first period of
time agglomeration has little influence (figure 5.2). But with 2,160 kg of
aerosols released in the same contaiment volume the agglomeration effect
increases by a factor of 10 the mean aerosol diameter during the first hour and
then the sedimentation rate is strongly increased (figure 5.4). The main result
of this study is that the presence of an important amount of structural material

together with the fission products is an important factor for decreasing more

quickly the aerosol fission products suspended concentration after the
core-melt.
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5.1.3 Effect of deposition

Rerosols suspended in a containment.vessel may deposit by a wide variety
of mechanisms, depending on the thermal-hydraulic conditions and the containment
geometry. The most important removal mechanisms are presented here.

The main deposition mechanism is the gravitational sedimentation onto
available floor or horizontal areas. This process is depending on the particle
mobility which is properly defined only for spherical particles by Stokes’ law.
Deviations from this law by irregular forms or particle fluffiness are corrected
by a shape factor, which is a function of radius in most cases.

An other important deposition mechanism for large containments, provided
there is steam condensation occuring onto the walls, is the diffusiophoresis.
The steam condensation flux onto the walls induces a gas flux toward these ones
which carry the aerosols and make them to impact these walls.

If the thermal gradient between the gas and the walls inside the
containment is not negligible, there is an other deposition mechanism occurring:
the thermophoresis. Particles suspended in a gas are submitted to a force
directed toward cooler temperatures if the gas exhibits a temperature gradient.
This force results from the interaction between gas molecules and the particles
derived in the Brock’s therory.

The less important deposition mechanism for this concern is the Brownian
diffusion deposition. The removal of particles from an enclosed space may result
from the diffusion of particles to the internal surfaces of the enclosure. The
flux of particles to a surface is given by Fick’s law.

5.2 The Effect of Steam Condensation on Particles
5.2.1 Condensation rate on particles

The behaviour of steam is a dominant phenomenon in containment analysis
during core melt accidents. Steam condensation will affect thermal-hydraulics
and aerosol behaviour in containment. Condensation on walls will determine the
diffusiophoretic deposition and condensation on particles will change the
particle size and their removal by gravitational settling.

To determine the condensation rate one has to solve the mass and heat
transfer equations. The Mason equation [5] is commonly used as an approximative
solution for particle growth calculations. The Mason equation has been derived
from steady state mass and heat transfer equations [6]) by assuming that the
steam partial pressure is low as compared to the total pressure and by using the
linear expansion of the Clausius-Clapeyron equation. These assumptions are not
strictly valid in containment conditions, but comparisons have shown that
the discrepancies between the Mason equation and the accurate solution are of
minor importance in the analyses of steam condensation on particles in
containment [7]. The needed supersaturation ratio for new water droplet
formation (nucleation) is about 3 in the absence of condensation nuclei. The
presence of ions due to high radiation levels will decrease slightly the needed
supersaturation ratio for water droplet formation. However, when the saturation
ratio increases in the containment atmosphere, the presence of fission product
aerosol particles will initiate steam condensation on these particles at very
low supersaturation levels and the high supersaturation needed for new water
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droplet formation is prevented. The same situation holds in the RCS when the
volatile fission products (e. g. CsOH and CsI) are condensing onto the
preexisting inactive aerosol particles [8].

Condensation on insoluble particles (SnO,, Fe,03) has been studied
experimentally in the DEMONA project. The results show a rapid decrease in the
suspended aerosol mass concentration due to steam condensation on existing
particles at supersaturated conditions [9].

5.2.2 The effect of hygroscopic particles

Usually it is assumed that steam will condense on particles only at
supersaturated conditions. The supersaturation needed for condensation on
particles is determined by the Kelvin effect (particle surface free energy
term), which is increased as the particle size is decreased. 1f,. however, the
particle includes water soluble materials, their chemical affinity will initiate
condensation even at subsaturated conditioms.

In the analysis of the growth of hygroscopic particles it is important to
know the chemical composition of these particles, because: the hygroscopic growth
of particles depends much on the amount and properties of water soluble matter
in the particle. During in-vessel release it is expected that most of the water
soluble volatile fission products (CsOH, CsI) will condense on the existing
aerosol particles (formed by nucleation and agglomeration from materials with
lower vapour pressures) already in the primary system. Thus the particles
entering containment will have a surface composed of water soluble
species.During revaporization from RCS surfaces the most volatile compounds may
form particles by nucleation which contain only water soluble materials. These
particles will be very hygroscopic and they will absorb large quantities of
water in the containment atmosphere.

From fission products cesium and iodine will most likely enter into the
containment as water soluble compounds. Cesium hydroxide (CsOH) and cesium
iodide (CsI) are expected to be the dominant forms in the RCS. Recent
experiments have shown that no solids appear in the CsOH-H,0 system at vapour
pressures exceeding 123 mbar [10]. Thus particles including CsOH will grow

- smoothly with increasing relative humidity (RH), and some growth is expected

already in the RCS conditions. Considerable amount of chemical energy (heat) is
released during the first steps of condensation [11]. Whether some of this
energy is released in the containment will depend on the amount of water in the
solution droplets when they leave the RCS. For the condensation rate on
particles this will have an effect only during a very short time period when the
solution droplets are concentrated. Substantial growth will not happen before
the droplets are diluted (RH > 90 %) and at this stage the heat of dilution is
negligible as compared to the latent heat released from steam condensation. At
low or moderate RH (< 0.9) the particles will grow rapidly to their equilibrium
size, but at high RH (> 0.9) the growth times to reach equilibrium can be
relatively long ([12]. .

Cesium hydroxide can react with boric acid to form cesium borate (see
chapters 2 and 3) and with carbon dioxide to form carbonate. These compounds are
also hygroscopic. Cesium iodide can react with boric acid to form hydrogen
iodine (HI), which is in gaseous form at dry conditions. HI is, however, very
reactive with surfaces and due to its hygroscopic properties it can condense on
airborne particles.
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Strontium and barium are believed to be minor components of the in-vessel
core melt aerosols, but may be more important to the aerosol source from core-
concrete interaction if the molten corium is not quenched with water. Strontium
and barium oxides and hydroxides are hygroscopic, but the carbonates of Sr and
Ba are non-hygroscopic [11].

In the case of core slumping into a dry cavity a considerable amount of
hygroscopic concrete aerosols (NaOH, Na,CO3, KOH, K,CO3, CaOH, CaC0O3) are
released. This source could well dominate the hygroscopic properties of the
containment aerosols if considerable co-agglomeration with the aerosols from in-
vessel release occurs [11].

If the chemical composition of the containment aerosols is known, the
equilibrium composition (equilibrium may exist only when RH < 1) of particles
can be calculated from the following equation, if the effect of surface
curvature is not counted (holds for particles with a radius larger than about

0.5 pm) [7]:
m, = Mw (= Qj_mi/Mi)/(llRH -1), (5.1)

where m, is the equilibrium water mass,
M, is the molecular weight of water,
Q; is the van’t Hoff factor,
m, is the mass of electrolyte i,
M, is the molecular weight of electrolyte i,
RH is the relative humidity in the containment
atmosphere (< 1).

A constant value for the van’t Hoff factor Q; can be used for dilute
solutions (RH > 90 %). A best fit with measured values is obtained by using Q;
values 2.10 and 1.72 for CsOH and CsI, respectively [7]. For concentrated
solutions Q, depends on temperature and concentration and eq. (5.1)
underpredicts the water mass in the solution droplets. For concentrated
solutions the methods of Meissner [13] and Ball et al. [14] give a reasonable
agreement with the measured water activity data but their use is much more
complex as compared to eq. (5.1). However, no substantial growth will happen
before the droplets are in the dilute phase where eq. (2.1) and the Mason
equation hold [7]. :

It can be concluded that at high humidity conditions expected in the
containment the growth rate and equilibrium composition can be calculated with
the needed accuracy. There are uncertainties in the determination of the growth
of concentrated solution droplets like mass and heat transfer rates, the heat
released during the solution formation and dilution processes, incomplete mixing
of solution particles and determination of the water activity for the
concentrated solutions. However, these are uncertainties of minor importance. If
the growth of hygroscopic particles is applied to reactor accident analyses the
major uncertainty is the sensitivity of the growth process to the prevailing
thermal-hydraulic conditions and the chemical composition of suspended aerosol
particles.

5.2.3 Coupling to Thermal-Hydraulics

Reliable steam condensation calculations on particles in severe accident
analyses can be carried out only if the aerosol and thermal-hydraulic
calculations are coupled. First one has to take into account the changes in the
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steam mass balance due to condensation. Secondly, the heat balance of the
containment atmosphere has to be calculated. Also the heat released from steam
condensation on particles, the heat associated to the formation of solutions and
the heat of dilution, which are not considered in the traditional thermal-
hydraulic analyses, need to be counted. The heat released from these processes
may change slightly the gas temperature, which will have an effect on
condensation. As a feedback from aerosols to thermal-hydraulics the hygroscopic
particles will change the ratio of particle/wall condensation due to the fact
that condensation on hygroscopic particles will start at subsaturated conditions
and may prevent any supersaturation [15].

The first computer codes which were able to calculate the growth of
hygroscopic particles are NAUA St&W (Stone and Webster) ([16), NAUA-HYGROS
(VTT/EPRI) [15] and CONTAIN 1.12 (SNL) [17] . The first one NAUA St&W is a pure
aerosol code with no coupling to thermal-hydraulics and is suitable for the
analyses of aerosol experiments [16]. In the NAUA-HYGROS code the mass balance
is coupled and steam condensation on walls is modelled, however, heat balance is
not calculated [15]. NAUA-HYGROS needs as input parameters the steam input
rate, gas and wall temperatures. These versions of the NAUA code have been
validated with the LACE experiments and a reasonable agreement with the measured
aerosol parameters was found [18,19,20]. In CONTAIN 1.12 both mass and heat
balances are calculated, but aerosol and thermal-hydraulic calculations are
performed in separate routines ([21]. The validation of the CONTAIN 1.12 code
will show if this strategy is accurate enough. A new code, ITHACA (SRD), where
aerosol behaviour and thermal-hydraulics in a well-mixed volume are fully
coupled, has been developed {22]. Also the REMOVAL (JAERI) code, which-is a
pure aerosol code, has now the ability to calculate steam condensation on
hygroscopic aerosols [23].

The modelling uncertainties for calculating steam condensation on both
hygroscopic and non-hygroscopic aerosol particles are mainly in the thermal-
hydraulic calculations, where model improvements are needed e.g. for calculating
the exchange of heat between the containment atmosphere and surrounding
structures and for estimating inhomogeneities in spatial saturation levels.

5.2.4 Numerical Diffusion

A set of problems is associated with the use of a fixed computational
grid in particle size as used by most of approaches to model
condensation/evaporation processes [17]. Numerical diffusion will arise from the
splitting of particles after they change sizes because of
condensation/evaporation (a similar effect arises from coagulation, but is not
as important) and may lead to serious errors in particle size distribution and
mass concentration. This numerical diffusion can be largely avoided by
increasing the number of size bins (analyses have shown that about 70 bin sizes
are needed), but this will increase several times the needed computing time.

Another way to avoid numerical diffusion is a moving sectional method
{17, 24]. In this method all particles initially within a section remain there
and the section boundaries move according to the particle growth equation. Now
for a multicomponent aerosol in a condensing atmosphere small hygroscopic
particles grow faster than large ones (because they may have larger soluble
fractions) and thus the size bins may go out of order. Thus the aerosol
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distribution have to be remapped or reordered for coagulation calculations.
Currently two codes are using the above mentioned idea of moving sectional
method, but in a slightly different way.

In CONTAIN 1.12 (MAEROS aerosol model) the aerosol distribution is
remapped after condensation/evaporation calculation by combining particles
within the same size range (bin) but of different compositions into the fixed
sectional grid such that mass is conserved and all particles in the section
(bin) have the same composition [17]. This remapped distribution is ideal for
coagulation calculations, but numerical errors are introduced owing to the
remapping process for the sections that have gone out of order.

In NAUA-HYGROS the size bins are reordered after condensation/
evaporation calculation by an indexing method, after which, all the size bin
dependent arrays will be in ascending order. After the coagulation calculations
it is determined between which two size bins the particle is located and then
the particle is returned with the lower size bin (because no fixed grid exists
any more) [25]. This method is accurate for growth calculations, but coagulation
rates are slightly underestimated by this method.

5.2.5 Conclusions

In spite of the recognized uncertainties in condensation/evaporation
modelling it can be concluded that the presence of airborne hygroscopic matter
will enhance condensation on particles. The magnitude of this effect depends,
however, on the mass fraction of the hygroscopic compounds and the chemical
composition of the aerosol. If the mass fraction of hygroscopic matter is high
enough (> 10 %) the particle size is rapidly increasing at high humidity
conditions (RH > 90 %) ([18,19,20,26] and the aerosol concentration is
accordingly decreased because of high settling rates (Figs. 5.5 and 5.6). After
this "rain-out" period only a small amount of very small particles (MMD < 2 pm)
are left airborne in the containment atmosphere (Fig. 5.7). To assess the
absolute quantity of steam condensation on particles the calculations between
aerosols and thermal-hydraulics have to be coupled and the models need to be
validated with the available experiments. Also the possibility for simultaneous
presence of hygroscopic and non-hygroscopic aerosol particles should be
investigated. :

5.3 Other phenomena affecting contaimment aerosol characteristics

5.3.1 Sprays

Spray systems are employed in most PWR containments as an Engineered
Safety Feature whose purpose is to condense steam and cool the atmosphere
following a design basis LOCA. They are also a very efficient mean of removing
the aerosols emitted during a severe accident, as it was shown in past [27],
providing the particle radii are greater than 2 pym. As the radius goes below
this value the removal efficiency drops off very rapidly. The main body of
experimental results on aerosol scrubbing in containment atmospheres comes from
Containment Systems Experiments tests. Unfortunately the CSE aerosols were of
low mass concentration and sorbed a large amount of water, then the particle
size measurements gave not unambiguous results.
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However a temptative model of spray effects has been derived aiming to
predict the order of magnitude of the aerosol removal velocity. With this model,
for instance, a spray system delivering 1,000 tons of water per hour with a
droplet size around 1.5 mm in diameter makes the suspended concentration of 5 pm
aerosols decrease by a factor 2 within a time interval of 10 minutes.

5.3.2 Ice condenser

Ice beds are used in the containment buiding of some PWRs for the purpose
of condensing steam released from the reactor coolant system under the
conditions of a design basis LOCA. The ice beds are large in size and contain
nearly 2000 large steel ice baskets: the large exposed surface area offers the
potential for significant aerosol trapping by all the usual mechanisms working
in a containment.

A large amount of work was made on that system by Owczarski [28].
Preliminary estimates of particle removal efficiency showed that sedimentation
is usually the dominant depletion mechanism, that significant depletion can be
expected, and that a number of uncertainties need to be resolved before
predictions of particle scrubbing in ice can be considered to be realistic.
First, the degree of mixing that occurs in the gas phase of the ice compartment
needs to be quantified because well mixed models can significantly underpredict
removal compared with a plug-flow model, and velocity and direction of flow near
deposition surfaces affects impaction and sedimentation efficiencies. Second,
the availability of surfaces within the ice (large as compared as steel
surfaces) needs to be determined. Finally the degree of growth that occurs when
hot aerosol is mixed with cooler gas in the ice compartment needs to be
quantified.

5.3.3 Pool scrubbing

During a severe accident within a LWR, fission products (FP) may be
released as aerosols from damaged fuels to the containment through the primary
coolant system. However, if pool of water exists in the FP release pathway
(suppression pool in a BWR, quench tank in a PWR), FP aerosols can be removed by
scrubbing effect. In the last years experimental investigations as well as code
development have been carried out around the world [29]. The BCL experiments
showed the strong effects of particle size and steam content of the gas on the
decontamination factor (DF) see table 5.2. In the ACE project it was found a
large influence of the solubility of aerosols on the DF. Other projects are in
progress : POSEIDON in Switzerland (effect of bubble shape and size, water
height and temperature), SPARTA in Italy (effect of bubble size and shape,
particle size and concentration, steam fraction) and EPSI in Japan (effect of
high pressure and temperature).

The removal of aerosol is due to the major processes : settling, inertial
deposition, diffusional deposition and steam condensation. These mechanisms have
impact on particle size distribution and the efficiency of scrubbing is higher
for soluble particles than for insoluble ones. The experimental programs
underway should give the informations necessary for the validation of pool
scrubbing models in a wide range of sever acident conditions.
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5.3.4 Nuclear and chemical transformations

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 short half-lives of the important tellurium
nuclides.

Chemical reactions may occur in the containment which transform a fission
product component from a solid or a liquid phase to a gaseous phase. Typically
the case of iodine has to be mentionned where iodine which is assume to be
mainly released as iodide, i.e. aerosol depleting within the containment towards
the sump water, and then, due to the dose rate of the F.P., is radiolysed into
molecular iodine and finally reemitted from the sump to the containment due to
the iodine partition coefficient.

5.3.5 Multicomponent aerosols

The deposition rate of aerosols is a sensitive function of the particle
size. It follows therefore that the rate at which fission products are removed
from the containment atmosphere depends on where in the particle size spectrum
the fission products are to be found. If for example the fission products are
dominantly on the small particles, then a rapid reduction in the total airborne
aerosol mass may hide a persistence of fission products in the atmosphere.
Conversely, if the fission products are found disproportionately on the large
particles, then the persistent aerosol at long time may not be a significant
hazard. The aerosol codes which can allow the different chemical species in an
aerosol to have different size distributions are known as multicomponent codes.

In addition to the uncertainties in the initial composition of the

- containment aerosol as a function of particle size, the principal uncertainties
in multicomponent modelling are associated with the numerical methods used to
solve the multicomponent aerosol equation. The full equation describes a
distribution which gives the number (or mass) concentration of the aerosol, as a
function of the masses per particle of all the components. The original
one-dimensional equation based only on the total particle mass is replaced by a
N-dimensional equation, where N is the number of components. In practice all
multicomponent codes use a simplified formalism based on the N first moments of
the full distribution. Each moment is the mass concentration distribution of a
component as a function of the total mass of the particles. The N-dimensional
equation is replaced by a coupled set of N one-dimensional equations.

The first limitation of this simplified formalism is that it can not
handle the situation where, for a given total particle mass, some of the
particles are made of one component and some others are made of another. The
moments formalism assumes in effect that all particles of the same total mass
have the same composition. Variations in composition are possible only between
particles with different total masses. If two populations of particles with
different compositions come to have the same size, then they are artificially
mixed by existing codes to produce a single population with a uniform
composition.
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The second limitation of the moments method is that the equations for the
moments are exact only if the rate coefficients in the aerosol equation depend
only on the total mass of the particles involved and not on the details of their
composition. (If this condition holds, then the moments equations give exact but
incomplete information on the aerosol state.) The condition does not hold for
the agglomeration and deposition rates if the density of the particles, and
therefore the relation between mass and mobility, depends on the composition. It
is violated more seriously by the condensation rate if any of the components are
hygroscopic; in this case the condensation rate is strongly dependant on the
composition of the particles.

Even within the context of the moment method, the codes should be able to
use the composition information available to them to allow the density to vary
in two ways. At any time, the density should be able to vary as.a function of
particle total mass. For any particle mass, the density of particles with that
mass should be allowed to vary with time. The original multicomponent codes,
MAEROS, REMOVAL, CONTAIN and AEROSIM-M do not allow time-variation in the
density, and in practice do not have mass-variation either. This is because
their approximate rate coefficients are calculated as integrals, and this is
done once only, at the start of the calculation. This limitation was overcome by
Wheatley [30], who devised a method based on the evaluation of the coefficients
at nodal points which was as efficient in mesh size as the codes based on
integrals. This method, implemented in the CHARM, VICTORIA and ITHACA codes -
which is similar to that used in AEROSOLS-B2 - allows the coefficients to be
updated continuously, using the new densities (as well as new thermal-hydraulic
conditions).

The effect of having different densities was explored in the study
described in table 5.1. The base case used a density of 4 g/m3, representing the
typical density of volatile fission product compounds. In one case this was
varied to be 7 g/m3, representing structural material. This change in density
gave rise to no significant change in suspended concentration in the containment
24 hours after the end of source release. It should be noted however that if
water condenses onto the aerosol, a third density, namely 1 g/m3 enters the
problem.

5.3.6 Non-homogeneous concentration

In case the release of aerosols occurs in a compartment-of the
containment and the pathway crosses several other compartments before reaching
the last (and largest) one, it can be predicted different concentration levels
in the different compartments. That is due to the effect of coagulation which
works much more in small volume than in large ones : for a same initial release,
the particles grow, and then settle, more rapidly in small compartment and
consequently the concentration is lower in the downstream one. This containment
configuration can induce a global aerosol removal rate higher than in the single
volume case.

5.4 Summary
The source term effect for dry aerosol concerning mean aerosol diameter
and duration of source term is well evaluated due to the effectivness of

coagulation effect. The gravitationnal agglomeration in large dry containment is
dominant agglomeration procees for which uncertainties are mainly related to
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the collision efficiency factor.The knowledge of turbulent energy density
dissipation rate is the principal factor limiting the evaluation of turbulent
agglomeration. These effects enhance the sedimentation rate.

The major effect for deposition is the gravitatinnal sedimentation
evaluated with Stocke law. The thermohydraulic conditions are the main
parameters for thermophoresis and diffusiophoresis.

The condensing steam is balanced between the condensation on the walls
determining the diffusiophoretic deposition and the condensation on particles
enhancing the gravitationnal settling.There is a minimum in the radius of
aerosols due to competition between removal mechanisms increasing with smaller
radii as brownian diffusion and gravitationnal deposition increasing with
radius;the steam condensing pressure increases when the radius of droplets
decreases and water  condenses only on particle above a critical radius leading
to a bimodal distribution keeping the memory of the relative humidity at which
condensation occurs. Hygroscopic aerosols initiate condensation at subsaturated
conditions. There is a short period of time where solution droplets are
concentrated. This condensation prevents from high saturation ratio and the
usual Mason equation can be used to evaluate the droplet growth. The water
soluble aerosol will condense on existing aerosol and absorb a large quantity of
water.

Caesium hydroxide cannot be solid above asteam pressure of 123 millibars.
The carbone dioxide and boric acid will enhance the formation of hygroscopic
carbonate. The growth rata can be calculated with a good accuracy at high
humidity conditions expected in the containment.

The coupling of thermohydraulics and aerosol is implemented in code.
There are large uncertainties on energy exchange (heat due to steam condensation
or dilution of hygroscopic particles) related with aerosol composition and
inhomogenous spatial distribution. The coupled code have to be assessed on the
available experiments

Sprays, ice condenser and pool scrubbling remove aerosols and the removal
rate has to be evaluate with underway experiments. The chemical aspect and the
nuclear aspect is important for iodine.

A lot of work was done on multicomponent code to understand the behaviour
of different chemicals species with different size aerosol distribution The
difficulties of the moment method were overcomed by taking in account
continuously the density variation and the partition of initial species between
mass give the memory of the distribution.

Release of aerosols through a pathway consisting of small compartments
induce a global removal rate higher than in the single volume case.
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TABLE 5.1 - Aerosols sensitivity calculation
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6. CHALLENGES TO FILTERED CONTAINMENT VENTING SYSTEMS

Filtered Containment Venting Systems (FCVS) have been installed at LWR
nuclear power plants in many countries as an accident management measure,
intended to avoid the containment failure by depressurizing the containment
through a filtered venting system. The filters would reduce the amount of

.

fission product release to the environment in the case of a severe accident.

The most important aerosol parameters concerning the filtered containment
venting system are the total aerosol mass subjected to be loaded in the system,
aerosol particle size entering the filter, aerosol chemical composition and the
decay heat associated with the trapped fission products. These parameters are
directly related to the suspended aerosol characteristics in the containment at
the time of intended venting.

One reason for writing this report was the need to know the size of
aerosols to be filtered in possible accidents [1]. The information of
containment aerosol properties and especially particle size distribution is
important when designing filtered containment venting systems. This report
summarizes the current knowledge of aerosol properties at different stages of
possible accidents, which should help to give some boundary conditions for
designing venting systems.

From the viewpoint of aerosol characteristics the timing of venting may
be divided into three periods:

1) early phase (few hours after the start of an accident),
2) intermediate (1 - 2 days after the start of an accident) and
3) long term venting.

In a case of early phase venting the aerosol in the containment is
characterized by the aerosol sources into the containment and decontamination of
this source by water pools or ice condensers, if the containment sprays are not
available. In this case the particle size is expected to be in the order of few
microns (depends on the source particle size and concentration)_and these few
micron particles will be effectively captured by existing FCVSs. However, at
this stage the aerosol mass concentration is expected to be high, in the order
of 100 - 2000 kg may be released into the containment (depends on the amount of
concrete aerosols; see chapter 5), and it should be verified that the mass load
is not too high inducing saturation or blockage of the filter system.

In cases, especially in boiling water reactors, where the vented
atmosphere is first cleaned in a water pool (i.e. suppression pool of BWR) the
aerosol size distribution and the mass load to the filter are strongly affected
by the pool scrubbing effect. The size distribution is shifted to smaller
diameters and the filter loading is also highly reduced.

If the venting is performed during an intermediate period of the
accident, the natural aerosol growth (steam condensation and coagulation) and
removal mechanisms (gravitational and diffusiophoretic deposition) will come
into play for determining aerosol characteristics in the containment atmosphere.
At this stage the aerosol behaviour is very dynamic and no stable mass
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concentration or particle size can be predicted. During this period the mass
concentration is decreased from its peak value to the stable long term value,
which is a few orders of magnitude less than the peak value. The Aerodynamic
Mass Median Diameter (AMMD) is first increased by steam condensation and
coagulation up to values between 8 - 20 pm, and then will decrease to a long
term stable value (around 2 - 5 pm) (see fig. 5.4). Both aerosol mass
concentration and particle size are sensitive to the amount of steam condensed
on particles and on the initial size distribution of different species. This
picture of aerosol mass and size may be slightly disturbed by aerosol sources
from e.g., MCCI, revaporization of fission products and re-entrainment from
boiling or flashing water pools.

At late containment venting the aerosol characteristics are determined by
long term aerosol sources into the containment (e.g. MCCI, revaporization of
fission products and re-entrainment from boiling or flashing water pools).
However, the uncertainty of aerosol mass and particle size from these sources is
still rather broad. If these sources are weak, then the mass load for the filter
system will be small, but also the aerosol particle size entering the filter is
small.

The above description gives only a rough estimate for aerosol properties
at different stages of accidents and is always accident sequence dependent and
plant specific.

From the operational point of view the efficiency of a filter system has
to be demonstrated in all possible thermal-hydraulic conditions expected during
the venting phase of severe accidents. First one should verify that the decay
power contained by the fission products will not heat these deposits up to their
vaporization temperature and then release these revaporized fission products
through the filter. Secondly, it has to be verified that, when steam enters the
filter system and condenses on its elements, the produced water will not wash
out the deposited soluble radioactive material. Thirdly, it has to be verified
that the steam eventually condensing on the hygroscopic aerosol, making
droplets, will not plug the system due to the amount of absorbed water which
enhances drastically the mass load. Finally, it has to be demonstrated that
hydrogen burning conditions cannot be found inside the system during its
operation; also, that radiolytic processes within the filter do not contribute
substantially to the formation of (penetrating) iodine forms, such as formation
of organic iodides by the radiolytic reaction of entrained Csl aerosols and
organic impurities.

The challenges to filtered venting systems are their operation under all
kinds of thermal-hydraulic conditions expected during severe accidents, their
capability to remove small particles, large masses and gaseous iodine species.
One has also to keep in mind that the operation of Filtered Containment Venting
Systems (FCVS) is accident and plant specific.

REFERENCES
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1. CONCLUSIONS

In this report the physical and chemical characteristics of fission
product aerosols in the containment have been evaluated. Containment aerosol
characteristics depend on such factors as in-vessel aerosol source, aerosol
retention in RCS, ex-vessel source, aerosol coagulation, deposition and steam
condensation in the containment. Also the engineering safety features like
sprays, water pools and ice condensers are important.

Volatile fission product releases can be predicted quite well for a wide
range of accident conditions, but the release rates for less volatile fission
products, control rod materials and boric acid are much more uncertain (see also
Table 2.3). The uncertainties of in-vessel aerosol release rates may be
important in early containment failure or early venting sequences, when the
containment aerosol characteristics are determined mainly by the aerosol source
into the containment.

There are large uncertainties in modelling aerosol retention in the RCS.
Most computer codes used for severe accident analyses lack detailed modelling of
such phenomena as nucleation, vapour condensation on particles, the effect of
chemical reaction rates, revaporization and coupling of aerosol behaviour and
thermal-hydraulics. Deposition is probably modelled adequately in existing
codes, except for turbulent deposition, at features such as bends and
contractions.

The state of knowledge about ex-vessel aerosol sources has achieved some
improvement due to several still on-going experimental programmes. MCCI as a
possible aerosol source is investigated in the SURC, ACE and BETA2 programmes.
The inactive aerosol source from a dry cavity will add a large amount of mass to
the containment aerosol during the initial stage (first hour), while the long
term release is much weaker. For radioactive material releases during MCCI, the
ACE results suggest that the release of most of the fission products could be
much lower than predicted before. From other ex-vessel sources the pressurized
ejection of core material from the Reactor Pressure Vessel is a possible source
at the time of RPV failure, and aerosol sources from boiling sump or flashing
pools may be important sources at later phases of an accident. There are some
experimental data available for predictions of the magnitude of these sources.

The behaviour of dry aerosols in a well mixed containment volume seems to
be well modelled and validated. In these conditions the aerosol behaviour is
determined by coagulation, deposition, source and leakage. The source aerosol
particle size can have a pronounced effect on multicomponent aerosol behaviour
because coagulation between submicron size particles and those larger than 1 pm
may be inefficient at low concentrations. Thus for the behaviour of bimodal
aerosol the knowledge of source particle size distribution is important, but for
unimodal distributions the initial size distribution does not have such a large
effect on aged aerosol characteristics. The electric charging of aerosols could
have some effect on agglomeration and deposition rates, but the magnitude of
this effect has not yet been well established.

In wet conditions, when steam is condensing on walls and on particles, it
is necessary to couple aerosol behaviour and thermal-hydraulic modelling. The
presence of airborne water soluble matter will enhance condensation on particles
and may decrease the suspended aerosol mass concentration by orders of magnitude
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as compared to the dry case. It is also important to have a capability to
calculate aerosol behaviour in multicompartment volumes. Currently only one
code, CONTAIN, has the above mentioned features; however, it needs more
validation with relevant experiments.

Our ability to model aerosol characteristics in the containment has
improved significantly during the last few years. Especially the modelling of
dry aerosols is in good shape, and also steam condensation can be now calculated
with a reasonable accuracy. However, there are still large uncertainties when
the effects of source aerosol particle size, chemical composition and magnitude
are important for aerosol behaviour in source term calculations or filtered

venting system design.
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Appendix

List of Members of the CSNI-PWG4 Task Group on
Fission Product Phenomena in the Containment (FPC)
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(April 1992)

Gert Sdouz (Seibersdorf)

. Albert Delbrassine (CEN/SCK Mol)

Norman H. Sagert (AECL/WNRE)

.Jorma Jokiniemi (VIT)

Jean-Pierre L/Hériteau (CEA/IPSN)

Werner Schock (KfK)
Eugen Schrodl (GRS)

Giancarlo Sandrelli (ENEL/CRTIN)

. Kikuo Akagane (NUPEC)

Kunihisa Soda (JAERI) - Chairman
Jun Sugimoto (JRERI)

. Johan Kanij (KEMA)
. Simon Spoelstra (ECN)

. Kjell O. Johansson (Studsvik)

Salih Gintay (PSI)
Giinter Prohaska (HSK)

Neil Ketchell (AEA Technology/SRD)
Paul Smith (AEA Technology/WIC)

. Dana A. Powers (Sandia)

Enzo Della Loggia (DG XII)

. Tain Shepherd (JRC Ispra)

Michel Lambert (EDF/SEPTEN)

OECD Nuclear Energy Agency:

Dr.

Jacques Royen - Secretary
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OECD

The Convention establishing the Organisation for Economic Co-Operation and
Development (OECD) was signed on 14th December 1960.

Pursuant to article 1 of the Convention, the OECD shall promote policies designed:

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

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

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

The current Signatories of the Convention were Australia, Austria, Belgium, Canada,
Denmark, Finland, France, the Federal Republic of Germany, Greece, Iceland, Ireland, Italy,
Japan, Luxembourg, the Netherlands, New Zealand, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the United Kingdom and the United States.

NEA

The OECD Nuclear Energy Agency (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 in 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 €COonomic progress.

NEA works in close collaboration with the International Atomic Energy Agency in
Vienna, with which it has concluded a Co-operation Agreement, as well as with other
international organisations in the nuclear field.

CSNI

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international
committee made up of scientists and engineers. It was set up in 1973 to develop and
coordinate the activities of the Nuclear Energy Agency concerning the technical aspects of the
design, construction and operation of nuclear installations insofar as they affect the safety of
such installations. The Committee’s purpose is to foster international co-operation in nuclear
safety amongst the OECD Member countries.

CSNI is sponsoring several Senior Groups of Experts and Principal Working Groups
(PWG’s). PWGH4 is dealing with the confinement of accidental radioactive releases.
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