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1 Executive summary

The PASSAM (Passive and Active Systems on Severe Accident source term Mitigation) project was
launched in the frame of the 7™ framework programme of the European Commission. Coordinated by IRSN,
this four year project (2013 — 2016) involved nine partners from six countries: IRSN, EDF and University of
Lorraine (France); CIEMAT and CSIC (Spain); PSI (Switzerland); RSE (Italy); VTT (Finland) and AREVA
GmbH (Germany).

It was mainly of an R&D experimental nature and aimed at investigating phenomena that might enhance
atmospheric source term mitigation in case of a severe accident in a Nuclear Power Plant (NPP), mainly
through the use of Filtered Containment Venting Systems (FCVS). Both already existing systems (i.e., water
scrubbing and sand bed filters plus metallic pre-filters) and innovative ones (i.e., acoustic agglomerators,
high pressure sprays, electrostatic precipitators, advanced zeolites and combined wet-dry filtration systems),
were experimentally studied in conditions as close as possible to those anticipated for severe accidents. The
objective consisted of exploring potential enhancement of existing source term mitigation devices and
demonstrating the ability of innovative systems to achieve even larger source term attenuation.

Pool scrubbing represented the most studied domain of the PASSAM project. As an example of results, it
was shown that gas hydrodynamics, at least in some relevant scenarios, is significantly different from what is
nowadays encapsulated in severe accident analysis codes, particularly at high velocities and, that in the long
run, maintaining an alkaline pH in the scrubber solution is absolutely necessary for preventing a delayed
iodine release.

Regarding sand bed filters plus metallic pre-filters, implemented on all French nuclear power plants,
filtration efficiency for gaseous molecular and organic iodine was checked. Other experiments, still in the
PASSAM frame, showed that under severe accident conditions, cesium iodide aerosols trapped in the sand
filter are unstable and may constitute a delayed source term, which is not the case for Csl particles trapped
on the metallic pre-filter.

As innovative processes, both acoustic agglomeration and high pressure spray systems were studied
mainly in the aim of leading to bigger particles upstream of filtered containment venting systems (FCVS),
and so enhancing the filtration efficiency. An increase of the particle size by ultrasonic fields was
experimentally observed and, as a secondary effect, aerosol mass concentration was decreased. As for high
pressure spray, the increase in particle size could not be really measured, but the system showed a good
efficiency: it allowed reducing the airborne particle concentration much more efficiently than low pressure
sprays.

Experimental studies for trapping gaseous molecular and organic iodine using wet electrostatic
precipitators (WESP) confirmed the importance of optimizing the WESP design and the usefulness of
different process steps (e.g. oxidation of I, or CHsl into iodine oxide particles) for a good trapping efficiency.
The influence of several parameters, such as steam content, was also studied.

Extensive testing of zeolites as regards their capability for trapping gaseous molecular and organic iodine
was performed, showing very good trapping efficiencies. Pre-selected zeolites were compared in various
conditions: silver Faujasite-Y zeolite gave the best results. The global stability of trapped iodine under
irradiation and steam conditions has also been checked.

The combination of a wet scrubber followed by a zeolite filtration stage was studied in representative
severe accident conditions and showed its ability to reach a very good retention for gaseous organic iodides.

The project’s outcomes constitute a valuable database which may be strategic for helping the utilities on
the decision of implementing and/or enhancing mitigation systems on their reactors and for improving severe
accident management, as well as helping regulators for improved assessment of the source term mitigation
by different systems.

Simple models and/or correlations result from in-depth analysis of most of PASSAM experimental results.
Once implemented in accident analysis codes, like ASTEC, these models should allow enhancing the
capability of modelling Severe Accident Management scenarios and developing improved guidelines.
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2 Summary description of project context and objectives

After the TEPCO Fukushima accident of March 2011, one of the main concerns of the nuclear industry
has been the search for improved atmospheric source term mitigation systems. The motivation underneath
stems from two major evidences: venting of the containment building might be an essential accident
management measure in order to prevent the loss of its mechanical integrity, but this containment venting
might result in substantial radioactive releases if no efficient source term mitigation system is implemented.

Some countries like Sweden, Switzerland, Finland, Germany and France, had already implemented
Filtered Containment Venting Systems (FCVS) in the early 1990°s as a mean to enhance their Nuclear Power
Plants (NPPs) safety. The Netherlands, China and Bulgaria followed before the Fukushima accident. Many
other countries have considered (and several of them decided) the implementation of FCVS more recently, in
the post-Fukushima context.

This renewed interest for FCVS has pushed new national R&D programmes on this topic in several
countries and new coordinated international activities, like writing a status report by the working group on
the Analysis and Management of Accidents of the CSNI (Committee on the Safety of Nuclear Installations)
of the OECD-NEA [1], or launching the European Commission (EC) project on “Passive and Active
Systems on Severe Accident source term Mitigation” (PASSAM).

The industrial FCVS are essentially based on two approaches: “dry” and “wet” systems. In dry systems,
large trapping surfaces are provided either by gravel or sand beds, or by metal fibers or by molecular sieves.
In wet systems, trapping occurs in a liquid (water plus additives) pool as a consequence of several removal
mechanisms the efficiency of which depends strongly on thermal-hydraulic conditions. These systems can be
enhanced by including venturi scrubbers: water droplets injected into the gas stream capture aerosol particles
and make them more easily trapped by subsequent filter systems.

In 2012, when launching the PASSAM programme, these systems, some of which were installed on NPPs,
had been well characterized as regards aerosol retention efficiency, but to a far lesser extent as regards
volatile iodine retention, including organic iodides. Indeed, more recent tests had been performed on FCVS
for trying to improve the systems as regards organic iodides retention in water pools. Nevertheless the
research on this specific aspect needed to be complemented. A lack of knowledge also appeared clearly for
organic iodine retention in dry systems.

In parallel, several alternative and innovative approaches were appearing in the literature or are even
already proposed by some vendors. Electric filtration systems were already widely used for many decades
for many industrial applications, out of the nuclear field. Solutions based on molecular sieves (improved
zeolites, metal organic frameworks, etc...) were also widely used as filter in many industrial processes.
Many kinds of zeolite exist; a key point consisted of finding the most efficient zeolite for iodine species in
severe accident conditions. Another promising innovative solution relied on the combination of wet and dry
filter systems. Besides, as it is well known that, generally speaking, the filtration systems are less efficient
for aerosol particles of some tenths of microns, some systems were being developed, aiming at
agglomerating aerosol particles in order to get bigger particles which would be better filtered (acoustic
systems, high pressure sprays ...). Implementing such a device upstream of a filtration system could
overcome the decrease of filtration efficiency of sub-micron particles.

Another subject which had been studied to only limited extent is the stability of the trapped fission
products on the medium and long term (up to some days) following a nuclear accident. Indeed, the trapped
fission products may be re-vaporized and/or re-entrained due to surrounding conditions relevant to an
accident and more especially, due to continuous irradiation, coupled to continuous flow-rate (if the venting
system remains open), and to high temperature and humidity. Indeed the re-entrainment of trapped aerosols
was tested in different small scale facilities and, at larger scale, in the international ACE programme [2]
where the filters loaded with aerosol (dry and wet filters) were operated with clean gas and the aerosol
concentrations of the gas downstream of the filters were measured. Nevertheless, no data on delayed release,
under typical FCVS conditions (including irradiation) both for trapped aerosols and gaseous iodine forms,
could be found in the open literature.

In this context, the PASSAM project has been built to explore potential enhancements of existing source
term mitigation devices and check the ability of innovative systems to achieve even larger source term
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attenuation. Heavily relying on experiments, the PASSAM project aimed at providing new data on the
capability and reliability of a number of systems related to FCVS: pool scrubbing systems, sand bed filters
plus metallic prefilters, acoustic agglomerators, high pressure sprays, electrostatic precipitators, improved
zeolites and combination of wet and dry systems. Nonetheless, the scope of some of the PASSAM research
topics - as fission products and aerosol retention in water ponds - goes beyond FCVS and might be applied to
accident situation other than containment venting, e.g. for fission product scrubbing in the suppression pool
of a Boiling Water reactor (BWR) or in the secondary side of a steam generator during a Steam Generator
Tube Rupture (SGTR) accident if the secondary side is flooded.

Besides an extension of the existing experimental database on existing and innovative filtration systems,
the focus was put on trying to get a deeper understanding of the phenomena underlying their performance
and to develop models/correlations that allow modelling of the systems in accident analysis codes, like
ASTEC [3].

The PASSAM project was launched under the 7™ framework programme of EURATOM for four years,
formally from January 2013 to December 2016, and practically up to March 2017. Gathering 9 organizations
(IRSN, EdF and University of Lorraine, France; CIEMAT and CSIC, Spain; PSI, Switzerland; RSE, Italy;
VTT, Finland; and AREVA GmbH, Germany) and coordinated by IRSN, the project involved about 400
person-months and the associated cost was more than 5 M€.

The planning of the PASSAM project was rather linear as a whole, with three conceptual phases:
- set-up of organizational bases and of experimental facilities (2013);
- execution of experimental campaigns (mid 2013 to end 2016);
- in depth analysis of the experimental results and project wrap-up (mid 2015 to early 2017).

The first phase included a literature survey on the existing and innovative systems to be experimentally
studied in the project [4]. This survey confirmed, with more details, the anticipated gaps of knowledge and
hence allowed optimizing the test matrices for each experimental work-package [5]. It ended up with an open
workshop held in Madrid (Spain) in February 2014 [6].

The experimental studies, which constitute the largest part of the PASSAM activities, are described in the
next section of this paper together with the rationale for exploring each of the studied systems and a selection
of some of the major results.

The last phase of PASSAM consisted mainly of two points. An in-depth analysis of the experimental
results allowed developing models and/or correlations based on the experimental results. The corresponding
outcomes are presented together with the experimental results in the next section of this report.

In parallel, the project outputs were managed in the best way so that nuclear community can easily benefit
from the research conducted:
- afinal PASSAM workshop was organized on February 28" and March 1%, 2017 in Paris (France),
- the present final synthesis report of the project is made available in open literature,
- forty-three (43) PASSAM papers were issued in scientific journals and conferences by the
PASSAM partners.
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3 Description of main S&T results/foregrounds

3.1 Experimental Studies of Pool Scrubbing Systems

Removal of contaminating particles and/or vapours from a carrier gas, when passing through an agueous
pond, is known as pool scrubbing. Most pool scrubbing investigation dates back to 1980°s and 1990’s [7].

In the last 20 years, there have been a few specific studies focused on hot pools [8] and jet regime [9].
These experimental campaigns, however, were limited in their scope. More recently, some additional
information on pool scrubbing of aerosols has been gained through the ARTIST projects [10, 11], in which
the most distinctive element was the presence of submerged surfaces representing the secondary side of a
steam generator.

The gathered database allowed drawing some insights into pool scrubbing but there are still significant
weaknesses: lack of systematic analysis of the parameters influencing pool scrubbing (i.e., submergence,
particle size, steam content, etc.); no experimental tracking of variables like bubble size and shape;
conditions hardly addressed in the past, such as jet injection or in-pool gas rise under churn-turbulent regime;
few experiments on scrubbing of fission products vapors. No less important, since the experimental
programs were performed, some know-how has been lost throughout the years.

There are a good number of studies concerning bubble hydrodynamics out of the nuclear safety
community. However, they mostly address conditions far from those anticipated in severe accidents.
Anyway, the existing significant information was taken into account in the analysis of the results and
modelling phases.

The PASSAM pool-scrubbing work-package is, by far, the biggest one of the PASSAM project, which is
consistent with the above statements and with the wide use of pool scrubbing systems as FCVS in many
NPPs. Five main topics were studied. A specific paper on the status of these studies was presented at an
IAEA conference in September 2015 [12]. Now, at the end of the PASSAM project, the main outcomes
resulting from these studies can be synthesized as presented in the following sub-sections.

3.1.1 Pool scrubbing under jet injection regime

A series of tests were performed in the CIEMAT PECA facility (hereafter, PSP campaign), focusing on
aerosol retention at the nearby of the injection point under high gas velocities (i.e., the jet injection regime).
Two major boundary conditions of retention at the inlet of the pool were considered: the gas mass flow rates
(i.e., gas injection velocity) and the saturation state of the pool. The former was controlled through the non-
dimensional Weber number (i.e., ratio between inertia and surface tension forces) and the latter through the
gas saturation ratio (i.e., ratio between steam pressure in the carrier gas and saturation pressure at the pool
temperature). Through this approach the role that thermal-dependent mechanisms (i.e., diffusiophoresis) and
“entrained-droplet mechanisms” (i.e., inertial impaction and interception) play in the “near-field” retention
was assessed. Table 1 shows the experimental matrix of the PSP campaign. The submergence was set to 0.3
m in all the tests and the same particles were used all across the test matrix: 1 pm SiO».

Table 1: PSP experimental test matrix

Test Tgas(®C) Tpooi(°C) Qsteam(I/Min)  Quorar(1/Min) - Xsream(Yovor) We S

PSPO 100 35 5 160 3.13 2.36E+05 0.59

PSP1 100 35 6 210 2.86 1.02E+06 0.56

PSP2 100 35 9 310 2.9 2.21E+06 0.61

PSP3 100 35 15 460 3.26 4.87E+06 0.79

PSP4 100 35 30 460 6.52 4.87E+06 1.57

PSP5 100 35 45 460 9.78 4.87E+06 2.36

PSP6 Ten Teny 0 460 0 4.87E+06 0
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The reduced submergence was set to preclude the bubble swarm rise region as much as possible. The air-
steam mixture was injected at flow rates ranging from 150 to 450 I/min via a single-hole horizontal injector.
Note that We was in all the tests over the jet regime threshold (10°) and the explored range of S allowed both
condensing (S>1.0) and evaporating conditions (S<1.0).

Some visual observations of the hydrodynamics were made. The hydrodynamic characteristics which
potentially affected the pool retention capability were: (i) jet injection occurred in a pulsated way, which
frequency grew with gas flowrate (at the same pressure conditions at the injection point); (ii) the submerged
jet trajectory was not steady and, once bending upwards, the location of the jet vertical axis oscillated; (iii)
the transition from a quasi-horizontal jet to a fully developed bubble swarm region already started in the 30
cm water depth; (iv) the water surface was rough and wavy.

As for jet scrubbing, the volumetric flow rate played a major role in the pool absorption of the injected
particulate matter (Figure 1). The growing trend observed when flow rates are increased from about 150
I/min to 300 I/min gets to a sort of asymptotic value around 97% at even higher flow rates. This is consistent
with the fact that a high gas flow rate means a strong interaction in the gas-water interface (i.e., shear stress)
that eventually causes water entrainment in the form of droplets within the gaseous bulk. Contrary to what
was observed with gas flow rates, scrubbing efficiency was not apparently affected (at least not noticeably)
by steam fraction and gas-pool temperature difference.
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Figure 1: PSP scrubbing efficiency vs. volumetric flow rate.

The limited number of tests conducted is a strong shortcoming to derive any correlation from the data
gathered. Nonetheless, it is worth exploring the dependencies for the retention efficiency (&) that might be
found according to the executed test matrix:

e=fWe;S)

By setting a logarithmic dependence on We and a sort of linear on S, some promising form of correlations
with R? over 0.80 have been found. This is still very premature and some more data should be used to
consolidate both trends in a single equation.

In short, particle scrubbing at the pool inlet region is highly efficient once jet injection is well developed
(i.e., We > 10° approximately), regardless of the thermal boundary conditions. Mechanical processes
become responsible for a particulate mass removal higher than 90% once We > 2-10°% according to
observations, inertial impaction is postulated to be the dominant aerosol removal mechanism. As for outlook,
experimental investigation on jet injection scrubbing should be further continued to build a broad and
reliable database supporting development and/or validation of suitable models; this experimentation should
be associated to hydrodynamic tests aiming at characterizing features of the entrained droplets. Given the
strong interaction among multiple phases in jet scrubbing (i.e., particulate matter, non-condensable gas,
steam and water), the experimental work to be done should carefully watch out the scaling of the set-up and
the boundary conditions.
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3.1.2 Pool scrubbing and hydrodynamics in natural water, sea water and in the presence of
additives

In the framework of pool scrubbing studies, two different experimental campaigns were carried out using
the RSE SCRUPOS facility: one focused on hydrodynamic studies and the other one concerning aerosol
retention. The tests were performed with different aerosol sizes (0.4, 1 um), different sized nozzles (10, 20
and 50 mm), three mass flow rates and three different liquid compositions. During the hydrodynamic tests,
measures on bubble size, aspect ratio, velocity and local void fraction were obtained using three technics
(optical probe, photo camera and video camera).

The facility reproduces a small scale bare pool with dimensions 500x1000 mm with a height of 1500 mm
with a single vertical nozzle. The liquid phase was either demineralized water, sea water (used in
Fukushima) or water with surfactant (chosen to change significantly the surface tension). The tests on bubble
hydrodynamics were performed with injection velocity from 3 to 74 m/s in order to have different flow
regimes. For every test conditions, the optical probe measurements were taken at three distances from the
nozzle (to intercept the bubbles in the injection zone, in the break up zone and in the rise zone) and at
different radial distances from the centre of the gas flow in order to better monitor bubble behaviour making
a map of bubble sizes and velocities.

The bubble dimensions obtained considering the peak of the local void distribution vs bubble chord
calculated with optical probe measurements were confirmed by the image analysis (Figure 2 (a-b-c-d-e-f)).
In a bare pool, the different injection flow rates and nozzles generated different initial bubble structures:
bubble (Figure 2 (a -b)) and churn-turbulent (Figure 2 (d- €)) in the injection zone, but after only 20-30 cm,
they were broken into typical bubbles of a bubble regime. In the injection zone the local void distribution vs
bubble chord was a bimodal function. In fact, the gas flow was composed of large bubbles around 50-100
mm and small bubbles around 10-20 mm (Figure 2 (c-f)). After 20-30 cm, this bimodal distribution became a
lognormal one with a peak at 4-8 mm (Figure 2 (g-h)). The sizes and velocities of the bubbles measured at
60-70 cm from the nozzle are similar regardless of the nozzle diameter and the mass flow rate, indicating that
the flow was mainly controlled by buoyancy: the velocity was close to 0.8-1.2 m/s and bubbles size between
4.5-6 mm (depending on the velocity). Absolute bubble velocity was proportional to local void fraction.
These bubble velocities were higher than those modelled in pool scrubbing codes.

In the tests with the three liquid compositions, in the bubble regime, the bubble size distributions and
velocities were the same regardless of the water composition (Figure 2 (c)). In the jet regime and in the
injection zone, the bubble size distributions in seawater and in water with surfactant were similar to each
other but smaller than in pure water (Figure 2 (f)). The difference in globular formation size was due, in the
case of the surfactant, to the higher tendency to break-up because of the lower surface tension and, for the
seawater, to the inhibited coalescence due to the presence of electrolytes. On the other hand, Weber number
on which the break up condition is based (We== 12¢, where ¢ is a function of the aspect ratio) for water and
sea water were similar and twice that of water with surfactant. Near the nozzle (7cm), the bubble velocity for
a mass flow rate of 18 kg/h in demineralized water was 5 m/s and in sea water and water with surfactant it
was around 3.3 m/s: the difference was due to different bubble size distribution.

The local void fraction values in the closest region to the nozzle were from 26% to 57 % depending on gas
injection velocity and nozzle size. When the large bubbles break, the swarm expands during the rising to the
pool surface due to lift force that tends to move small bubbles towards the side of low liquid velocities, i.e.
external side of the swarm [13]. At 60-70 cm from the nozzle the local void fraction was around 8-10% and
88% of the swarm was inside a zone of 20 cm diameter. At 80-90 cm from the nozzle there is not big
variation on bubble swarm and it confirms that, at that position, the bubbles were in the rise zone (Figure 3).

The pool scrubbing tests with aerosols showed that the scrubbing efficiency (or rather the
Decontamination Factor (DF) classically defined as the amount of a pollutant upstream divided by the
amount of a pollutant downstream from a filtering device) increases almost by a factor of two when
comparing the surfactant and the sea water to the demineralized water for 0.4 um SiO, particles (Figure 4).
This was due to an increased interfacial area between the liquid and the gas phase, and a different residence
time in the pool. A higher DF for 1 um than for 0.4 um aerosol was also evidenced (Figure 4).
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Figure 2: Bubble images in the injection zone for mass flow rate of 5.7 kg/h in demineralized water (a) and
sea water (b) and for mass flow rate 18 kg/h in water (d) and water with surfactant (e). Local void fraction
distribution at 7.6 cm (pos x) and at 23 cm (pos xx) from the top of the 10 mm vertical nozzle, in central
radial position in three different pool liquid for mass flow rate of 5.7 kg/h (c-g) and for 18 kg/h (f-h).
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Figure 4: Decontamination Factor in demineralized water for a 0.4 and 1 um SiO, aerosol and in sea water
and water with surfactant for 0.4 um SiO, aerosol normalized from DF in demineralized water for a 0.4 um
SiO, for a nozzle submergence of 1 m.

The tests allowed validating a simplified model to describe the evolution of the bubbles inside the pool
and the decontamination. The model takes into account both the decontamination in the injection zone (DFje)
due to the three phase liquid-gas-droplet model [14] where some decontamination models and parameters are
obtained from Porcheron [Erreur ! Source du renvoi introuvable.] and from PASSAM experimental data
[16], and a decontamination in the break-up and in the rise zones based on ECART and SPARC equations
for bubble regime (DFi). In the model, the residence time is obtained considering an experimental absolute
bubble velocity. Aerosol removal (DFs) is due to the mechanisms of gravity sedimentation, centrifugal
impaction and Brownian diffusion. Centrifugal impaction depends on the internal gas velocity circulation
that is not easily determined due to not spherical bubble shape and bubble relative velocity compared to the
liquid phase velocity. For bubble size evolution, a bubble break-up rate is introduced [17] and it represents
another sensitivity parameter.

The experimental data collected both on the hydrodynamics and bubble behaviour, and on aerosol
decontamination for the same operative conditions allowed to collect an interesting data base for testing
aerosol codes. The different behaviour in the liquid phases finally has confirmed that bubble fragmentation
increases bubble surface and aerosol retention and so ad-hoc devices (obstacles, grids, etc.) should be used to
improve the scrubbing efficiency.

3.1.3 Pool hydrodynamics under SGTR conditions

The ARTIST project showed that during a steam generator tube rupture (SGTR) with fission product
release, the aerosol particle retention in the secondary side of the steam generator was significantly increased
due to the presence of submerged structures, i.e., the tube bundle, as compared to a bare pool. The increased
aerosol retention was attributed to the interactions of the high velocity gas jet discharged from the tube break
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with the dense bundle of the steam generator tubes. To understand the aerosol transport in the steam
generator secondary side, the hydrodynamic behaviour of the two-phase flow needs to be characterized.
Under these conditions, the two-phase flow is expected to be very complex due to the high gas velocities and
complicated geometry of the steam generator secondary side.

To investigate two-phase flow in the tube bundles, a hydrodynamic facility called TRISTAN (Tube
Rupture In Steam generaTor: multi-phAse-flow iNvestigations) was designed and constructed at PSI. For
comparison between a bare pool and a tube bundle, the design allows the use of a single tube or a tube
bundle in the facility. The facility has a square cross-section of 500x500 mm and the height of 6 m. In these
experiments, the facility was operated at ambient conditions.

A set of two wire-mesh sensors with 120x120 channels and a wire-pitch of 3.4 mm are used to measure
the void fraction over the whole cross-sectional area of the facility with the frequency of 1024 Hz. In this
work, the facility was equipped with a tube bundle consisting of 221 steam generator tubes, or with a single
tube in the center of the facility. For the gas injection, two different break types were used, the “guillotine”
and the “fish-mouth” break. The guillotine break represented a full circumferential breach of the steam
generator tube whereas the fish-mouth break represented a diamond shaped breach of the tube. The break
area in both geometries corresponded to the flow area in a steam generator tube of A=227 mm?. The flow
development was followed by measuring the void fraction at different distances from the gas injection point
and using different flow rates. The bubbles which were too small to be detected with the wire-mesh sensor
were measured using a high-speed camera and the image analysis method.

The measurements were carried out at four different distances between the injection point and the wire-
mesh sensor, between 100 and 2500 mm, and at three different flow rates, namely 50, 250, and 450 kg/h.
Void fraction, bubble size distributions, gas phase velocity as well as interfacial area concentration were
determined based on the wire-mesh sensor data. In addition, the penetration depth of the initial large gas
bubble into the channel was studied for the closest break-to-sensor distance.

The foremost observation of the flow hydrodynamics was the existence of very large volumes of gas with
varying shapes, and the chaotic, dynamic behaviour of the flow, Figure 5. The tube bundle showed a
significant confining effect to the spreading of the gas jet with less penetration depth than in the bare pool,
Figure 6. Also, the gas volume given as the void fraction was laterally more concentrated close to the
injection tube in the tube bundle than in the bare pool. The bubble size distributions were similar with the
two set-ups showing a rather bimodal distribution with a large number of small bubbles with the spherical
equivalent diameter of 5-10 mm and with a second peak at bubble diameters larger than 100 mm. Even
though small in number, the large bubbles represented a considerable amount of the gas phase volume. The
large bubble peak was more pronounced in the tube bundle than in the bare pool set-up showing the effect of
the tube bundle on the preservation of the large continuous gas volumes which typically remained in the
center of the flow area adjacent to the injection tube.

The interfacial area concentration is important to determine due to its critical function in defining the mass
transfer from the gas bubbles to the liquid. Therefore, considerable efforts were made to determine the
interfacial area concentration under the challenging flow conditions of the present work. The results show
that with similar injection flow rates, the interfacial area concentration was higher in the tube bundle than in
the bare pool, especially at higher gas flow rates. This was presumably due to the break-up of the bubbles in
the tube bundle due to the interaction of the gas jet with the tubes.

This work on the hydrodynamics of the jet injection regimes has permitted valuable insights on the
dominating fluid flow regimes. In particular, the detailed bubble size, shape, interfacial area and velocity
data will allow more credible estimates of the multiphase phenomena than corresponding models in existing
low injection regime codes. It can be argued that the decontamination factors in jet regimes by current
aerosol pool scrubbing codes are reasonable only because of canceling errors. Indeed, the assumed small
bubble diameters and corresponding high residence times combine to give large DF’s. The TRISTAN jet
injection hydrodynamic tests show that residence times are a lot shorter and the equilibrium bubble diameters
a lot larger than assumed in the codes. Therefore, a thorough overhaul of modeling of jet injection
phenomena is required, and a particular focus should be devoted to the phenomena very near the injection
point.
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Figure 6: Sample void fraction frames for 100 mm measurement distance and two gas flow rates, 250 and
450 kg/h, with the single tube set-up, and with the tube bundle using the guillotine break. Injection tube is
shown in yellow

3.1.4 Medium/long term stability of iodine in water pools

IRSN carried out experimental investigations of medium and long term stability of trapped iodine
compounds in a pool scrubbing system. For this study the EPICUR facility, containing a ®*Co irradiator and
allowing working with labelled iodine (**'1), was used. Online instrumentation by gamma counting is
especially suited for this type of studies. A series of four tests in the EPICUR facility were performed to
evaluate the medium and long term behaviour of iodine in water pools under irradiation. Laboratory tests
were performed to improve the understanding of chemistry in solution (pH modification and component
concentration) and the nature of the buffer under irradiation.

The laboratory test results showed that in unbuffered solutions, the pH drop is fast, combining the effects
of radiolysis, oxidation and acid decomposition of thiosulfate. In buffered solutions (carbonate or borate
buffer), radiolysis phenomena are initiators of the thiosulfate decomposition. Nevertheless, aqueous solutions
preserve the buffering capacity for the tested irradiation durations (until 94h and ~272 kGy), which prevents
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the formation of gaseous molecular iodine (l,), but does not prevent thiosulfate decomposition in the very
long term.

Four pool-scrubbing tests (PS) were carried out with unbuffered (PS1 and PS2 tests) and buffered (PS3
and PS4 tests) aqueous solutions to check the iodine volatility. Another parameter of interest for radiation
stability experiments is the nature of the gas passing through the solution. Experiments were performed with
air cover gas (PS1, PS2 and PS4 tests — PWR case) or with nitrogen cover gas (PS3 test — BWR case). The
labelled agueous solution was placed in the irradiation vessel. Before the irradiation phase, the vessel was
heated to the set temperature (117°C) and pressure (~2.6 bar abs). Before irradiation, the vessel was
maintained at the set temperature during 2 or 5 hours. During this pre-irradiation phase, the gas flowing
through the irradiation vessel was air (the gas flow rate was 90 NI/h). During the irradiation phase, the gas
flowing through the irradiation vessel was either N, or air at 90 NI/h. The temperature of the vessel was
maintained at 117°C and the pressure at 2.6 bar abs. After the irradiation phase, the heating was stopped but
the vessel was swept with dry air. The test matrix is given in Table 2 together with the final pH and the
global iodine release values.

Table 2: PS tests - parameters and main results

Tests PS1 PS2 PS3 PS4
Compositionand | Na,S,05:1.1x102 | Na,S,05 :1.1x1072 Na,S,05:1.1x1072 Na,S,05:1.1x1072
Concentration HCI - 3x10° NaOH :3.9 x10* H;BO; :1x10™ H3BO; :1x10"

(mol/) HNO,: 3x10°8 HNO;: 8x10°° KCI : 5x10” KCI : 5x10”
NaOH: 8.4x10° 1 1.0x107 NaOH 1x10™* NaOH 1x10°
-89 x10 1:1.0x107 I:1.0x107
Initial pH 8.3 105 10.6 105
Activity (Bg) 1.4 x10° 1.1 x10° 1.8 x10° 9.6 x10°
Solution type Unbuffered Unbuffered Buffered Buffered solution
Solution solution Solution (borate) (borate)
Low Iodir_le Alkaline pH Alkaline pH Alkaline pH
concentration
and medium pH
Bubbling gas Air Air N, Air
Irradiation 115 21.7 27 40
duration (h)
Final pH 6.5 2.2 10.4 9.6
G'Oba&%‘e“e* 27 +3 97 + 2 32+3 51+ 3

* The global release of iodine species corresponds to the difference between the activity of the solution after and before
irradiation, it is expressed in percentage of the activity loaded in the solution before irradiation.

When the water pool is unbuffered, the iodine is released from the aqueous solution, essentially in
inorganic form (I,) expected to be the main inorganic species (but HOI could be present as well) and with a
small proportion of species trapped in the quartz fiber filter (Figure 7). This release is due to the pH
decrease; oxidation and radiolysis of thiosulfate induce a pH evolution to acidic values. The release is almost
total and occurs very fast when pH is lower than 6.5. When the water pool is buffered (pH maintained over
9.5), no significant iodine release was observed on the dedicated filtering system (on-line Maypack).
Nevertheless, according to PS4 test data, 51% of iodine mass was missing at the end of the test, combined
with a significant evaporation of water and condensation on the Maypack. This would suggest a physical
entrainment of water droplets towards the Maypack that would explain the loss of steam and iodine as they
would have been transferred to the ventilation filter of the building. The interpretation of PS3 and PS4 tests
with ASTEC V2.1 calculation code has shown that evaporating conditions with alkaline buffered solutions
(even over pH=9.5) would lead to a significant gaseous HOI release whereas no I, would be released. The
possibility to get gaseous HOI in significant amount has also been confirmed in the modelling of ACE-RTF
[18] and PHEBUS-RTF [19, 20] tests at alkaline pH. Even if the experimental detection of gaseous HOI has
still to be confirmed and pursued, these last results should be taken into account.
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Figure 7: Evolution of the corrected total iodine fraction trapped on each filter stage (%) — PS2 test.

3.1.5 Retention of organic iodine in water pools

In the domain of FCVS wet filtration stages are often applied by different vendors. It is known from many
experiments, that these pool scrubber systems feature a retention potential for different iodine species.

Previous state-of-the-art containment venting scrubbing solutions use a combination of sodium hydroxide
or sodium carbonate with sodium thiosulfate in order to wash out volatile iodine species. Under severe
accident conditions such volatile iodine species are aerosol bound iodide as well as gaseous compounds of
elemental iodine, hydrogen iodide and organic iodide species (mainly CHsl). With an alkaline thiosulfate
solution high retention efficiencies for aerosol bound iodide as well as elemental iodine and hydrogen iodide
are achieved. Nevertheless, the retention of gaseous organic iodide species in this solution is not satisfying
and the search for improved organic iodine retention is ongoing.

One possibility for increased organic iodide retention potential of an FCVS is the enhancement of the
retention in the scrubbing pool. The potential of scrubbers in general and the AREVA scrubber in particular
in terms of organic iodide retention was investigated in this study by performance of parametric tests in a
generic laboratory size test facility. The influence of the following parameters was experimentally
investigated:

e Temperature of the scrubbing liquid solution (80 — 130 °C),

e Sodium thiosulfate (THS) concentration (0.2 — 3.5 wt%),

e Additives with the potential to enhance the phase transfer of hydrophobic compounds (e.g. CH;l)
o commercially available additive Aliquat 336® for 0.1 and 1 wt%,
o Tween-80/Paraffin,

e Addition of mixing elements to the scrubber pool (Interpack®).

The tests were performed in the VESPER34 laboratory test facility of AREVA GmbH located in Erlangen,
Germany. The test facility is situated in a controlled area and suitable for tests with tracered iodine.

Size and design of the VESPER34 test facility present a generic scrubber. The advantage of this small
scale test facility is that operation conditions as well as scrubber liquid composition can be quickly modified
at moderate costs. However, only qualitative results can be achieved which can only be compared with each
other but which are not transferrable to the FCVS due to the small scale of the test facility. Mainly the
limited flow rates at the inlet nozzle, the different shape of the small scale nozzle compared to the FCVS
Venturi nozzle and the lower filling height (and lower surface area) lead to different (generally lower)
retention efficiencies than in the FCVS.

The main results regarding CHsl absorption efficiency of the test program are:
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e No influence on the retention efficiency by a variation of the THS concentration;

e The absorption efficiency of the standard scrubbing liquid composition (0.5 wt% NaOH, 0.2 wt%
THS) could be enhanced at higher temperature (130 °C) compared to 85 °C and addition of mixing
elements (Interpack®);

e An enhanced retention was found by the addition of Aliquat 336® at temperatures below 110°C.
This is in general accordance to the literature, but in VESPER34 tests the retention could only be
enhanced up to a factor of 3;

o However the absorption efficiency of scrubbing liquid containing Aliquat 336® could not be further
enhanced by addition of mixing elements at higher temperature. In fact at 130 °C the retention with
Aliquat 336® even decreases;

e No influence of paraffin emulsion.

In general AREVA concluded that it was not possible to sufficiently improve the CHsl absorption
efficiencies by additional chemical compounds or by mixing elements. Consequently in case enhanced
organic iodine retention is requested throughout the whole venting cycle, alternative and / or additional
filtration methods such as dry filtration with a sorbent stage are necessary. This additional stage would also
ensure high organic iodine retention rates and minimize significantly the organic iodine release to the
environment.

3.2 Experimental Studies of Sand Bed Filters plus Metallic Pre-filters

IRSN carried out experimental investigations of medium and long terms stability of several iodine
compounds trapped in different filtration media currently implemented on the French Nuclear Power Plants,
i.e., sand bed filters and metallic pre-filters. For this study, various IRSN facilities were used: i/. the EPICUR
loop (Cadarache), containing a ®°Co irradiator and allowing working with labelled iodine (**!1), knowing that
online instrumentation by gamma counting is especially suited for this type of studies; ii/. the BRIOCH test
bench (Saclay), a laboratory scale set-up dedicated to study filtration efficiency of methyl iodide (**'l)
species; iii/ the IRMA facility (Saclay), containing ®*Co sources for irradiation of various components.

A series of three tests in the EPICUR facility was performed to evaluate the medium and long terms
behaviour of caesium iodide aerosols previously deposited respectively in the sand bed filter (2 tests) and the
metallic prefilter (1 test). Preliminary laboratory tests involving iodine aerosols and molecular iodine were
performed to qualify the generation process and the experimental protocol of iodine “loading” phase into the
filtration media.

Some main conclusions can be drawn concerning the sand bed filter:

» Asand filter alone, dry or wet, is not able to trap significantly molecular iodine. Some additives may
improve the situation but this needs to be deeper investigated. Anyway, release of trapped molecular
iodine under irradiation could not be tested.

« A sand filter traps Csl aerosols with high efficiency, even if the objective here was not to quantify
the precise decontamination factor. Release of the trapped Csl under irradiation was tested twice, one
test with dry sweeping gas (SF1) and another one with wet air (SF2). In both cases, for a temperature
between 100 and 120°C a significant “thermal release” begins before the irradiation onset (and under
dry conditions), confirming a thermal contribution of the Csl decomposition process. As indicated in
Figure 8, the thermal inorganic release is significantly more important for SF2 than for SF1 and
remains to be explained.

This release goes on under irradiation at rates close to 1% per hour for both tests. The final released iodine
fraction reaches 42% for the experiment performed in completely dry conditions (SF1 test, see Figure 8) and
61% for the experiment performed with humidity (SF2 test, see Figure 8). In both cases (SF1 & SF2 tests),
inorganic iodine is the main released chemical form. A modelling of Csl deposit through a radiolytic process
shows that Csl radiolytic decomposition rate is consistent with these tests and also with other tests performed
in the frame of OECD-STEM project [21].

Concerning the metallic pre-filter experiments, the different preliminary tests confirmed that molecular
iodine is significantly retained on a representative section of the original filtration cartridge (purchased from
PALL® and made of stee with a geometric surface of 244 cm? whereas the real surface seen by iodine is
estimated to be close to 7500 cm?) and that the gas flow rate through the metallic pre-filter is a key parameter
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for retention. Specific attention was paid on the stability of Csl aerosols trapped on this kind of filter. The
main insights are that the metallic pre-filter traps efficiently Csl aerosols and that the global release under
irradiation (tested with wet air) does not exceed 0.2% of the initial value. This very low release is entirely
found under gaseous molecular iodine form. Compared to sand filter experiments performed in similar
conditions, inorganic iodine should be formed in significant amounts as Csl decomposes under irradiation.
As the final iodine release from a metallic prefilter is hundred times less, it is likely that inorganic iodine was
formed in significant amount by Csl thermal-radiolytic decomposition and then efficiently trapped in the
metallic pre-filter due to its high specific surface area.

SF1: Iodine transfered on the maypack SF2: Iodine transfered on the maypack
0‘}(0 RH Irradiation—0% RH 0% RH Irradiation — 60% RH
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Figure 8: Evolution of the corrected iodine fraction trapped on each filter stage (%) for SF1 and SF2 tests
and the corresponding modelling performed with ASTEC-SOPHAERQOS V2.1 calculation code.

Complementary studies would be needed to get more quantitative assessments, and to test species other than
Csl. An important point is that the release of gaseous iodine from Csl aerosols trapped in a sand bed filter, as
observed in these tests, may cause a delayed iodine source term after the operation of such a FCVS.

Methyl iodide trapping efficiency was also investigated on sand samples using the BRIOCH test bench
including a PDECD (Pulsed Discharge Electron Capture Detector) gas chromatograph. The sand samples
were prepared with various additives in order to try enhancing the retention capabilities for methyl iodide.
Some of these samples were irradiated in the IRMA facility. In none of the tests, taking into account the
uncertainties of the experimental setup, any retention of methyl iodide could be measured. The same
conclusion arose when coarse stainless-steel wool was challenged by CH5™'l in air as a carrier gas.

3.3 Experimental Studies of Acoustic Agglomeration Systems

Aerosol Acoustic Agglomeration (AAA) [22] is one of the innovative techniques not considered in current
designs of FCVS and investigated within the PASSAM project.

The AAA is a process based on the interaction of the sound waves and the suspended particles in an
aerosol. Under specific conditions a variety of physical mechanisms can bring some of the particles together
and produce collisions that may lead to a coagulation process known as acoustic agglomeration. The main
mechanisms involved are the orthokinetic effect [23], the scattering [24], and the so-called mutual radiation
pressure [24].

Due to the lack of information about the experimental behavior of acoustic agglomerators in scenarios as
those postulated within a severe accident, CSIC (Spain) and CIEMAT (Spain) have collaborated to integrate
a Mitigative System Acoustic Agglomerator (MSAA), designed and developed by CSIC, within the PECA
(Platform for Experimental Characterization of Aerosols) vessel in the Laboratory of Analysis of Safety
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Systems (LASS) at CIEMAT. This setup has been designed to study the application of AAA under
conditions anticipated during filtered containment venting [25].

The AAA experimental campaign was conducted at the PECA-MSAA facility (Figure 9). The aerosol
characteristics were adapted to those of the expected aerosols in the nuclear event as much as allowed by the
generation system. The details of the system are described elsewhere [26]. The MSAA generated a 21 kHz
standing wave field inside the chamber with an average sound pressure level of 155 dB. The ultrasonic
generators were of the kind of airborne power stepped-plate transducers with electronic resonance control.
The gas flow that carried the aerosol through the acoustic chamber was air with a flow rate between 12.5
kg/h and 200 kg/h. The aerosols were constituted of TiO, and SiO, particles of 0.3, 1, and 2.5 um. Twenty
experiments were carried out with the features summarized in Table 3.

Q@D [Hi—

Figure 9: Lay-out of the PECA-MSAA facility

The procedure followed in the experiments was divided into several steps. First there was a stabilization
step in which the aerosol generation was monitored at the inlet by an electrical low-pressure impactor (ELPI
device). After reaching stabilization the second step consisted of the measurement of the aerosol particles at
the outlet of the MSAA by means of an Aerodynamic Particle Sizer (APS). Such measurements were carried
out with and without ultrasounds. Each experiment was repeated once.

To compare the particle number concentration at the inlet and at the outlet the two different counters
(ELPI and APS) were used only in the common size range. The effect of ultrasound on the particle number
was quantified by using the following equation where Npy, is the relative particle number during the phases
with and without ultrasound and RCy,, is the number reduction coefficient.

mean (Npp with us)

RCy,=|1-—
Np < mean (pr without US)

Experimental results confirm that ultrasound agglomeration effect improves with particle number
concentration and size dispersion and is proportional to acoustic intensity and treatment time. For treatment
times of about 80 seconds and particle number concentrations in the range 10* — 10° cm™ the smaller
particles (0.3 microns) experiment a reduction of over 90% with an acoustic intensity of about 155 dB.
Under the same conditions the increase of the particle size due to ultrasound was mainly observed for 1 um
particles in which increases of up to 37% were measured.

> * 100%

In addition, a numerical model, based on the fundamental interaction effects acoustic waves — aerosol
particles, was developed in MATLAB code and experimentally validated. From the model the acoustic
power required in case of a severe accident could be established for a particle number reduction of 90%.
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Table 3: Experimental matrix for Aerosol Acoustic Agglomeration tests

Experimental vanables
Flow rate Treabment fime Mass Concentration _ bk Mzs Propentaea (38
B k] . I';EP:':I ;""‘ITF_ st sz Tio:
=5 S particles 1 pm partiches 2.5 pm particles partiches
AAAT 100 10 3 ] 100 0 0
AAAS 100 10 i 15 15 0 ]
AAAS 1] 0 50 75 15 0 ]
AAA 125 50 200 73 23 0 ]
AAAL 115 80 200 ] 100 0 ]
AAAT 115 &0 200 50 50 0 ]
AAAT 125 80 200 1] 10 0 ]
AAAR 115 &0 200 ] 5 15 0
AAAG 115 &0 200 50 30 N 0
AAALD 123 0 200 50 3 0 20

3.4 Experimental Studies of High Pressure Spray Agglomeration Systems

High pressure sprays have been used in multiple industrial applications, including NPPs (High Pressure
Core Spray System of BWR/5 and BWR/6). In nuclear reactors, low pressure water sprays are widely
installed as engineering safety systems to depressurize the containment but these systems are also considered
capable of capturing particles from the containment atmosphere. The study, developed in RSE, is dedicated
to verify the efficiency on particle capture of an innovative device based on a high pressure spray system and
to develop and evaluate a simplified spray model for aerosol removal rate. This system works with pressure
from 50 to 130 bar. Two different measurement campaigns were done: the first one was about a
characterization of the spray droplets with a non-invasive optical method and the second one was devoted to
evaluate the aerosol removal rate of the high pressure water spray systems. The tests were performed using a
single nozzle in order to simplify the investigated phenomena.

The size distribution and velocity of the droplets are measured using a non-invasive measurement
technique called Phase Doppler Anemometry (PDA) that uses the properties of coherence and polarization of
two crossing laser beams to measure the velocity and the size of the water droplet passing through it. These
data are used as initial condition for the model of droplet size and velocity evolution and to validate its
output. Measurements are carried out with the spray axis oriented vertically downwards, along 5 cross
patterns traversing diametrically the spray, located perpendicular to the spray axis at the axial distance of 50,
100, 250, 500 and 750 mm respectively from the injection nozzle. The water pressures are 50, 80, 100 and
130 bar and the flow ranges between 0.8 and 1.3 I/min.

The droplet size distribution in the injection zone has a peak between 25 and 35 um and the droplet
velocities are between 100 m/s and 50 m/s according to the different pressures. The droplet size increases
during the fall of the droplet due to an agglomeration phenomenon as reported in Figure 10(a) and there is a
progressive loss of their velocity due to momentum exchange between droplets and air (Figure 10(b)). The
velocity decreases down to 10 m/s at 750 mm from the nozzle for different pressure.
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Figure 10: droplet size distribution (a) and droplet velocity distribution (b), at 100 bar at different distances
from the nozzle

The second test campaign was carried out in a purposely built facility (SCRUPQS) composed of a
scrubbing chamber of 0.5 m x 1.0 m and 1.5 m high, with glass walls to permit the complete view of the
aerosol removal process. The aerosol was injected to form a cloud of specific particle concentration. The
chamber was equipped with a high pressure water spray system with a single nozzle placed on its top and a
sample line for concentration measurements (Figure 11(a)). The spray was kept running for 2 min and the
efficiency of the aerosol removal was evaluated, along the test time, using an optical particle sizer (OPS) that
acquires particle concentration over 16 channels from 0.3 to 10 um. The tests were performed with powders
composed of SiO, particles with mean size of 0.4 um, 1 um and 2 um, with different water injection
pressures (50, 100 and 130 bar) and different initial particle concentrations (ranges: 2-90 mg/m®).Tests
% = e~ with C(t) = concentration at t time and C(0) = initial
concentration) is not influenced by the initial particle concentration, it depends on aerosol size and it linearly
increases with increasing water injection pressure (Figure 11(b)). This occurs because an increase in the
water pressure provides a higher flow rate and smaller droplets leading to an increased efficiency for
impacting aerosol particles and a higher density of droplets. The removal rate and the half life time (the time
necessary for the concentration to halve) at 130 bar for different aerosol sizes are reported in Table 4.

showed that the removal rate A ( defined by

Table 4: Removal rate and half-life time for different aerosol sizes at 130 bar pressure

Aerosol size [um] | x [1/s] Half-Life time [s]
0.4 0.064+ 5% 11

1 0.116 + 5% 6

2 019+ 17% 3.6

A simplified model provides the droplet size distributions, the droplet velocities, the air velocity and the
particles concentration based on droplet—droplet and droplet-aerosol interaction. The developed model shows
a good agreement with the experimental data. The removal rate depends on the efficiency of particle capture
by water droplets. The capturemechanisms are inertial impaction, interception, Brownian diffusion,
thermophoresis and diffusiophoresis. In our experiments, since gas and water are at room temperature, the
thermophoresis and diffusiophoresis effects are not considered. The inertial impaction effect is dominant for
big particles up to a few microns, then the main phenomenon is the interception and for aerosol particles
smaller than 0.3 pm the Brownian diffusion is the primary effect. Considering the experimental condition (at
100 bar — mean droplets size 40 um and velocity 30 m/s), the removal rate is calculated using different
models developed by Powers (potential regime (droplet Reynolds number— o), viscous regime (droplet
Reynolds number— 0), and transitional regime) [27] and by Porcheron [15] with and without inertial
impaction. The experimental data are better described if the inertial impaction contribution is not considered
(Figure 12). The fitting is good but it was noticed that the results are sensitive to droplet diameter.
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Figure 11: (a) SCRUPOS layout, (b) trend of 0.4 um aerosol normalized concentration during water spray at
different spray pressures.
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Figure 12: Removal rate according to different capture models: model developed by Powers [27] for
potential regime (red dot line), viscous regime (pink dot line), and transitional regime (green dot line), and
model reported by Porcheron, that have a different Brownian contribution, [15] (blue dot line), all of them
considering the three effects (inertial impaction, interception and Brownian diffusion- dashed lines) and
without inertial impaction (full lines) and experimental removal rate at 100 bar (red dots).

However, few studies have addressed this potential capability and most of the researches on spray
performance have been conducted for low pressure sprays. Therefore, high pressure spray application either
as an additional system to decrease aerosol concentration or as an agglomerator in the pre-filter stage of a
FCVS requires new specific studies.

With regards the comparison between low and high pressure spray on aerosol removal, the half-life of 1
pum particles within the high-pressure spray chamber, turned out to be 50-100 times shorter than the half-life
observed in a low-pressure spray system applied for removing a similar aerosol cloud. Within the sample
volume of the chamber, it was found that a single-hole spray nozzle operating at 130 bar, can remove at least
99.9 % of suspended micron sized particles in a time of the order of a minute (about 1 minute for 1 um
particles, about 2 minutes for 0.5 pum particles). No influence of the initial aerosol concentration was
observed for both 1 pum and 0.5 um particles. When compared to low-pressure sprays, the removal efficiency
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was much higher, which encourages the application of this high-pressure technique in multi-nozzles and
multi-stages configurations.

3.5 Experimental Studies of Electrostatic Precipitators

Potential of electric filtration systems was discovered early in the 20™ century, when corona discharge was
found to remove particles from gas streams. Today many types of these filters exist including electrostatic
precipitators (ESP), air ionizers and ion wind devices. Typically they are very efficient filtration systems
with minimal resistance to the gas flow. They are applied for reduction of many industrial emissions,
including those from coal and oil fired power plants, salt cake collection from black liquor boilers in pulp
mills, and catalyst collection from fluidized bed catalytic cracker units in oil refineries.

An ESP removes aerosols from gas flow due to forces induced by strong electric fields [28]. In case
particles do not get high enough charge for their collection, a pre-charging water mist can be sprayed to
enhance particle growth in diameter and charging. This system is called Wet ESP (WESP). The operation
temperature of a typical WESP at atmospheric pressure is limited to 90 °C and the pressure drop through the
system is small. The reported energy requirement for gas filtration by ESP varies from 0.01 to 1 W.h/m°. The
atomization of water is probably the main power drain of WESP. In case of the atomization of small
droplets, it is approximately 0.1 — 0.2 W.h/m°.

Typical collection efficiency of a WESP for particles is between 99 to 99.9 %. Nonetheless, collection
efficiency can be increased by maximizing the strength of the electric field [29] and the residence time
within the precipitator. Other factors affecting efficiency are dust resistivity, gas temperature, chemical
composition (of the dust and of the gas flow), and particle size distribution. WESP performance has been
hardly tested for gaseous iodine, although preliminary tests on gaseous iodine filtration were conducted by
VTT in 2011. In this case higher efficiency might be reached by adding an oxidation stage (ozone generator)
that turns gaseous iodine species into iodine oxide particles.

Application of WESP under the foreseen conditions of a nuclear severe accident poses major challenges,
notably the filtration of iodine volatile species including organic iodides.

In order to filter gaseous iodine, an innovative technique involving four steps has been developed by VTT,
and further tested in this project. The first step is the oxidation of gaseous iodine into iodine oxide particles
by ozone [30, 31, 32]. The second step is the growth/agglomeration of the formed iodine oxide particles and
the coagulation of particles with sodium hydroxide droplets (NaOH dissolved in water). Particulate iodine is
dissolved in the droplets, whereas gaseous iodine is absorbed by the droplets. As iodine oxides particles have
coagulated with droplets or agglomerated with other particles, the iodine oxide particles grow in diameter
and thus the filtration efficiency is also increased. The third step concerns the behavior of iodine in an
electric field of ESP. Corona discharges from the needle-like electrodes are relatively low power electrical
discharges that take place at or near atmospheric pressure. The corona is invariably generated by strong
electric fields associated with sharp needles. The ions from the corona serve to charge individual particles
and droplets as the gas flow carries them through the ESP. Then, these charged particles and droplets drift to
the collection electrode due to the electric field. The last step is the flushing of ESP wall surfaces. At the ESP
stage, the collection electrode surfaces of the precipitator are kept clean by flushing with sodium hydroxide
solution (doped with sodium thiosulfate Na,S,0; for the experiments with methyl iodide).

Several series of tests have been performed by VTT and the following points can be stated. From tests at
room temperature conditions, using TiO, aerosols, a strong decrease of the trapping efficiency for voltages
below 15 kV (negative) was evidenced (Figure 13).

Using gaseous and particulate iodine, the optimum parameters related to the operation of the applied
WESP have been determined (number of corona needles, effect of the flow-rate, etc...) leading to a very
good efficiency for gaseous I, filtration in “dry”” atmosphere (i.e. without steam content) (Figure 14).
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Figure 13: Filtration efficiency of TiO, particles for a volumetric flow rate of 86 I/min in the WESP and
several applied voltages.
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Figure 14: Filtration efficiency of the WESP, calculated on the basis of particle number concentration
measurements with ELPI

Other tests have been performed at higher temperature (60 °C) in presence of steam, confirming the utility
of different process steps (oxidation of 1, or CH;l into iodine oxide (1O,) particles, spraying of NaOH
droplets, flushing of electrical filter wall) [33].

The filtration efficiency for gaseous molecular iodine (I,) based on the particle number was higher than
99.5 %. Since the high efficiency was observed for three flow rates of steam, it was difficult to point out the
effect of increasing steam content in the carrier gas. The high filtration efficiency was observed for the whole
range of particle diameters recorded in the ELPI measurements (Figure 15). The efficiency of the first step
(oxidation of gaseous iodine) was confirmed because at the inlet of the facility, 96 % of iodine mass was in
the form of particles and 4 % was in the gaseous form, thus most of the molecular iodine had been
transformed into 1,0, particles.

The filtration efficiency of a higher concentration of gaseous molecular iodine based on the particle
number was higher than 95 %. The filtration efficiency was decreased for the particles with a diameter of 0.1
— 0.2 um. Increasing the amount of steam in the carrier gas increases the retention of iodine in the WESP.
However, increasing the initial amount of I, tends to decrease the filtration efficiency.

The filtration efficiency for methyl iodide based on the particle number was higher than 82.6 %, which is
lower than in the case of molecular iodine. Increasing the steam fraction in the carrier gas tended to decrease
the filtration efficiency for the particles. The results from ICP-MS measurements showed very low filtration
efficiency (> 41 %) for the total mass of iodine (gas and particles). At the inlet of the facility, only 5 % of
iodine was in the form of particles and 95 % was in the gaseous form. The most probable explanation in
these different behaviors between methyl iodide and molecular iodine can be found in the size of the
particles. The particles formed from methyl iodide may be smaller, due to the lower vapor pressure, and
consequently the particles decompose more easily or the particles need shorter time for the decomposition.
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Figure 15: Filtration efficiency of the WESP (at -25 kV) as a function of particle aerodynamic diameter,
calculated on the basis of particle number concentration measurements with ELPI

Despite this last result showing a non-satisfactory efficiency for organic iodine, the work has shown that
VTT’s innovation to use “ozone feed and WESP” together enables the filtration of both gaseous molecular
iodine and iodine containing particles (e.g. 1,0,). However, it has to be kept in mind that the filtration
efficiency strongly depends on the WESP design/geometry optimization. The location of the oxidation step
closer to the WESP inlet needs to be further tested in order to avoid possible particle decomposition before
the filtration step and consequently, to increase the filtration efficiency against organic iodine.

3.6 Experimental Studies of Improved Zeolites

In order to mitigate atmospheric releases in case of a severe accident on a NPP, an efficient solution may
consist in combining current filtration devices (wet scrubbers, sand bed filters...) with an additional filtration
stage made of inorganic porous adsorbent. In that respect, zeolites are obvious candidates thanks to their
thermal stability and radiation resistance, high specific surface areas, tunable pore size and chemistry.

The generic objectives of the study were: (i) to establish structure-activity relationships between the
chemical, textural and structural properties of silver zeolites and retention performances towards I, and CH;l;
(i) to study the most interesting zeolitic formulations under conditions close to those met in a severe
accident; (iii) to examine the trapping mechanism.

Extensive syntheses (up to 18 made by ion-exchange or impregnation from 5 different structures, namely
silver-zeolites), characterizations and testing of zeolitic sorbents were achieved at University of Lorraine.
Overall, the effect of various zeolitic parameters (pore structure, chemical properties, silver content and
speciation) was determined by combining quantitative data collected during iodine gas-phase dynamic
retention tests (adsorption capacities, decontamination factors, trapping stability) together with physico-
chemical characteristics obtained from characterization studies (elemental analyses, N, sorptiometry at 77K,
XRD, DRIFTS of adsorbed CO, DR-UV-Vis spectroscopy, electron microscopy...). Zeolitic formulations,
which have shown the best retention behavior under simplified conditions (high concentrations of I, or CHal,
absence of inhibitors, T=100°C), were then selected for additional tests in order to extrapolate to severe
accident (SA) conditions (low iodine concentrations, irradiation, different temperatures, presence of
humidity, COx, NOx, H,, Cl...), through a collaborative work between University of Lorraine and IRSN
(Saclay and Cadarache). The trapping mechanism was also investigated through using in situ spectroscopic
techniques and after-test characterizations.

1) Parametric study

Preliminary experiments on the effect of the exchanged cation have shown that silver zeolites were the
most efficient towards the capture of CHsl. By contrast, other cationic forms (Pb®*, H*) displayed rather poor
retention performance while copper-exchanged zeolites were found to be rather unstable and to promote the
release of I, by redox processes. Hence, a peculiar attention was devoted to silver zeolites in order to gain
insights onto the following aspects: (i) the effect of the pore size/connectivity according to the structural
type; (ii) the silver content; (iii) the silver speciation and preparation method (exchange or impregnation).
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By considering adsorption capacity only, the most prominent factor towards CH;l retention is the amount
of silver that could be deposited in dispersed form (as Ag” cations or small embedded clusters, by contrast
with silver nanoparticles obtained by impregnation at high Si/Al ratio, Figure 16(A)). Such a high silver
content may be achieved through repeated ionic exchanges with zeolitic materials, such as faujasite, having
high cationic exchange capacity (Si/Al <5).

A specific testing procedure was elaborated with the aim of distinguishing the fractions of volatile iodine
trapped reversibly (blue bars on Figure 16(B)) or irreversibly (chemisorbed CHsl (green bars) and as Agl
precipitates (red bars, Figure 16(B)). Among all the investigated zeolitic materials, a large pore faujasite
zeolite (of Y type) with 23 wt% of silver “22.8Ag/Y (2.5)”, displayed the best retention performances
towards volatile iodine species (Qsi = 209 mg/g and 380 mg/g for CHsl and |, respectively at 100°C, DF =
10° during 9 days with [CHsl]o = 1 ppm, up to 80% of storage under thermally stable and insoluble Agl
precipitates). Therefore, a special attention was paid to this zeolite in order to assess the effects of
temperature, irradiation, inhibitors and also to carry out an in-depth study of trapping mechanisms.
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Figure 16: (A) Evolution of CHsl adsorption capacity as a function of silver content (T=100°C, absence of
contaminants) and (B) relative distribution of trapped CHzl species for different silver-zeolites.

2) Extrapolation to SA conditions

The adsorption temperature was found to have only little influence on the CHal sorption properties of
Ag/Y sorbent in the range of 35-250°C, the production of catalytic by-products (oxygenates, higher
hydrocarbons) being promoted at the expense of physisorption at higher temperatures.

The impact of irradiation was studied at IRSN by two different procedures. First, an irradiation (total dose
of 1.14 MGy; ®Co source, IRMA facility) was performed before test. This pre-treatment did not change the
physico-chemical characteristics of the sorbent and its retention performances towards I, and CHsl. On the
other hand, the trapping stability of I, under irradiation and in very humid conditions (T =120°C, dose rate of
2.9 kGy/h, R.H = 60%, 29 hours) has been also checked (EPICUR facility at IRSN-Cadarache) using a
commercial silver faujasite (X type) with 35%wt of silver. No measurable release of iodine species was
observed confirming therefore the high stability of trapping thanks to the formation of stable and insoluble
Agl precipitates.

The effect of some potential inhibitors (CO,, NO,, H,O, H,, chlorinated species) present under SA
conditions was also investigated. Nevertheless, it should be acknowledged that additional tests should be
performed in more representative conditions (mixture of inhibitors, more representative concentrations,
irradiation...) to be conclusive. Under the experimental conditions employed (T=100°C, CH;l:CO = 5:1,
CH;l:H,0 = 1:8, CHsl:H, = 1:12.5), the presence of CO, H,O or H, in the feed gas had only little or no
impact on CH;l retention. However, the presence of NO, (CH3I:NO, = 2:1) induced a significant oxidation
of CHgl to I,. This problem can possibly be overcome using a second sorbent bed (Pb/zeolite for example). It
may also be necessary to carry out further studies to evaluate the effect of chlorinated species since they
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promote some poisoning of active silver sites (by formation of AgCl), making them less efficient for iodine
trapping.

Finally, a “large scale” test for measuring a global DF on a commercial silver-exchanged zeolite was
performed on the new IRSN PERSEE facility and confirmed the good retention efficiency for CHsl.

3) Trapping mechanism of volatile iodine by silver zeolites

For the first time, a combined spectroscopic approach using gas-phase FTIR, in situ DRIFTS and in situ
DR-UV-Vis spectroscopy was used to unravel the CHsl trapping mechanism on silver zeolites. Detailed
mechanistic schemes relevant to: (i) the nucleation and growth of Agl precipitates in the zeolite cages; (ii)
the catalytic decomposition of CHjsl to different by-products, whose relative distribution seems to be affected
by zeolitic structure, were obtained [34].

4) Conclusion

This study represents a significant improvement in the knowledge of silver zeolites in the context of
severe accident. Overall, sorbents prepared by ionic exchange with silver in faujasite Y (especially with 15-
23 wt% Ag) displayed the highest performances for the retention of CH3l and I,. A commercial Ag/X zeolite
with 35wt% silver had also good properties, but partially-exchanged Ag/X zeolites (with lower Ag content
and higher Na content) are less suitable and also more sensitive to humidity (too low Si/Al ratio). Silver
zeolites with small pores, such as ferrierite (FER), promote reversible adsorption and are not recommended.
By contrast, other kinds of zeolitic structures with medium to large pores (mordenite, MFI)) behave rather
well. Overall, increase of the silver content in silver-exchanged zeolites improves both the adsorption
properties and trapping stability. Nevertheless, a silver content about 9-10 wt% may be enough due to the
high cost of silver. The behaviour of the studied faujasite silver zeolites under extrapolated severe accident
conditions was found to be interesting, meeting the mitigation target, even if the effect of some potential
inhibitors remains to be determined on a wider range of conditions.

3.7 Experimental Studies of “Combined” Filtration Systems

In AREVA’s FCVS standard a Venturi scrubber section is combined with a metal fiber filter (MFF) stage.
A combination of processes with complementing characteristics results in a robust design with constant high
retention efficiencies for aerosols and inorganic volatile iodine over the integral venting operating range.

For an enhanced organic iodine retention in the FCVS AREVA has looked into different possibilities.
Enhancement of the scrubber solution showed little potential to reach high organic iodine retention
efficiencies (at least for decontamination factors DF > 10) in the performed laboratory screening tests.
Consequently, in order to ensure high retention rates and minimize significantly the organic iodine release to
the environment throughout the whole venting cycle, additional filtration methods such as dry filtration with
a sorbent stage and passive superheating device were investigated.

As sorbent a zeolite structure impregnated with AgNO; was chosen. Next to high efficiency with cost
optimized silver content its hydrophobic characteristic, high chemical, thermal, mechanical stability and
radiation resistance are favorable for the FCVS process.

Large scale organic iodine retention tests were conducted at the JAVA PLUS test facility to measure the
retention efficiency of the complete process section consisting of Venturi Nozzle (VN) section, MFF section,
throttling orifice and additional sorbent stage.

During the large-scale tests the organic iodine retention performance (CHsl) was measured covering the
complete venting cycle. Next to system inlet pressure from 1.5 to 8 bar abs the temperature, superheating,
steam content, flow velocity and pressure in the sorbent section were varied. In addition transients such as
start-up of the venting system and boundary conditions were investigated.

The main parameters found influencing the retention efficiency are superheating (dew point distance) and
residence time in the sorbent bed. Based on the found relationships, the dimensions of the sorbent stage can
be adjusted by empirical correlations to meet the requirement of different authorities or customer request
regarding the DF for organic iodine. Thereby the qualification ensures reliable and verified performance
values by excluding relevant scaling errors from lab scale to industrial application. In addition the passive
superheating by isenthalpic throttling was verified.
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Based on the results at the JAVA PLUS test facility, there are 2 possibilities for the implementation of the
FCVS PLUS (presented in Figure 17):
» Combined vessel with the 3 filtration stages included;
» Split version: separate vessels for the different stages (for example for retrofitting or space issues).

L Stack

2z G2

Rupture
diaphragm

MFF vessels

Sorbents Stage Droplet separation and micro-
ro

Containment
isolation valve

|
~——— Venturi scrubber section !
~/ Scrubber vessels 8

Design for sub-
merged operation

Figure 17: Schema of an AREVA FCVS PLUS with integrated sorbent section (left) and as split
vessel design (right)

The final design of the FCVS PLUS is optimized regarding:
« Minimization of heat losses between the orifice and MSS;
* Minimization of pressure drop over the MSS;
» Optimized flow and temperature distribution in the sorbent (even residence time over the flow cross
section);
+ Optimized design of the molecular sieve section (inlet section, outlet section, flow distribution,
arrangement in an integral vessel as well as separate vessel).

The performed lab scale tests covering harsh environmental conditions complete the qualification of used
sorbent material for severe accident conditions. The sorbent material is qualified concerning stability at
stand-by (cold and hot) and at operating conditions against pressure, humidity, gas composition, etc. as well
as thermal and radiation resistance.

The corresponding results, summarized in this report are detailed in a specific PASSAM report [35].

In summary, under all operating conditions, the CHsl-retention in JAVA PLUS tests was in the expected
range of approximately 98 % (DF 50) or in most cases far above for the used sorbent section dimensions.
The collected values were used for the elaboration of the methodology to design the molecular sieve section.
In addition the adsorption filtration section also improves the retention of inorganic volatile iodine as such
species are also bound with high efficiency on the used adsorbent.

3.8 Experimental data analysis and development of models and correlations

Finally, one of the last - but of primary importance - step in the PASSAM project consisted of an in-depth
common analysis of the experimental results in order to better understand the studied phenomena and, when
applicable, to draw simple models and correlations which, should be later implemented in severe accident
codes such as ASTEC [3] or in more specialized codes, in particular those related to pool scrubbing. The
objective was to improve these codes in the domains for which gaps of knowledge had been identified
through the PASSAM state of the art report [4] and so to enhance their capabilities of modelling Severe
Accident Management scenarios and developing improved guidelines.

Some major outputs from this analysis and interpretation work have been shortly mentioned in the
previous sections together with the corresponding experimental results. They are detailed in [36] and not
reproduced in this section of the present synthesis report. Nevertheless the following conclusive section of
this synthesis report takes widely into account the outcomes of this interpretation work.
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4 CONCLUSIONS

PASSAM experimental studies were performed for improving mitigation systems (FCVS) in case of
severe accident on a nuclear power plant. The experimental studies were performed both for existing systems
(i.e., water scrubbing (PSI, CIEMAT, RSE, AREVA, IRSN) and sand bed filters plus metallic pre-filters
(IRSN)) and for innovative ones (i.e., acoustic agglomerators (CSIC), high pressure sprays (RSE),
electrostatic precipitators (VTT), advanced zeolites (University Lorraine) and combined wet-dry filtration
systems (AREVA)). The data analysis and the derivation of correlations allowed to improve existing models
and especially to identify the key variables of phenomena that should be taken into account for model
upgrade and future developments.

In particular, current pool scrubbing code modelling implicitly assumes low injection rates and hence only
two-phase gas-liquid interactions are considered. Complementary studies by PSI, RSE and CIEMAT in the
jet injection regime show that a three phase liquid-gas-droplet model is required for accurate estimates of the
aerosol removal in this zone.

PSI work on the two-phase flow characteristics during SGTR accidents when the secondary side is
flooded has shown the highly dynamic behaviour of the flow under high gas injection velocity resulting in
churn-turbulent flow regime. The flow characteristics differ considerably from the description of the
hydrodynamics in the existing pool scrubbing codes with much larger gas bubbles and higher gas velocities
being found under the SGTR conditions. In particular, the detailed bubble size, shape, interfacial area and
velocity data will allow more credible estimates of the multiphase phenomena than corresponding models in
low injection regimes. In addition, the confining effect of submerged structures was shown by comparing the
distribution of flow using a tube bundle with a bare pool with a single injection tube.

RSE data both on bubble hydrodynamics and aerosol retention has confirmed how in the jet zone (in the
injection zone for a bare pool), a three phase liquid-gas-droplet model is required while in the rise zone
taking into account two-phase gas-liquid interactions is enough to estimate the retention. The rising velocity
of bubble swarms was confirmed as a key parameter that could be upgraded. Tests with different liquid
compositions showed that the lower surface tension of the sea water and the water with surfactant resulted in
smaller bubble size, and consequently, lower gas rise velocity than in the pure water. This resulted in higher
aerosol retention in the sea water and the water with surfactant than in the pure water.

CIEMAT “jet scrubbing” database has resulted to be too scarce for supporting any reliable model, either
mechanistic or empirical. Nonetheless, the work done has shown that a good approximation through an
empirical approach might be achieved by proposing expressions based on a reduced number of non-
dimensional magnitudes. The proposed correlation is far from being mature, but its provisional
implementation in system codes might allow getting “acceptable” results in the time intervals of accidental
sequences in which jet injection prevails.

The potential of pool scrubbers for the retention of gaseous iodine, including in the middle and long term,
was evaluated by experiments performed by AREVA and IRSN.

AREVA Laboratory screening tests regarding organic iodine retention of pool scrubbing systems were
performed on the influence of scrubbing liquid composition, of mixing elements and of temperature at the
VESPER34 test facility at AREVA GmbH in Erlangen. These qualitative tests showed the retention potential
of the pool system and no model/correlation for code development was investigated. AREVA’s conclusion is
that alternative filtration methods (e.g. dry filtration) are necessary to reach sufficiently high CHsl retention.

Tests performed in IRSN EPICUR facility were about the effect of the irradiation on volatility of iodine
dissolved in an alkaline solution: gas flow rate, temperature and pH are key parameters that influence iodine
volatility. In particular, it was confirmed that keeping an alkaline pH in the scrubber solution was absolutely
necessary in order to avoid large delayed iodine release. Furthermore, even with alkaline pH, the
performance of pool-scrubber type FCVS might be limited by possible HOI volatilization phenomenon. So,
in order to avoid an under-estimation of the source term in case of alkaline pH, it is proposed to implement
the models developed for HOI transfer and instantaneous conversion into molecular iodine (I,) in the gaseous
phase in ASTEC V2.1.
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For sand bed filters, tests in the IRSN EPICUR facility were performed in order to check the stability of
caesium iodide (Csl) aerosols trapped on a sand bed filter. Csl aerosols are not stable under temperature (100
to 120 °C) and irradiation and a significant release of 1, was observed. About half of the inventory is released
during 24h as an inorganic gaseous species. A model of Csl radiolytic decomposition was set up and a
kinetics equation was optimized. Its order of magnitude is in good agreement with previous optimizations
performed in the framework of the OECD-STEM project. No gaseous iodine was released under irradiation
from Csl decomposition on a metallic filter. It is believed that gaseous iodine might have been formed by Csl
decomposition and then quickly trapped by the metallic filter.

About innovative systems, an experimental system was developed by CSIC and tested in collaboration
with CIEMAT using the PECA vessel facility for the acoustic agglomeration at 21 kHz of SiO, and TiO,
particles of 0.3, 1, and 2.5 pum. Results confirmed that agglomeration increases with particle number
concentration and size dispersion and is proportional to acoustic intensity and treatment time. For treatment
times of about 80 seconds and particle number concentrations in the range of 10*-10° #/cm® the smaller
particles (0.3 um) experience a reduction of over 90 % with an acoustic intensity of about 155 dB. A
numerical model, based on the fundamental interaction effects between acoustic waves and aerosol particles,
was developed in MATLAB code and experimentally validated. Based on the model, the acoustic power
required in case of a severe accident could be established (e.g. with aerosols of 0.5 um, concentration of 0.1
g/m® and flow rate of 5 kg/s, about 240 kW are required for a particle number reduction of 90%).

Another innovative system was tested by RSE. It is based on high pressure sprays that can remove at least
99.9 % of suspended 1.5 pm particles in a time of the order of a minute with a single-hole spray nozzle
operating at 130 bar. Removal rate depends on spray pressure. The phenomenon on which the aerosol
retention is based consists of interaction between droplets generated by sprays and fine particles. Models on
droplet-droplet interaction and droplet-aerosol particle interaction were tested: key parameters are droplet
and aerosol sizes. The spray removal can be described by a single droplet capture efficiency. The mechanical
phenomena involved in the capture are the inertial impaction, interception and Brownian diffusion. The
comparison between the model and the experimental data confirms that for aerosol particles smaller than
3 um, the mechanical phenomenon of interaction between particles and droplets is mainly due to interception
and Brownian diffusion, even for small droplets (25-35 pm) and even if, in the model, the inertial impaction
for these small droplets is not negligible.

The experimental work carried out at VTT has been devoted to the trapping of iodine species (I,, CHsl) in
a wet electrostatic precipitator filtration system (WESP). Indeed VTT developed a technique consisting of, in
a first step, oxidising gaseous iodine into iodine oxide particles by ozone before entering the WESP. The
trends, observed between the specific WESP parameters and the filtration efficiency of gaseous iodine, are
valid specifically for the studied range of parameters and for the applied geometry of WESP together with
the ozone feed. Evolution of the iodine filtration efficiency according to the number of active corona needles,
strength of electrical field, gas flow rate, use of droplets spraying and flushing walls with sodium hydroxide
solution, nature and concentration of gaseous iodine and volume fraction of steam in the carrier gas was
established. Key phenomena which will have to be taken into account in scaling-up of the facility to real
condition were determined.

UniLor and IRSN have performed experimental studies to evaluate the capacity of zeolites to trap
molecular iodine and organic iodides in severe accident conditions. Zeolite structure and composition,
influence of carrier gas (steam, gas pollutants) and irradiation effects were studied. This study represents a
significant improvement in the knowledge of silver zeolites in the context of severe accident. Faujasite Ag/Y,
and Ag/X sorbents with more than 15 wt% silver, displayed the highest ability for iodine trapping: both
molecular and organic iodine could be trapped with high efficiency and the trapping was irreversible, even
under irradiation. It was concluded that the trapping stability depends on the availability of silver sites to
promote silver iodide formation. Overall, increase of the silver content in silver-exchanged zeolites improves
both the adsorption properties and trapping stability. Nevertheless, a silver content about 9-10 wt% may be
enough for severe accident application. Finally, the good behaviour of silver zeolites was checked in
conditions close from those anticipated in a severe accident. The only point which should be further studied
is the effect of some potential inhibitors in a wider range of conditions than those tested during this study.
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The AREVA FCVS PLUS consists of three complementary filtration stages (a high-speed Venturi section,
a Metal fiber filter section and a dry sorbent section of zeolites located downstream of an orifice plate which
allows passive speed and sliding pressure control including superheating). The focus of the PASSAM study
is on the organic iodine retention in the third, newly developed, additional retention stage tested at the large-
scale JAVA facility at the technical centre of AREVA GmbH in Karlstein. The tested full scale process
sections can be seen as representative for the FCVS and an appropriate design methodology based on
empirical correlations had been developed from test results (exact correlations depend on the system used as
the type of sorbent material, the geometry of the filtration stage, the flow conditions, etc.). The most
important parameters for the retention efficiency to consider for this type of system are superheating of the
gas stream and residence time in the sorbent bed.
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