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ABSTRACT

Under severe accident conditions, the containment leak-tightness could be threatened by
energetic phenomena that could yield a release to the environment of nuclear aerosols through
penetrating concrete cracks. As few data are presently available to quantify this aerosol
leakage, a specific action was launched in the framework of the SARNET Project of the
European 6th Framework Programme. In this context, both theoretical and experimental
investigations have been managed to develop a model that can readily be applied within a
code like ASTEC (Accident Source Term Evaluation Code).

Particle diffusion, settling, turbulent deposition, diffusiophoresis and thermophoresis
have been considered as deposition mechanisms inside the crack path. They have been
encapsulated in numerical models set up to reproduce experiments with small tubes and
capillaries and simulate the plug formation.  Then, an original lagrangian approach has been
used to evaluate the crack retention under typical PWR accident conditions, comparing its
predictions with those given by the eulerian approach implemented in the ECART code.

On the experimental side, the paper illustrates an aerosol production and measurement
system developed to validate aerosol deposition models into cracks and the results that can be
obtained: a series of tests were performed with monodispersed fluorescein aerosols injected
into a cracked concrete sample. A key result that should be further explored refers to the high
enhancement of aerosol retention that could be due to steam condensation. Recommendations
concerning future experimentation are also given in the paper.

1 INTRODUCTION

Under severe accident conditions, there is the possibility for gases and aerosol particles
to pass the reactor containment through cracks and/or failed seals even if a catastrophic
containment failure does not occur.  This case, safety analyses presently assume that the
aerosol release rates are identical to the gas leak rates.

However, it is likely that narrow leak paths trap airborne particles significantly, so that
radionuclide releases associated to aerosol leakage will be lower by some orders of magnitude
than the correspondent gaseous leak rates. In this light, a reasonable estimate of this trapping
could lead to less conservative off-site emergency plans.

Since 2003, a number of European R&D organizations, including technical supports of
safety authorities, industry, utilities and universities, have decided to join their capacities of
research in the severe accident area in a durable way, through the opportunity offered by the
European Commission in the frame of a Network of Excellence proposed as a FP6 project
called SARNET (Severe Accident Research and management NETwork), coordinated by the
French Institut de Radioprotection et de Sûreté Nucléaire (IRSN). The main expected end
products of SARNET will be the ASTEC code, PSA guidelines and scientific databases.

The Source Term area of SARNET has been split into: fission product release under
oxidizing environments, iodine volatility in the Reactor Coolant System (RCS), iodine
chemistry in the containment and aerosol behaviour in risk-significant scenarios.

The results here presented have been obtained within the circle on “aerosol transport in
cracks” in the framework of the topic on aerosol behaviour, whose expected outcomes are:
• review of available database and models to soundly settle the main drawbacks of past

research to be applied to the scenarios under study;
• proposals of new theoretical models capable of predicting the aerosol retention in cracks

and easy to be implemented into Source Term Codes like ASTEC;
• design and execution of experimental activities that result in a reliable database on aerosol

transport in cracks against which to validate models.
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2 REFERENCE SOURCE TERM TOOL

The Source Term assessment takes additional importance for future NPPs, as most
European Safety authorities require that severe accidents be considered in the design.

 As known, it is possible to perform level 2 PSA studies and to define the off-site
emergency plans thanks to the contribution of Source Term computer simulation tools related
to severe accidents. Lacking the knowledge about really happened scenarios, the
quantification of transport phenomena can be based only on the results of representative, and
validated, physical computer simulations and experimental small-scale situations.

The computer code ASTEC (Accident Source Term Evaluation Code), in particular, has
been taken as the reference European Severe Accident integral code for these purposes.
ASTEC is designed to describe the behavior of water-cooled nuclear power plants under
severe accident conditions, including Severe Accident Management engineering systems and
procedures. It has been developed by IRSN and GRS since 1996.

3 PRELIMINARY STUDIES AND ASSUMPTIONS

Most of the experimental studies were performed within small leaks and capillaries
having diameter ranging from few microns to few millimeters, with pressure differences up to
several bars [1][2][3][4].  Large scale experiments were managed during the Sixties in the
USA, when the Atomic Energy Commission sponsored the Containment System Experiment
program (CSE) at Battelle Memorial Institute.  With a one-fifth linear scale model of a typical
1000 MWe PWR, a series of aerosol leakage tests gave a decontamination factor 15 for iodine
and 100 for cesium in dry conditions, and almost complete retention in wet conditions [5].

Other large scale experiments were performed in Japan by NUPEC on actual
containment penetrations of a BWR plant using dry CsI aerosol particles: they indicated
decontamination factors between 10 and 1000 [6].

In parallel, a number of theoretical works were performed. The mostly cited worldwide
model to evaluate the duct plugging was developed by Vaughan and Morewitz and is referred
to circular cross section straight and smooth ducts. It simply states that the total mass entering
the duct, before the plug closes it, is proportional to the cube of the duct diameter [7]:

3Dkm ⋅=
Being m in grams and D in centimeters, the constant k was quantified in 30±20 g/cm3

through experimental data fittings over a wide range of duct diameters (20 µm to 26.5 cm)
and pressure differences (0.3 kPa to 0.7 MPa), with a variety of aerosol materials.

4 MODELLING UNDER DEVELOPMENT

4.1 Modelling plug formation

In order to individuate the best solutions for ASTEC, an original model has been
developed at the Greek center “Demokritos” to calculate deposition through cracks, as well as
plug formation. The model is based on the numerical solution of the aerosol transport
equation, considered in one-dimensional form along the flow path. Its eulerian description
permits to incorporate all the relevant deposition mechanisms (including diffusion) through
appropriately defined deposition velocities. Plug formation is accommodated by allowing the
duct diameter to change with time, based on the volume of the deposited mass.

To simplify the description, it is assumed that aerosol transport is considered quasi-
stationary and that the plug formation is uniform over the duct circumference. The first
assumption permits to simplify greatly the calculations because it allows to implement a
simple time-splitting numerical approach as follows: in the current time step aerosol transport
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is calculated under steady-state conditions, then, the duct diameter is updated according to the
amount of the deposited mass, and then, the new aerosol transport step is calculated on the
basis of the updated diameter. The assumption of splitting the whole process into two
stationary steps can be justified considering that the time scale of plug formation is generally
much greater than the transit time of the flow. On the other hand, the second assumption
permits to calculate plug formation on the basis of a simple volumetric analysis of the
deposited mass. Clearly, the second assumption is justifiable for isotropic deposition
mechanisms like diffusion or eddy impaction, but is a strong approximation for directional
deposition mechanisms such as, for instance, gravitational settling.

In the aerosol calculations, the deposition velocity is determined by considering inertial
impaction, Brownian diffusion and gravitational settling. In case of turbulent flow, the
mechanisms of turbulent diffusion and eddy impaction are also included. The deposition
velocity due to inertial impaction at the inlet is determined on the basis of the centrifugal
force acting on an aerosol particle. The latter is inferred with the help of a simplified analysis
of the curvilinear motion at the entrance of the crack. The deposition velocities for the other
mechanisms are calculated with the help of standard expressions [8].

In order to assess the validity of the model, satisfying comparisons were made with the
analytical results of Williams [9] (Fig. 1). At later times there is some discrepancy between
the current numerical solution and the theoretical solution of Williams because of the
approximations and assumptions made to obtain the analytical solution. This is clearly seen in
Fig. 1B, where the leak mass is shown. At the beginning of the transient, the agreement
between the two solutions is very good. Instead, later in the transient, the approximate
analytical solution exhibits an unphysical behavior, namely, a decrease of  the leak mass with
time. The numerical solution correctly predicts an ever increasing leaked mass, reaching
ultimately a plateau (when plugging occurs). The above comparisons provide the required
evidence for proper operation of the developed model. Also, they indicate that the model
provides improved predictions (physically consistent) when compared with the approximate
solution of Williams in terms of the  mass that passes before plugging.

Besides comparisons with theory, comparisons with experimental results have been also
made, taking into account the early measurements of Nelson & Johnson [1] and the recent
IRSN experimental results described in the followings.
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Figure 1 – Comparison between the eulerian numerical model and the approximate analytical solution
of  Williams [9]:  A) plug profile at different times (x=axial coordinate, r=radial coordinate, L=tube
length, R=tube radius); B) mass of gas that leaks through the crack as function of time.
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Fig. 2 shows a comparison with the tests of Nelson & Johnson [1] in terms of retained
mass and leak gas volume, as a function of the aerosol concentration in the containment. As
can be seen, the comparison is favorable, especially in terms of leak flow, which is the most
significant parameter in determining the source term. Instead, in terms of plug mass, the
comparison is less favorable because the model underestimates the retained mass by about
50%.  In all cases, good agreement is observed with the simulation results of Williams.

Fig. 3 shows the comparison with the IRSN measurements. As can be seen, good
agreement is obtained for gas velocities up to 0.4 m/s. Also, the model provides more accurate
predictions than available global correlations on aerosol retention, as employed by IRSN. At
higher velocities the flow regime is experimentally seen to become transitional-to-turbulent.
The predicted deposited fraction is underestimated in that regime. However, by “turning on”
the deposition mechanism due to turbulent eddy impaction improved predictions are obtained.
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Figure 2 – Comparison between the eulerian numerical model, the experimental results of Nelson &
Johnson [1], and the predictions of Williams [9]:  A) mass of the aerosol retained in the tube (plug mass)
as function of the aerosol concentration upstream; B) mass of the gas that leaks through the crack as
function of the aerosol concentration upstream.

Figure 3 – Comparison between the
eulerian numerical model of Demokritos
and the experimental results of IRSN for
aerosol particles of 1 µm. The predictions
from simple global correlations used by
IRSN are also shown.
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4.2 Calculation tests on severe accident conditions

The model developed by CESI researchers is based on an one-dimensional lagrangian
steady state approach. This model has been thought with the objective to obtain a fast-running
routine usable inside a typical Source Term computer code.

The model is based on two main hypotheses: quasi-steady state boundary conditions
and the well-mixed aerosols. The basic idea is to follow the particles in their travel inside the
crack and, on the basis of the removal mechanisms, to evaluate how many of them deposit
inside the crack during their travel. This way, it is possible to define a decontamination factor
for every axial section into which the crack is discretized.

In practice, a deposition velocity v is calculated for each section accounting the
contribution of all typical removal mechanisms (diffusion, settling, turbulent deposition,
diffusiophoresis and thermophoresis), employing the same correlations and physical
parameters of the aerosol models used by the hosting Source Term code.

During a fixed time interval ∆t, only the particles close to the lateral surface of the crack
are removed. How much close depends on the deposition velocity: in fact, assuming a
deposition velocity v for the particles, during ∆t, they travel a distance v∆t; so in the same ∆t,
only the particles close to the lateral surface less than v∆t are removed.

Therefore, thanks to the well-mixed assumption, it is possible to define the fraction of
removed particles as the ratio of the number of particles in the annular crown v∆t-thick to the
number of particles in the whole section. Hence, the ratio of this fraction to the axial distance
travelled during the time interval ∆t represents the fraction of particles which are removed per
unit distance.

Preliminary tests of the CESI’s lagrangian approach have been performed on a simple
case study, representative of severe accident scenarios in a typical 1000 MWe PWR [10]: the
aim was to verify the capability of the model in calculating the aerosol retention in dry
conditions within a defined concrete crack, both in case of fine and large airborne particles. In
order to permit comparative simulations, the lagrangian model was implemented in a
computer program named LAERT (Lagrangian Evaluation of Radionuclides Transport), while
the eulerian Source Term code ECART was used as validated reference tool [11].

In spite of a different crack nodalization, the two models presented similar results in the
first part of the sample crack, whilst differences were in the last part of the crack, mainly due
to the different numerical treatment of the aerosol mass (Fig. 4).
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Figure 4 – Comparison between the lagrangian (LAERT) and ECART decontamination factor values
calculated for a reference PWR accident scenario [10] at different positions along a sample crack.
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The results also indicated that, as regards the problem of aerosol transport through
concrete cracks, the lagrangian approach implies quite short computer time, even if thousands
discretization steps are used. High numerical stability is also a characteristic of this method:
to conserve the aerosol mass in each volume of the nodalization, in fact, the eulerian approach
performs numerical integration cycles, which eventually introduce numerical errors in the
calculations when the aerosol mass is very small. The lagrangian model, as it follows a fixed
mass quantity, is not affected by such errors.

At the present, however, the deposition velocities are based on the well-mixed
assumptions: it has been noticed that their formulation is not strictly verified in case of large
particles moving inside the crack, because of centrifugation in curved paths. A possible
solution to this problem could be the correction of the deposition laws through empirical
coefficients, which could be adjusted on the basis of the experimental results.

5 DEFINING NEW AD-HOC EXPERIMENTS

The minimum set of parameters influencing the aerosol retention must be identified
accounting the available information in case of a postulated accident: otherwise, a pretty
sound model could be developed, but it would depend upon variables never available or
available with so large uncertainties that the final result would not be reliable. An example of
these parameters is the particles chemical composition: it is fundamental for predicting their
density and hygroscopicity, but it appears quite hard a precise estimate of it. Therefore, the set
of parameters has to be restricted to those surely available in safety analyses (Tab. 1).

Table 1 - Main parameters influencing the aerosol retention inside containment
cracks, accounting a severe accident in a typical European 1000 MWe PWR.

Crack path ≥ wall thickness (1.4 m)
Crack cross section and shape << 2-3 cm2  -  flat, in the case of long term

scenario
Containment internal pressure 5 – 10 bar
Crack surface temperature close to room temperature as crack opens, then

approaching gas temperature
Atmosphere composition depending on accident scenario and evolution
Aerosol size distribution 1 – 5 µm

As the aerosol retention involves the thermo-hydraulic behavior of the containment and
of the crack, as well as the geometric characteristics of the crack and the aerosol features, the
minimum set of parameters can be identified within these groups:

1. thermo-hydraulics: within this group, the most important parameters are the
pressure inside the containment, the gas composition, the pressure drop and the wall
temperature along the crack, as a key factor conditioning the aerosol retention is
steam condensation onto internal surfaces of the crack;

2. crack geometry:  the parameters to be considered are mainly the crack path and its
hydraulic diameter; information upon the crack section shape (likely flat) and
curvature are also very important;

3. aerosol features:  aerosol in-containment average composition, concentration and
size distribution are the reference parameters in Source Term analyses, whilst
others, regarding aerosol morphology, can be only taken with large uncertainties.
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As all the parameters depend on the accident evolution, at least two boundary scenarios
should be investigated: the first could be called “short term scenario”, in which energetic
phenomena, such as an hydrogen deflagration and/or a steam explosion might be responsible
of the early containment failure. In this case, the in-containment aerosol concentration could
reach high values and size distribution would be shifted toward particles of the order of some
microns. In the second scenario, called “long term”, the containment overpressurization
would be caused by steam and gas released from the molten core-concrete interaction: in this
case, the aerosol concentration would be lower and the size distribution would be of the order
of the micron or lower.  From a safety point of view, the maximum interest should be placed
on particles around 0.1 µm, since they would undergo the lowest retention.

6 AVAILABLE EXPERIMENTAL FACILITIES

At the present, two facilities are available in European Union for experiments on
aerosol retention within concrete cracks.

The first experimental apparatus, named COLIMA, regards more general aspects of
fission product behaviour and is managed by CEA at the center of Cadarache (Fig. 5).

Figure 5 – Layout of COLIMA facility.

COLIMA was already used to
study the mechanisms, the kinetics and
the nature of the fission products release
in the late phase in a hypothesized case
of severe accident in a PWR.

One of the main outcome was the
experimental characterization of the
aerosols produced during this late
phase. Several measurement techniques
were used (i.e., thermal gradient tube,
impactors, filters, etc.), that allowed to
estimate variables of importance, like
the particle size. Nonetheless, some
hypotheses were necessary to be taken
on density and shape factors. Some
characteristics make COLIMA facility
suitable to be taken into account for
studies on aerosol transport in cracks:

• generation of prototypical MCCI
aerosols;

• design pressure of 5 bar;
• maximum temperature of 140 ºC;
• production of steam.

The second interesting facility is set up at IRSN Saclay (Fig. 6). This facility permits
controlled aerosol production and measures: the part regarding the cracked wall consists in a
reinforced concrete sample 128 cm × 75 cm × 10 cm. This wall has been tested and subjected
to shear stresses of alternate directions going up to 645 kN. An equivalent single crack width
of the cracks network has been determined on the basis of fluid-dynamic calculations
accounting the pressure difference and the mass flow rate.

The cracked panel is coupled with two identical boxes sealed on both side of the wall,
so that it is possible to apply a constant pressure difference and evaluate the aerosol retention:
aerosol particles are injected into the upstream box, and measures of the mass concentrations



053.9

Proceedings of the International Conference “Nuclear Energy for New Europe 2005”

upstream and downstream from the cracks are taken collecting aerosol on a filter and
measuring it with a fluorimeter.

Fluorescein particles are used to take into account the weak concentration downstream
and to obtain the best sensitivity measurements. The first tests with this facility have been
performed with three monodispersed aerosols (50 nm, 1 µm and 4 µm).

Figure 6 – IRSN
experimental facility for
aerosol retention
measurement in concrete
cracks.
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Fig. 7 – The cracks network
reproduced in IRSN test.

IRSN tests have been carried out with a maximum pressure drop of about 80 mbar and
their results were presented in terms of the aerosol fraction retained as a function of flow rate
for each particle size studied.

The results for the 1 µm aerosol diameter have shown a partial retention mainly driven
by diffusion, sedimentation and impaction (at the crack inlet). However, as the aerosol size is
increased to 4 micron, the tests showed a total retention of particles for all the velocites
studied.

Experiments with air-steam mixture are foreseen to study the mixture behavior into
cracks and experiments could be envisaged to study the aerosol behavior in wet conditions.
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7 FUTURE WORK

In the light of the existing knowledge about aerosol retention in containment cracks and the
need to support the validation of the computer models for ASTEC, the future experimental
work should be addressed to:

1. Separate Effect Tests (SETs), that would provide a detailed characterization of the
scenarios and the involved phenomena and would heavily contribute to model
development and to individual validation of depletion mechanisms;

2. Integral Tests (ITs), that would be focused on measuring overall process variables,
like the mass retained, and would provide a database for checking the overall
model performance.

Investigation about the influence of boundary conditions should regard particularly the
path hydraulic diameter and curvature, fluid composition and pressure drop, wall temperature,
and aerosol size, obviously as close as feasible to actual scenarios. Concerning particle size,
great emphasis should be placed on submicron particles around 0.1 µm, as their retention
would provide a lower bound of retention.
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