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Abstract An event in November 2007 in Ascó-1 nuclear power plant (NPP) in Spain, orig-
inated the release of a significant amount of active metallic particles through the discharge 
stack. Particles were dispersed and deposited in roofs and neighbouring areas within the 
NPP controlled area. However, the event was not detected until March 2008. More than 
1,300 active points with radioactive particles were found, 94 % located inside the double 
fenced controlled area and 6 % within the exclusion area; 5 particles were found out of the 
exclusion area. To provide additional insights on the potential consequences of the release, 
a computational fluid dynamics (CFD) code, ANSYS-CFX-11, has been used to investigate 
the near-range atmospheric dispersion and deposition of the particles. The purpose of the 
analysis was to assess the distance travelled by particles of different sizes. A very detailed 
model of the site was built, taking into account the buildings and the terrain features includ-
ing the river valley and the surrounding hills. The modelled domain was 3.2 × 5.2 km, with 
the atmospheric layer up to 4 km height. The atmospheric conditions recorded during the 
different periods of time between November 2007 and January 2008 were classified into 37 
representative categories. In general, the distribution of the particles found was adequately 
reproduced by the numerical model. Particles larger than 100 μm could not travel beyond 
the double fence. Particles between 50 and 100 μm could have been deposited mainly 
within the exclusion area, with a small probability of travelling farther. Smaller particles 
could have travelled beyond, but also should have been deposited in the nearby area, while 
the majority of particles found are larger, thus indicating that the size of the released 
particles should be
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assess the distance travelled by particles of different sizes (and activities) and the probability
that they have been deposited at a given location. CFD is recognized to be a well-established
technique for simulating the near-field dispersion of pollutants in environmental applications
[4]. The release investigated in the present work features also a component of dispersion
around the NPP buildings, which adds an additional difficulty given the turbulent structures
involved. However many studies are reported in the literature for pollutant dispersion in an
actual urban environment, based on Reynolds averaged Navier–Stokes (RANS) turbulence
models [5–11] with reasonable qualitative results.

2 Materials and methods

2.1 Numerical methods

The CFD simulations are based on the resolution of the Navier-Stokes equations in their
steady-state conservation form. The numerical model resolves the three velocity components
and mass conservation equations linked via a pressure-velocity coupling algorithm. The
thermal energy equation for the temperature field resolution is resolved as well. The flow
turbulence is modelled with two-equation eddy viscosity k-ε model.

The transport equations are the general form of conservation law for the airflow variable
φ in steady-state:

div
(
ρ �V �

)
= div [��grad(�)] + S� (1)

where ρ is density, � φ and S φ are the diffusivity and the source term, respectively. �V is
the velocity of the air flow expressed in terms of the components u, v, w along the x, y, z
coordinates. The airflow variables φ are the velocity components u, v, w, enthalpy h, turbulent
kinetic energy k, and dissipation rate of kinetic energy ε. The continuity equation derived
from the general N-S equation reads:

∇ ·
(
ρ �V

)
= 0 (2)

And the momentum conservation equations (in x, y, z directions) read:

∇ ·
(
ρ �V ⊗ �V

)
= −∇ p + ∇ · τ + SM (3)

where τ is the stress tensor.
Buoyancy is included in the simulation, as this force is important especially near the

cooling towers, where vapour exits the tower outlets at 40◦C. A source term is therefore
included in the momentum equation as follows:

SM,buoyancy = (
ρ − ρre f

)
g (4)

where ρ is the fluid local density and ρref is a reference density.
Turbulence aids promoting the diffusion rate of the released particles. In all cases turbu-

lence was modelled via the k-epsilon model with scalable wall functions [3].



The values of k and ε come directly from the differential transport equations (in steady-
state) for the turbulence kinetic energy and turbulence dissipation rate respectively [3]:
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where Cε 1, Cε 2, σk and σε are constants of the model [3]. Pkb and Pε b represent the influence
of the body forces, and Pk is the turbulent production due to viscous forces. μt is the turbulent
viscosity, calculated as [3]:

μt = Cμρ
k2

ε
(7)

The scalable wall function used [3] limits the y* value used in the standard logarithmic
formulation by a lower value of ŷ* = max (y*, 11.06), where 11.06 is the value of y* at
the intersection between the logarithmic and the linear near wall profile. The computed ŷ*
is therefore not allowed to fall below this limit. Therefore, all mesh points are outside the
viscous sublayer and all fine mesh inconsistencies are avoided.

The particles trajectories are dominated mainly by fluid flow drag and by gravity (buoyant)
forces. The particle transport model implemented in ANSYS-CFX-11 was used [3], where
particulates are tracked through the flow in a Lagrangian way.

The total flow of the particle phase is modelled by tracking representative particles through
the continuum fluid. The tracking is carried out by forming a set of ordinary differential
equations in time for each particle, consisting of equations for position and velocity. These
equations are then integrated in order to calculate the behaviour of the particles as they traverse
the flow domain. Therefore, the application of Lagrangian tracking involves the integration
of particle paths through the discretized domain. Individual particles are tracked from their
release point until they escape the calculation domain. Particles therefore travel through the
domain, being time-integrated in a Lagrangian framework, where fluid and gravity forces
interact with them defining their paths.

The particle displacement is calculated using forward Euler integration of the particle
velocity over timestep, 	t. The calculation is based therefore on Eq. (8), which yields Eq.
(9) when discretized:

(
dx p/dt

) = v p (8)

xn
p = x0

p + v0
pi	t (9)

where the superscripts o and n refer to old and new values respectively, and vpi is the initial
particle velocity (the velocity of the particle at the beginning of each integration step, where
10 integration steps are calculated for each mesh element the particle travels through). In
forward integration, the particle velocity calculated at the start of the timestep is assumed to
prevail over the entire step. At the end of the timestep, the new particle velocity is calculated
using the analytical solution to Eq. (10):

m p
dvp

dt
= Fp (10)

The forces acting on the particle which affect the particle acceleration are mainly due to the
difference in velocity between the particle and fluid, as well as to gravity. The equation of
motion for such a particle is:



m p
dvp

dt
= FD + FB (11)

The aerodynamic drag force FD over a particle is proportional to the slip velocity (vf-vp)
between the particle and the fluid velocity:

FD = 1

2
CDρ f A f |v f − vp|(v f − vp) (12)

where CD is the drag coefficient and Af is the effective particle cross section. The drag
coefficient CD is introduced to account for experimental results on the viscous drag of a solid
sphere. The coefficient is calculated according to the Schiller–Naumann correlation.

The buoyancy force FB is the force on a particle immersed in a fluid. The buoyant force
is equal to the weight of the displaced fluid and is given by [12]:

FB = (
m p − m f

)
g = m p

(
1 − ρ f

ρp
g (13)

where g is the gravity vector.
The CFD solver used for the simulations was the commercial CFD code ANSYS CFX 

(ANSYS Inc., 2006). The Navier-Stokes conservation equations described above are dis-
cretized using an element-based finite volume method [13]. The discretization is fully con-
servative and time-implicit. The conservation equations are integrated over each control 
volume, where volume integrals are converted to surface integrals using Gauss’ divergence 
theorem. The advection scheme used to evaluate the variables is extremely important for 
the solution accuracy. A bounded high-resolution scheme is used as described by Barth and 
Jesperson [14]. The high-resolution scheme uses a blend factor between 0 (upwind) and 1 
(second order) that varies throughout the domain based on the local solution field. The local 
blend factor is set by the solver as high as possible but enforcing a boundedness criterion 
(thus preventing overshoots and undershoots and maintaining robustness) in order to provide 
accurate results without diminishing the convergence of the solver [3].  The mass flows must  
be discretized in a careful manner to avoid pressure-velocity decoupling. This is performed 
by generalizing the interpolation scheme proposed by Rhie and Chow [15]. The solver solu-
tion strategy is based on a coupled solver, which solves the hydrodynamic equations (for u, 
v, w, p) as a single system. The linear system of equations is solved using a coupled algebraic 
multigrid technique [16].

The mesh contains 3.8 million tetrahedral elements (0.75 million nodes), with appropriate 
mesh refinement near the locations of interest where particles are expected to travel. Mesh 
refinement was performed also at the walls in order to better capture the boundary layer, by 
generating a set of prism layers.

2.2 Modelling approach and boundary conditions

The modelled fluid flow presents two well differenced phases: a continuous phase of air mixed 
with steam and a dispersed phase, constituted by solid particles. Consideration of steam was 
necessary due to the presence of the forced and natural flow cooling towers. Turbulent phe-
nomena in the air flow have been included in the simulation by means of the well-established 
k-ε model. Therefore, the flow characterization is performed by solving the three equations of 
momentum for gases in x, y and z; the continuity or mass conservation equation; the energy 
conservation equation; the two equations of the turbulence model (turbulent kinetic energy 
and turbulent eddy dissipation); and the transport equations for the steam mass fraction. The





considering the results as qualitative, the simulation provided useful and representative results
consistent with the experimental measurements.

2. Analysis of the meteorological data recorded at the site between November 29th 2007
and January 31st 2008. The data is recorded at 10, 24.5 and 60 m above ground at 15 min
intervals. The analysis of these data has led to classify the different atmospheric conditions in
a total of 37 categories as reasonably representative of the local meteorology during the period
under study. The classification of the 37 categories was based on the wind statistics registered
(Annex A). Wind conditions with very low percentage of occurrence were discarded, and
groups of atmospheric conditions were made discretizing the wind direction every 5◦. Based
on the percentage of occurrence of each atmospheric condition, the 37 most representative
conditions were selected.

There was a compromise between the need for realistic calculations and the computa-
tional resources needed for each simulation. In practical terms, the combination of these
37 categories, with adjusted frequencies, allowed to reasonably represent the atmospheric
conditions in the following periods: 29/Nov/2007; from 29/Nov/2007 to 31/Dec/2007; from
29/Nov/2007 to 31/Jan/2008 (1 day, 1 and 2 months from the change in the ventilation system
to a non-filtered mode). Wind statistics are shown in Annex A for the period 29/Nov/2007 to
31/Dec/2007. The resulting data was used as Boundary Conditions in the simulation, where
the 37 categories are listed in Table 1. All the 37 categories were simulated in the CFD
software, so that 37 simulations, each of them with the corresponding category of inlet wind
boundary condition, were carried out. In the post-processing stage the frequency of each
category was accounted for, in order to generate a representative time-averaged result. The
definition of the 37 categories allowed for a representation of 95.9 % of the total atmospheric
conditions registered for this period.

The velocity profile at the inlet boundary condition was defined according to the well-
established equation [17]:

Uz = U10

( z

10

)n p
(14)

where Uz is the air velocity depending on the height z, U10 is the air velocity at 10 m 
height (measured) and np is an exponent depending on the atmospheric stability [17,18]
(also measured and recorded).

The boundary conditions were located far enough from the release point and potential 
particle dispersion area, so that the flow field is allowed to develop depending on the terrain 
features and buildings, which will also induce local circulations that will be resolved by the 
CFD solver. The complete set of boundary conditions defined in the simulations is listed in 
Table 2.

3. Simulation of the 37 categories, with specific conditions of temperature gradient and 
atmospheric stability, relative humidity, wind speed and direction. The temperature gradient 
defined was the typical for the atmospheric stability, i.e. 0.2 K/m [18] and the most frequent 
temperature was chosen as representative for each category. The wind speed profiles depend-
ing on the height were adjusted by considering a potential law dependent on the atmospheric 
stability [17]. The air flow released from the stack is 37 m3/s, with a temperature of 20 ◦C. 3D 
effects in the air flow around the site were very relevant, due to the irregular terrain features 
and the influence of the cooling towers. Therefore vapour mass flow and outlet temperature of 
both natural and forced cooling towers were considered in the simulation, as the trajectories 
of the particles travelling above them may be influenced by the buoyant flow.

4. Seven classes of particles were tracked in the simulations: 1–25 μm; 25–50 μm; 50–
75 μm; 75–100 μm; 100–150 μm; 150–250 μm; and a global class comprising all the 

diame-



Table 1 List of the 37 categories defined for the inlet wind boundary condition, and the percentage of
occurrence for the time period from 29/Nov/2007 to 31/Dec/2007

Category Wind velocity
(m/s)

Wind direction
(deg with respect
to N)

Atmospheric
stability type
[17,18]

Temperature
(◦C)

Percentage of
occurrence (%)

1 0 180 F 8 19.5

2 0.2 180 F 8

3 0.4 180 F 8

4 1 190 E 8 4.9

5 1 210 E 8

6 1 210 A 8

7 2 190 E 8 6.2

8 2 210 E 8

9 1 170 E 12 10.3

10 1 170 E 4

11 1 150 E 8

12 2 170 E 12 9.5

13 2 150 E 12

14 3 150 E 12 4.7

15 4.5 127 E 12 2.5

16 6 127 A 12 3.2

17 7.5 127 A 12 2.9

18 9 127 A 12 3

19 1 127 E 12 3.5

20 3 127 E 12 3.5

21 4.5 140 E 8 3.7

22 6 140 E 8 0.6

23 7.5 140 E 8 0.1

24 9 140 D 8 0.3

25 1.5 230 E 10 1

26 3.5 300 E 12 0.5

27 5 295 E 12 1.1

28 6.5 290 E 12 2

29 1.5 350 E 10 1.1

30 2.5 340 E 10 1.2

31 1.5 360 E 5 0.7

32 3.5 190 E 12 2.8

33 10.5 112 E 12 2.6

34 12 112 E 12 2.6

35 4.5 340 E 12 1

36 6 340 E 12 0.2

37 1 310 E 12 0.7

95.9



Table 2 Boundary conditions used in the simulations

Domain boundary Condition defined in the simulations

Wind inlet Wind velocity profile and direction (according to
Table 1 and Eq. 14)

Temperature profile and relative humidity according
to meteorological data recorded

Side atmospheric openings Defined as inlet or outlet depending on particular
wind direction

Wind outlet Atmospheric pressure (far field)

Domain top (4000 m above sea level) Free slip (no friction) wall

Terrain (5200 × 3200 m, real orography with
elevation 40-160 m above sea level)

No slip wall, adiabatic

River No slip wall, adiabatic

NPP buildings No slip wall, adiabatic

Refrigeration tower (natural convection) 16584 m3/s air with 100% relative humidity, at
4.04◦C above surrounding air temperature

Refrigeration towers (2 × forced convection) 16140 m3/s air with 100% relative humidity, at
5.63◦C above surrounding air temperature

Stack release point 37 m3/s air at 20◦C, particles with zero slip velocity
(same velocity as air flow)

ters: 1–250 μm. Larger particles were not considered as they could not have left the stack, as 
demonstrated with a preliminary study of force balances in the released flow. The particles 
density was taken as 7 g/cm3, as it corresponds to metallic compounds from corrosion of the 
reactor primary cooling circuit.

5. A parametric study was carried out in order to calculate a particle deposition probability 
for particles of different size in a given zone, considering the atmospheric dispersion. The final 
results consider the combination of partial results for each of the 37 atmospheric categories, 
weighted by their frequencies during each time period.

3 Results

The particle deposition map shown in Fig. 2 is the result of the atmospheric dispersion and 
deposition of the particles released through the stack plus the later processes of re-suspension 
and deposition by wind, transport by rain water runoff and other weathering factors which 
cannot be simulated in the model. It is therefore reasonable to see some differences with 
respect to the calculated deposition patterns. It is also necessary to remind that the collection 
of particles started in April 2008, while the release presumably took place in November or 
December 2007.

In order to provide a useful representation of the deposition pattern, the number of tracked 
particles in the simulation was 10,000 for each particle class (except for the global class where 
100,000 particle tracks were calculated). In order to better represent the deposition pattern, 
the number of particles calculated in the solver for each particle class is later multiplied 
by 100 in the post-processing stage, so that roughly 106 particles are displayed for the first 
classes (and 107 for the global class comprising 1–250 μm). The graphical representation in









calculation domain given their very low inertia. This is the reason why very low deposition
rates are observed in Fig. 6. They could also deposit, in small concentrations, around the stack
and in other points of the site with influence of the forced flow cooling towers. However, in
the radiological survey such small particles were not found, and therefore this result suggests
that, if present in the real release, their fraction in the total number of particles should have
been extremely low. In fact, neither the automatic monitoring systems of the nuclear power
plant nor those of the existing networks in the region detected modifications on their normal
background levels. Therefore, everything indicates that there was no radiological impact
offsite.

Particles of larger size (25–50μm) show a wider distribution through a very large area,
and their deposition density should be very small, with a likely deposition within the site,
but also off-site. These particles present a larger inertia and therefore the deposition patterns
show more particles than for the previous particle size. However, still a significant fraction
of such particles is leaving the calculation domain dragged by the wind.

For particles with size between 50–75μm, a larger fraction should be deposited within
the NPP site, although some of them could also travel farther and cross the river. This could
explain why five particles were found in that zone after a careful radiological survey. The
radial-like deposition pattern observed in the figure is a reflection of the way in which the
calculation has considered wind directions, with fixed angle in each category and a weighted
combination of the results obtained.

When larger particles are considered, with sizes in the range 75–100μm, they hardly
seem able to leave the site given their larger inertia, and they are deposited mainly along the
dominant wind directions, towards E and SE as discussed above.

Particles with size between 100–150μm would be totally deposited within the NPP fence,
dominantly towards E and NE because of the influence of the buildings in the local wind flow
patterns. The majority of the particles found did have sizes of this range, which could have
been altered with time due to the particle “life” in the environment. In fact, many particles
show a composition which is not purely metallic but associated with carbonates or silicates.

The largest particles, with diameter larger than 150μm, heavier and more active, would
deposit totally in short distances around the stack due to their large inertia, many of them in
the roofs of the reactor building and the surrounding buildings: auxiliary equipment building,
fuel management and storage building or turbine building. Some of them would be trapped
by the main wind flow and be able to go beyond the buildings, but certainly not far from the
plant due to their high inertia. However, local resuspension or runoff phenomena could have
transported them farther.

4 Discussion

The study had as starting point the distribution of the deposited particles that were found after
about four months after the release. The modelling results are affected by some uncertainties
impossible to exclude in this study, where two of them are fundamental:

• Knowledge of the exact moment when the release of particles took place (and therefore
the corresponding atmospheric conditions).

• Knowledge of the exact particle size distribution.

Additionally, local resuspension or runoff phenomena (particles drag produced by rain)
could have transported the particles away from its original deposition location, as the particles 
were first detected four months after release. The uncertainties and phenomena described



makes extremely difficult to state a quantitative comparison between the particles deposition
pattern predicted by the modelling results and the locations of the particles detected in the
measurements campaign.

Therefore, during the study a modelling methodology was developed in order to overcome
these uncertainties. This is mainly based on the resolution of a wide parametric study covering
a full range of particle sizes, from very small to the largest particles able to exit through
the stack at the existing flow dynamic conditions, together with a variety of atmospheric
conditions, 37 in total, covering a high percentage of those existing during the likely emission
periods.

Based on those considerations, the study has provided valuable information regarding the
likely deposition pattern of particles of different sizes in different release periods, concluding
that particles of all sizes could have been found within the inspected area where the particles
were found. The results clearly show that particles larger than 100μm could have not travelled
beyond the fenced area of the plant (Fig. 6). A small fraction of particles sized between 50–
75μm could have left the fenced area travelling towards the SE direction, exactly where
some particles were effectively found across the river. Small particles could in principle have
travelled far from the site, but they should also have deposited on site and this was not the
actual finding. Given their origin and the spread of particles found it is not likely that these
small particles were present in the release.

In spite of the fact that the quantitative comparison between model results and real locations
is not feasible, Fig. 7 shows that from a qualitative point of view the main deposition patterns
detected are very well reproduced by the CFD model developed. It can be observed that
particles in the range of 75–100μm are the ones better representing the real particle deposition
pattern detected four months after the release.

5 Conclusions

The main conclusion is about the usefulness of this study in order to better assess the radi-
ological importance of the event. The significant capability of CFD models to simulate very
local effects like the flow perturbation by the forced cooling towers, the buildings of the
plant or the surrounding hills, has proven essential to accurately interpret the behaviour of
particles of different sizes. In summary, the detailed CFD simulations allowed answering
relevant questions concerning the possibility of having an impacted region larger than the
nuclear power plant exclusion area.

However, to give realistic results, these models need a significant effort in terms of mod-
eling the site features, terrain elevation and geometry of the buildings and installations which
could alter the overall wind flow field. Additionally, the available computational power in
general does not allow the simulation of dynamic sequences with changing weather. There-
fore, a representative set of “static” sequences must be calculated and the results weighted
in order to obtain a realistic pattern of the likely particles deposition.

In general, CFD techniques would be recommended when the geometry and dispersion
conditions of the site are very complex as well as in the case of particles whose dispersion is
better simulated with Lagrangian models.
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Table 3 Percentage of
occurrence of each wind direction
range for the period 29/Nov/2007
to 31/Dec/2007 (at 60 m height)

Wind direction range %

S-SW 33.5

W-SW 1.1

W-NW 5.6

N-NW 3.6

N-NE 0.7

E-NE 0.7

E-SE 23.8

S-SE 31
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