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a b s t r a c t

Potential sodium discharge in the containment during postulated Beyond Design Basis Accidents (BDBAs)
in Sodium-cooled Fast Reactors (SFRs) would have major consequences for accident development in
terms of energetics and source term. In the containment, sodium vaporization and subsequent oxidation
would result in supersaturated oxide vapours that would undergo rapid nucleation creating toxic aero-
sols. Therefore, modelling this vapour nucleation is essential to proper source term assessment in
SFRs. In the frame of the EU-JASMIN project, a particle generation model to calculate the particle gener-
ation rate and their primary size during an in-containment sodium pool fire has been developed. Based
on a suite of individual models for sodium vaporization, oxygen natural circulation (3D modelling),
sodium-oxygen chemical reactions, sodium-oxides-vapour nucleation and condensation, its consistency
has been partially validated by comparing with available experimental data. As an outcome, large tem-
perature and vapour concentration gradients set over the sodium pool have been found which result
in large particle concentrations in the close vicinity of the pool.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Generation IV (Gen. IV) designs are striving to reach the highest
safety standards ever applied to Nuclear Power Plants (NPPs). Acci-
dents with significant fuel damage (i.e., severe accidents) are being
considered in the design phase so that they can be inherently
avoided or prevented and/or mitigated by passive design features
or by ad-hoc engineering safeguards with elimination of the need
for offsite emergency response (GIF, 2002). This enlargement of
design scope with respect to Gen. II and Gen. III reactors is a chal-
lenge for all the technologies involved in the systems chosen for
Gen. IV since accident scenarios involve complex phenomena that
have to be taken into account when demonstrating reactor safety.
Sodium-cooled Fast Reactor (SFR) technology is more mature than
other Gen. IV designs since several SFR reactors have been oper-
ated (i.e., BN-600, Phénix, Joyo, FBTR, etc.) and, as a result, the
experience that has been gained currently amounts to >400 oper-
ational years. Nonetheless, in Europe, if France chooses to pursue
SFR development, the new technologies to be used as well as
higher safety standards to be put in place will require the construc-
tion of an ‘‘industrial demonstrator”, called ASTRID, which might
start operation around 2030 (CEA, 2015).

In SFR systems, sodium (Na) is used as a coolant due to its excel-
lent properties. Its high thermal conductivity and low viscosity
make it a good thermal-energy transport fluid with a broad tem-
perature interval as a liquid (370–1156 K at atmospheric pressure)
allowing its use as coolant in low pressure conditions close to the
ambient conditions. In addition, it is also suitable for the fast-
neutron economy since its absorption and scattering cross sections
are very low; finally, its compatibility with structural materials is
quite good (in comparison with heavy liquid metals like lead,
lead-bismuth eutectic, . . .). However, despite all these advantages,
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Na shows a high chemical reactivity with oxygen, and in a less
extent water, which entails a fire hazard risk in case of leaks into
the containment.

In SFR safety studies the highly-unlikely event of a core disrup-
tive accident must be considered. In accident conditions, core dis-
ruption by supercriticality could involve energetic destruction of
fuel assemblies. Then, if this is assumed, the interaction between
hot fuel and liquid sodium could lead to a vapour explosion which
could create a breach in the primary system and contaminated liq-
uid sodium at high temperature would be ejected into the contain-
ment. In these conditions, the vaporization of sodium and its
possible instantaneous combustion with the oxygen available
would result in the generation of supersaturated Na-oxide (NaxOy)
vapours likely to nucleate and form suspended particles. The aero-
sols formed could act as a radioactive species carrier; this together
with the potential harm associated with the chemical species
resulting from the sodium oxides reaction with water vapour pre-
sent in the atmosphere (sodium hydroxide aerosols) would be
responsible to a great extent for the radiological and chemical
impact of any potential source term. In addition, if the leak is
major, the heat released during the combustion is substantial.

Several sodium fire studies (pool and spray fires) have been car-
ried out since the 1970s, in facilities like PLUTON (Lhiaubet et al.,
1990) and JUPITER (Malet et al., 1990) in France, CSTF in the USA
(Hilliard et al., 1977, 1979; McCormack et al., 1978 and Souto
et al., 1994), FAUNA in Germany (Cherdron and Jordan, 1980,
1983; Cherdron et al., 1985, 1990) or ATF in India (Subramanian
and Baskaran, 2007; Subramanian et al., 2009; Baskaran et al.,
2011). In all of them, the aim was to understand the sodium burn-
ing process and to study the sodium compound aerosols behaviour
and their chemical composition. Since then a number of studies
have intended to model the whole scenario with relative success.

The pioneering work by Beiriger et al. (1973), who developed a
tool mainly focused on fire energetics (the SOFIRE code), was fol-
lowed by others who made specific hypotheses and approxima-
tions. In the SOFIRE model, the formation of a thin vapour layer
over the surface of the pool is not considered and the Na-O2 reac-
tions take place on the pool surface. Through an extensive review
of the physico-chemical processes involved in the liquid sodium
pool combustion, Newman (1983) established that pool combus-
tion could occur via surface or gas-phase reaction depending on
the ignition temperature. Based on this work, Sagae and Suzuoki
(1985) developed an analytical combustion model in which
sodium vapour diffuses from the pool surface to a flat flame where
the Na-O2 reactions take place. In this model the combustion rate
depends on heat and mass transfer of Na and O2 to the flame (flame
sheet approach). The vapour-phase sodium-combustion model has
been included in numerous combustion codes as the SPM code by
Miyake et al. (1991), SOPA code developed by Lee and Choi (1997)
or more recently in multi-dimensional numerical analysis codes
such as the SPHINCS code (Yamaguchi and Tajima, 2003a) or
AQUA-SF code (Takata et al., 2003).

However, as said above, all these computer codes have mostly
focused on energetics and thermal-hydraulics (Murata et al.,
1993) so that particle modelling has received much less attention.
For example: the SOFIRE code (Beiriger et al., 1973) assumes that
all NaxOy produced becomes particles of a given size with no con-
sideration of particle formation kinetics or primary-particle size;
the CONTAIN-LMR code (Murata et al., 1993) requires the user to
fix the initial particle size in the analysis and this becomes the size
at which any particle is nucleated.

This paper presents the main features and bases of a Particle
Generation (PG) model from sodium pool fires whose main output
variables are particle generation rate and size. This consists of a
suite of individual models of the following phenomena involved:
Na vaporization (diffusion layer approach), O2 transport by air nat-
ural circulation (3D flow pattern modelling), Na-O2 chemical reac-
tions (instantaneous reactions and energy input) and vapour-
to-particle conversion (NaxOy vapours nucleation by Classical
Nucleation Theory and condensation by kinetic theory of gases).
Although direct model validation is not feasible due to the lack
of experimental data on NaxOy vapour nucleation, a partial model
validation of sodium vaporization, air convection and sodium reac-
tions has been carried out against available experimental data.

Consequently, the scope of the presented model is the estima-
tion of the particle generation by homogeneous and heterogeneous
nucleation during an in-containment sodium pool fire in the near
field of the pool. The main output of the model is the number con-
centration and size of the primary particles resulting from the Na
pool combustion. Therefore, any further consideration of particles
growth by agglomeration, chemical reaction with steam and/or
other gases (like CO2) and transport to other regions in the far-
field of the pool, are out of the scope of the present paper. Any of
these additional phenomena would be essential for a full predic-
tion of in-containment source term behaviour and, as such, they
would be encapsulated in specific models in a lumped parameter
code addressing SFR severe accidents, in which the present work
would be embedded as a particle source into the containment
atmosphere.

This work has been mostly carried out in the frame of the 7th
Framework Programme of the European Commission via the
JASMIN project.
2. Conceptual scenario

Liquid-sodium-pool combustion can proceed via surface reac-
tion or gas-phase reaction depending on the initial pool tempera-
ture. Newman (1983) showed that when the pool temperature is
lower than the ignition one (623–723 K), surface reaction domi-
nates, forming a grey-purple product close to the sodium surface
that acts as a floating layer on the surface of the liquid sodium
without any combustion; however, for sodium pool temperatures
higher than the ignition one, this grey layer wets or decomposes
allowing Na vapour to vaporize. Assuming instantaneous combus-
tion, this would occur in the gas phase in a layer called the flame
region located close to the pool; it is in this region where the
sodium oxide vapours would form, nucleate and create particle
growth.

The gas-phase reaction region is sketched in Fig. 1, in which the
Na pool is displayed as a hot flat plate. As observed, the pool nearby
can be split into three layers: sodium vapour, right over the pool; a
flame region, above and adjacent to the Na layer; and the bulk gas
overlying the flame and feeding the flame region with oxygen by
natural convection (Miyake et al., 1991; Newman and Payne,
1978; Newman, 1983).

At steady-state burning, the pool does not reach its boiling
point but remains close to the commonly found equilibrium pool
temperature of 1000–1010 K (Newman and Payne, 1978). On the
other side, vapour pressure of sodium is approximately 1 kPa at
800 K and very nearly 20 kPa at 1000 K. In these conditions,
sodium readily evaporates and this vapour will be transported by
diffusion to the flame region in which Na vapour reacts with the
available oxygen forming Na-oxides and making the local temper-
ature rise to 1200–1300 K. Namely, sodium oxidation is sustained
by Na diffusion and by O2 brought to the region by turbulent con-
vective flows in the gas over the pool surface. As sodium vapour
supply by evaporation becomes relatively large and chemical reac-
tions are known to be fast, sodium combustion will be governed by
Na vapour supply by evaporation and oxygen transport into the
reaction region. In the sodium vapour layer, a vertical laminar flux
will exist from the sodium pool surface to the flame region,



Fig. 1. Hot flat plate approach.
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whereas in the flame region, the flow field will become fully turbu-
lent under the natural convection regime for pool diameters >0.1 m
(Newman, 1983).

The Na-oxide compounds formed (Na2O and Na2O2) have at the
flame temperature vapour pressures well in excess of their satura-
tion pressures, so that molecules cluster by homogeneous nucle-
ation forming very small primary particles. As soon as these first
seeds appear, the vapour-phase oxide molecules also condense
on the surface of these nucleated particles if vapour pressure is
higher than saturation pressure at the particle surface temperature
(i.e., heterogeneous nucleation occurs).

3. Global modelling of particle generation

Based on the conceptual physico-chemical scenario described
above, global modelling of Particle Generation (PG model) has been
developed. As a result, particle generation rate and primary-
particle size can be obtained for a sodium pool fire in a SFR con-
tainment. In this model, steady-state burning is assumed.
Fig. 2. PG mode
The PG model comprises the individual phenomena involved in
the particle generation process during a sodium pool fire, namely:
Na vaporization, O2 natural convection, Na-O2 chemical reactions
and vapour-to-particle conversion of Na oxides. The PG model
sequence diagram is shown in Fig. 2. From the sodium pool defini-
tion by the pool temperature and the pool diameter, the vaporized
Na from the pool surface is obtained through a Sodium Vaporiza-
tion Model (SVM). Due to the extreme foreseen conditions above
the combustion zone (high turbulence is foreseen), a steady 3D
Computation Fluid Dynamics (CFD) approach is employed based
on the FLUENT code (ANSYS, 2008). In this numerical simulation,
the O2 natural convection and the Na-O2 chemical reactions are
modelled (O2 Supply Model, O2SM; Na-O2 Chemical Model, Na-
O2ChM) for an appropriate estimation of the thermal-hydraulic
boundary conditions in the region of interest, i.e., in the close vicin-
ity of the sodium reaction zone. In the Vapour-to-Particle Conver-
sion model (VtPCM), particle generation by homogeneous
nucleation and particle growth by condensation are accounted
for. As a result, the PG model produces the total number rate of
l diagram.
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generated particles (N) and the Primary Particle Size Distribution
(PPSD) during an in-containment sodium pool fire.

3.1. Sodium vaporization model

In order to couple the liquid-sodium pool to the gas phase equa-
tions in FLUENT, the sodium vapour flux emerging from the
sodium pool surface is needed as an input for the FLUENT simula-
tion (Garcia et al., 2014).

Two approaches for the treatment of sodium pool combustion
problem have been found in the literature. The first one, named
as surface combustion model (Beiriger et al., 1973), is one in which
Na vaporization rate is slow and Na-O2 reactions occur at the pool
surface. The second one, a gas-phase reaction model, was devel-
oped by Sagae and Suzuoki (1985) and later used by Miyake
et al. (1991), Lee and Choi (1997), Doda et al. (2003), Yamaguchi
and Tajima (2009), Karthikeyan et al. (2009) and more recently
by Sathiah and Roelofs (2014).

According to the Na temperatures around 800 K in normal oper-
ating conditions in the primary and secondary circuit (IAEA, 2006),
a sodium vaporization model to simulate gas-phase combustion is
proposed.

Sodium vapour pressure is low at pool temperatures of 800–
1000 K; therefore, a diffusion flame is established very close to
the sodium surface. In this boundary layer, the diffusion of heat
and mass is dominant and the convection can be neglected. Based
on a diffusion layer approach, an expression for the molar flux of
sodium vapour is derived. In the boundary layer (between pool
surface and flame), one-dimensional sodium vapour diffusion is
assumed taking into account the diffusive resistance of N2 to the
sodium vapour movement toward the flame. As boundary condi-
tions, sodium vapour pressure is assumed to be saturated at the
pool surface and to fall down to zero concentration at the flame
region edge facing the pool; the latter means that Na disappears
instantaneously as soon as it interacts with oxygen (infinite
chemical-reaction rate). It is also assumed that oxygen penetration
into the evaporating-sodium boundary layer is negligible due to its
consumption in the flame; this allows the sodium-vapour flux
boundary layer to be treated as a sodium-nitrogen binary-
diffusion problem:

/Na ¼ �DNa

lf
� XNa � Cbl � ln XN2;p

XN2;f

� �

¼ DNa

lf
� XNa � Cbl � ln P

P � psat;Na

 !
ð1Þ

where the logarithmic term describes the diffusive resistance that
N2 presents to Na vapour diffusion. In this equation, correlations
for the physical properties of Na from Fink and Leibowitz (1995)
are used. Besides, a correlation for the diffusion coefficient of Na
through N2 from the SPRAY code (Shire, 1977) is used:

DNa ¼ 0:9998 � 10�9 T
1:668

P
ð2Þ

The vaporized sodium molar flux equation (Eq. (1)) involves
two unknown variables, the distance between the flame and the
pool surface (lf) and the flame temperature (Tf). To determine
these, the mass and energy conservation equations at the flame
are solved. In this approach, a number of hypotheses are consid-
ered: flame surface area facing the pool is equal to the pool surface
area (i.e., flame surface is assumed to be smooth and parallel to the
surface); all the gases are considered ideal; and pool temperature
is supposed to remain constant as a function of time, i.e., the heat
transfer of the foreseen oxide layer formed on the pool surface to
the un-burnt sodium is neglected.
Mass balance at the flame is given by the following equation:

/Na ¼ X � /O2 ð3Þ
where X is the oxygen-sodium stoichiometric ratio which is dic-
tated by the chemical reactions described in Section 3.3
(Karthikeyan et al., 2009). In this equation, infinite rate chemistry
is supposed, i.e., all the O2 coming to the flame is instantaneously
consumed by the Na vapour.

The supply of oxygen from the environment to the flame is dri-
ven by natural convection. As the Lewis number (Le = Sc/Pr, and
defined as the ratio of thermal diffusivity to mass diffusivity) for
this mass transfer system of sodium vapour and air becomes
almost unity, the molar oxygen flux is determined by using the
heat/mass transfer analogy (Nu/Sh):

/O2 ¼ DO2

L
� XO2 � Cg � Sh ð4Þ

where the McAdams correlations are used according to the scenario
of interest (laminar/turbulent) (Bergman et al., 2011):

Nu ¼ 0:54 � Ra1=4ð104 6 Ra 6 107;Pr P 0:7Þ ð5Þ

Nu ¼ 0:15 � Ra1=3ð107 6 Ra 6 1011; all PrÞ ð6Þ
Footnote:
The analytical calculation of the sodium flux is provided as an input

for the numerical calculation. Once calculated, the oxygen transfer
given by the O2SM will be used to react with the vaporized Na in
the numerical model.

The general heat equation at the flame can be expressed as
follows:

m � cp � dTf

dt
¼ Echem þ Hgf � Econd

fNa � Econv
fg � Erad

f ð7Þ

where Tf is the flame temperature, Echem is the combustion energy
generated at the flame, Hgf is the enthalpy transferred by material
fluxes of different species (sodium, oxygen and sodium oxides) to

the flame, Econd
fNa is the conductive-convective energy transfer from

the flame to the pool surface, dominated by conduction, Econv
fg is

the conductive-convective energy transfer from the flame to the

environment, and Erad
f is the energy transfer by radiation from the

flame to the pool surface and from the flame to the atmosphere
and walls surrounding the pool.

The energy transferred from the flame by radiation influences
combustion rate. According to Yamaguchi andTajima (2006) studies
on flame emissivities in sodium pool fires, the emissivity is strongly
dependent on the aerosol cloud around theflame and itwill increase
at the start of the fire. The global heat transfer from the flame to the
pool surface (conduction plus radiation) decreases over time
because of the flame temperature drops due to the extra heat loss
by radiation (Sagae and Suzuoki, 1985); therefore, the evaporation
from the sodium pool surface decreases. Flame emissivity values
have not been found in the open literature. Through numerical
experiments, Yamaguchi and Tajima (2006) estimated flame emis-
sivity from 0.2 to 0.8 depending on the boundary conditions (pool
and gas temperatures and O2 concentrations). Therefore, due to
the high uncertainties in the flame emissivity, an estimation of the
radiation effect on the sodium vaporized flux has been developed
assumingmaximum flame emissivity of 0.8. Furthermore, the max-
imum radiative transfer is fostered by considering view factors of
unity. With these conditions of maximum radiation, variations in
the sodium flux less than 10% have been found. Therefore, in
steady-state conditions (dTf/dt = 0) and by assuming no radiation
fromtheflame, the energy balance at the flamecanbe approximated
as:
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Echem þ Hgf ¼ Econd
fNa þ Econv

fg ð8Þ
3.2. Oxygen supply model

The oxygen supply to the flame region is the consequence of
natural convection over the flame region: given the significance
that O2 supply might have in the entire scenario and due to the
extreme foreseen conditions above the combustion zone where
high turbulence can be anticipated, a computational fluid dynamic
model has been developed with the FLUENT 14.5 code (ANSYS,
2008). Several methodologies are available for the resolution of
the Navier-Stokes equations in FLUENT. Direct solution of them
(DNS) is not possible for the present problem due to the fine time
and space resolution needed. Large-Eddy Simulations (LES) resolve
only the large-scale turbulence and account for the smaller scales
with subgrid-scale modelling. However, such simulations are still
very onerous (of the order of weeks on an ordinary computer for
rather simple flows). Finally, the Reynolds Averaged Navier-
Stokes (RANS) methods fulfil the compromise between accuracy
and computational costs (Andersson et al., 2012). With this model
for steady-states, the equations of continuity, momentum and
energy in Cartesian form can be written as follows:

Continuity:

@

@xj
quj ¼ 0 ð9Þ

Momentum:

@

@xj
quiuj ¼ � @

@xj
P þ @

@xj
ðsij � ql0

il0
jÞ ð10Þ

Energy:

@

@xj
quj hs þ uiuj

2

� �
þ ujP þ qj � uisij

h i
¼ 0 ð11Þ

Turbulence effects have been simulated by adopting the SST
k-x model, as recommended by Menter (1994). In this model,
the advantages of both k-e and k-x models are included (i.e., the
robustness in the near wall-region of the k-xmodel plus the accu-
racy of k-e in the far field), which makes calculations computation-
ally efficient in all regards.

The transport equations of the turbulent kinetic energy (k) and
the specific dissipation rate (x), together with the Boussinesq
hypothesis to relate the Reynolds stresses to the mean velocity gra-
dients close the system equations of continuity, momentum and
energy are given by:

@

@xi
ðq � / � uiÞ ¼ @

@xj
C/ � @/

@xj

� �
þ G/ � Y/ðþDxÞ ð12Þ

�q � l0
il0

j ¼ ls
@ui

@xj
þ @uj

@xi

� �
� 2
3

q � kþ ls
@ui

@xi

� �
� dij ð13Þ

where / denotes the independent variable (k and/orx) and G, Y and
U represent generation, dissipation and effective diffusivity of the
given quantity, respectively. The set of equations are solved using
a segregated implicit solver with a second-order discretization
scheme.

3.3. Sodium-oxygen chemical model

A number of sodium pool fires experiments are reported in the
literature. Hilliard et al. (1979) and Cherdron et al. (1985) per-
formed large scale aerosol behaviour test in CSTF and FAUNA facil-
ities, respectively. Malet et al. (1981, 1990) conducted sodium pool
experiments to study the influence of sodium temperature, com-
bustion area and atmosphere composition on the fire evolution.
In all of them, the major species identified were oxide, Na2O, and
peroxide, Na2O2.

A more detailed analysis of the chemistry of sodium pool com-
bustion was developed by Newman (1983) in his review of sodium
pool fire tests carried out during the 1960s and 1970s. However,
intermediate reactions and products were not clearly identified.

Based on the information found in the open literature on
sodium pool fire analytical models (Sagae and Suzuoki, 1985;
Marimuthu, 1996; Miyake et al., 1991; Lee and Choi, 1997;
Karthikeyan et al., 2009; Yamaguchi and Tajima, 2009), two reac-
tions are considered in the Na-O2 chemical modelling:

Naþ 1
4
O2 ! 1

2
Na2Oþ 316 kJ=mol ð14Þ

Naþ 1
2
O2 ! 1

2
Na2O2 þ 365 kJ=mol ð15Þ

We note that some authors assert that reaction (14) is always
the first oxidation step and, if there is sufficient oxygen, the sodium
oxide produced is further oxidized to peroxide. In the present mod-
elling and taking into account the very short time scale of interest
for primary particle generation, formation of both oxide (Na2O)
and peroxide (Na2O2) are assumed to be infinitely fast, so that
the relative proportion of each species in the products is governed
by stoichiometry. That is, each 4 Na moles yield one mole of Na2O
and 1 mol of Na2O2; this means that in terms of mass fractions, of
the total Na oxide species formed (NaxOy), around 40% is Na2O and
the remaining 60% is Na2O2.

During sodium pool combustion, the reaction of Na with the
water vapour present in the atmosphere is also possible. However,
as in most practical cases the oxygen is the major gas constituent,
it is the oxidation by O2 the dominating reaction (Yamaguchi and
Tajima, 2003b, 2006). As a consequence, this reaction is not here
considered.

For reacting flows, FLUENT provides several models for chemi-
cal species transport and chemical reactions. Among them, Gener-
alized Finite-Rate Model is based on the solution of transport
equations for species mass fractions, with the chemical reaction
mechanism defined by the user. In this model, the conservation
equations for chemical species are solved by predicting the local
mass fraction of each species, Yi, through the solution of a
convection-diffusion equation for each species:

@

@t
qYið Þ þ r � ðq v

!
YiÞ ¼ �r � Ji ! þRi þ Si ð16Þ

The mass diffusion in turbulent flows is calculated in this model
by the following expression:

Ji !¼ � qDi;m þ ls
Sct

� �
rYi ð17Þ

The reaction rates that appear as source terms in the
convection-diffusion equation (Ri) are computed by the eddy-
dissipation model in which the reaction rates are assumed to be
controlled by turbulence mixing and the Arrhenius chemical
kinetic is not calculated. This model can be selected assuming
Na-O2 reactions are infinitely fast (Miyake et al., 1991). The net
rate of production of species i due to reaction r, Ri,r, is given by
the smaller of the two expressions below:

Ri;r ¼ m0i;rMw;iAq
eT
k
min

R

YR

m0R;rMw;R

 !
ð18Þ

Ri;r ¼ m0i;rMw;iABq
eT
k

P
PYPPN

j m00j;rMw;j

ð19Þ
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The default values in the code for the empirical constants A and
B have been used (A = 4.0 and B = 0.5).

3.4. Vapour-to-particle conversion model

As stated by Newman (1983), the combustion mechanism
between sodium vapour and oxygen in the gas phase is followed
by the formation of a condensed oxide by homogeneous and
heterogeneous nucleation.

Once the supersaturated vapours have been formed in the gas
phase after sodium oxidation, the system is in a non-equilibrium
state. To reach equilibrium, the surplus of vapour molecules con-
denses (homogeneous nucleation) forming primary clusters on
which other vapour molecules might condense (heterogeneous
nucleation).

3.4.1. Homogeneous nucleation
Homogeneous vapour-liquid nucleation is a fundamental mech-

anism of phase transformation. The nucleation process involves
formation of clusters in a metastable bulk vapour by thermal fluc-
tuations: the transition from ametastable state over an energy bar-
rier for the system to reach its thermodynamic equilibrium.

Even though nucleation has been studied since the 18th century,
a reliable theoretical formulation has been difficult to derive. Major
reviews of nucleation modelling exist (e.g. Kashchiev (2000), Ford
(2004), Vehkamäki (2006)). Based on these, a diagram of evolution
of nucleation theories is shown in Fig. 3. According to the scheme,
Transition State Theory (TST) can be considered as the first theory
of nucleation (Ford, 2004). Within the framework of the
free-energy fluctuations theory, the probability of forming a critical
cluster is exponentially related to the Gibbs free energy of cluster
formation. The proportionality constant in the nucleation rate
equationwas included by Volmer andWeber (1926) by their kinetic
interpretation of nucleation phenomena: nucleation is understood
as a set of collisions, and the only important transitions are those
that are brought about by the addition or loss of single molecules
to form the cluster. The theory of Volmer and Weber was extended
a few years later by Becker and Döring (1935), Farkas (1927) and
Zeldovich (1942) is now known as Classical Nucleation Theory
(CNT). From the CNT, the evolution of analytical nucleation theories
has been driven through two main branches (Fig. 3). On one side,
adjustments of the CNT with ‘‘minor” corrections (phenomenolog-
ical approaches); on the other, approaches developed for a more
Fig. 3. Overview of the main analytical theories on homogeneous nucleation.
exhaustive description from the microscopic point of view. Among
the microscopic theories, there are two main streamlines. On one
side, the approaches based on defining a cluster by imposing geo-
metric constrains on the molecular positions (Stillinger, 1963;
Senger et al., 1999); on other side, the Density Functional Theory
(DFT) (Oxtoby and Evans, 1988; Oxtoby, 1998) in which the key
assumption in the phenomenological approaches – capillarity
approximation – is removed and the free-energy barrier to nucle-
ation is calculated in a non-classical manner using amean field the-
ory in which the molecules forming the cluster move in an effective
potential field created by the other molecules in the cluster (Ford,
2004).

The simplest phenomenological adjustment is the Internally
Consistent Classical Theory (ICCT) developed by Girshick and
Chiu (1990) in which an unevaluated normalization constant in
the nucleation rate expression is introduced. The Fisher droplet
model (1967) is a slightly more sophisticated approach in which
parameters are introduced in the free-energy barrier to nucleation
to ensure that the model correctly reproduces known properties of
clusters and vapours, including virial coefficients and critical prop-
erties. Dillmann and Meier (1989) developed a model based on the
Fisher model using the observed critical-vapour properties and the
second virial coefficient. The model is based on considering the
curvature dependence of the droplets surface tension and addi-
tional degrees of freedom in the definition of the Gibbs free energy
variation. However, the success of this model is challenged by cor-
rection of an inconsistency that leads to large changes in the pre-
dicted nucleation rate, Ford et al. (1992). Finally, Scaled
Nucleation Theory (SNT), proposed by Hale (1986), is based on
CNT but employing simplified models for the surface tension and
liquid density based on scaled behaviour near the critical point.

Based on the review and analysis of the available models in the
literature, it has been concluded that Classical Nucleation Theory
(CNT) might be a suitable approach for the assessment of the
nucleation rates in the case of an in-containment sodium-pool fire.
The higher complexity of other theories, the inherent uncertainty
coming from the lack of information on NaxOy properties and the
huge sensitivity of any homogeneous nucleation theory to varia-
tions in boundary conditions (i.e., temperature) are the main sup-
porting reasons for this choice. In addition, the complexity of other
theories entails an extra numerical burden and the supposed gain
in accuracy vanishes due to the intrinsic uncertainties in additional
properties and estimation of key variable.

The CNT considers that the probability of attaining a cluster of a
critical size (minimum number of particles to form a stable cluster)
is exponentially related to the energy necessary to form it. The
expression of the nucleation rate derived from the work of
Becker-Döring, Frenkel, Farkas and Zeldovich is given as:

JCNT ¼ J0 � exp �DG�

kBT

� �
ð20Þ

where the energy barrier to form a cluster (DG⁄) is the minimum of
the classical Gibbs free energy for the formation of a droplet. The
change of Gibbs free energy (DG) is the difference between a
mechanical term proportional to the surface tension (associated
with the creation of a spherical interface) and a thermal term pro-
portional to the logarithm of the saturation ratio of the free vapour
(coming from the difference in the Gibbs free energy of the liquid
and vapour states, i.e., the phase change from supersaturated
vapour to condensate) (Seinfeld and Pandis, 2006):

DG ¼ 4p � r2 � r� ikBT ln S ð21Þ

where i is the number of molecules forming the cluster and S is the
saturation ratio (S = pvap/psat(T)). This expression relies on the



476 M. Garcia et al. / Nuclear Engineering and Design 310 (2016) 470–483
capillarity approximation that considers extremely small particles
with the same surface tension as a liquid planar surface.

Therefore, the nucleation rate expression in CNT is as follows:

JCNT ¼ 2r
pm1

� �1=2

� v1 � N2
1 � exp �16p

3
� v2

1r3

ðkBTÞ3ðln SÞ2
" #

ð22Þ

This expression can be explained as formed by two contribu-
tions. On one side, the pre-exponential factor involves specific fea-
tures of the kinetics of the process as the collision probability of
individual vapour molecules with critical clusters of the new
phase. On the other side, the exponential factor reflects the ther-
modynamic aspects of the theory: the thermodynamically stable
phase corresponds to the minimum Gibbs free energy of formation
that represents the barrier for the transition of the system into the
new phase.

The critical particle size is obtained by applying the extreme
condition in the Gibbs free energy of formation ð½dDG=dr�r� ¼ 0Þ:

r� ¼ 2rv1

kBT ln S
ð23Þ
3.4.2. Condensation
The growth mechanism of condensation on existing particles

has been extensively documented in the literature (e.g. NEA
(2009), Friedlander (2000), Seinfeld and Pandis (2006), Hinds
(1999)). The rate of aerosol growth by condensation will depend
on the saturation ratio, particle size and particle size relative to
the gas mean free path (Hinds, 1999). For particles much larger
than the mean free path (Knudsen number lower than unity,
Kn < 1.0), the rate of condensation is controlled by the rate at
which vapour can diffuse toward the particle surface. However,
for particles much smaller than the mean free path (Kn� 1.0),
the rate of particle growth by condensation will be governed by
the rate of random molecular collisions between the particle and
the vapour molecules. It is noted that Fuchs and Sutugin (1970)
developed a formulation covering both the high and low-
Knudsen number ranges including the transition regime.

As the critical particles generated by homogeneous nucleation
are foreseen to be in the order of nanometres (NEA-CSNI, 1979),
the prevailing conditions for heterogeneous nucleation fall in the
free molecular regime (i.e., Kn = 2k/dp � 1.0). Therefore, the
removal of vapours by condensation is calculated as the net flow
of molecules attached to the surface of a particle of a given size
by collisional impact (kinetic theory). In this formulation, the con-
densation rate can be expressed as:

F ¼ z � a
NAV

� pd2
p

ð2pm1kBTÞ1=2
ðpvap � psatÞ ð24Þ

In this expression, the Kelvin effect, i.e., the effect of surface
curvature is neglected as a simplification (Friedlander, 2000). Dur-
ing condensation, particle latent heat is released at the particle
surface. In these conditions, convection is an inefficient means of
heat transfer since the particles are very small and move with lit-
tle slip along with the gas; the same occurs with radiation since all
the particles have roughly the same temperature. Otherwise, con-
duction through the gas phase is available for heat removal from
the particle surface where condensation is taking place, so con-
densation might be limited by the rate of heat removal from the
particle surface. In our approach, however, the reduction of the
condensation-rate due to the rise in the temperature from the
release of latent heat has not been taken into account as no data
on NaxOy diffusion coefficients are found in the available litera-
ture. These approximations (neglect of both curvature and latent
heat) might lead to an over-estimation of the arrival of vapour
molecules to the droplet surface, i.e., an over-estimation of the
condensation.

By considering the rate of change of particle volume as:

dV
dt

¼ F � v1 ð25Þ

The resulting particle size is given by the following growth law
expression (Friedlander, 2000):

ddp

dt
¼ 2v1

ð2pm1kBTÞ1=2
ðpvap � psatÞ ð26Þ

In this approach, growing particles are assumed to remain in
kinetic-regime conditions. During the initial stages of particle
growth, this can be considered as an adequate approximation since
condensation occurs on sub-micrometre particles coming from
homogeneous nucleation (Shaw, 1989).
3.4.3. Vapour-to-particle conversion
As shown in previous sections, vapour pressure is a key variable

defining any particle formation in a supersaturated vapour. Homo-
geneous nucleation will reduce the number of free condensing
molecules available and, hence, vapour pressure. But also, hetero-
geneous nucleation drivers will bring vapour molecules onto pri-
mary particle surfaces where they condense and further reduce
vapour pressure.

Therefore, the total number of particles formed will be given by
the nucleation and condensation as simultaneous and competitive
processes (Warren and Seinfeld, 1984; Clement and Ford, 1999a,b).
Given that both processes are very fast, their full modelling (i.e.,
both phenomena competing for vapour molecules as a function
of time) is an onerous computational burden since, for each time
step, both nucleation and condensation should be calculated on a
particle size distribution that would become more dispersed as
time progresses. Instead, one may assume that after the first
homogeneous nucleation, heterogeneous nucleation dominates
from that time onward. In other words, this second approach
neglects homogeneous nucleation beyond the first burst of primary
particles. Both approximations are outlined in Fig. 4.

Fig. 5 shows the number of generated particles by both
approaches for a sodium pool fire of radius 5 cm (pool temperature
of 1000 K and 21% of initial O2 content). From the figure, the real-
istic approach (nucleation-condensation model) results are 3 times
larger than the single-burst approach. In the first one, it can be
observed that from the first nucleation at 10�8s, there is an abrupt
increase in the generation of particles until 1.1�10�7 s, reaching a
value of 1.71�1020 particles. At this point, there is no further parti-
cle formation due to the depletion of NaxOy vapour down to its sat-
uration pressure by homogeneous nucleation and condensation,
i.e., the nucleation process is cut-off. In the second one, however,
homogeneous nucleation gives 5.13�1019 particles at the start of
the calculation. Both approaches agree with the idea of Clement
and Ford (1999a,b): particle production takes place in occasional
and isolated bursts of nucleation and as foreseen, all the generated
oxides produced during the sodium oxidation seem to be in parti-
cle form after a short period of time, of the order of 10�7 s. Con-
cerning primary-particle size, as conditions in each cell of the
domain are different, a few cells of the domain covering the entire
conditions range were picked and both approximations compared;
the approximate result was that both predictions give diameters in
the nano-range, but with the diameters in the realistic approach
approximately twice as larger as those in the single-burst
approach.

As these estimates are strongly affected by uncertainties, a sim-
ple estimation of the error propagation linked to the properties
used in the nucleation formulation has been developed to evaluate



Fig. 4. Nucleation approaches.

Fig. 5. Total number of generated particles by the two modelling approaches.
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the minimum bands of uncertainties in the number of generated
particles. Uncertainties associated to the theoretical expressions
of homogeneous nucleation are not considered. Following the error
propagation theory, the nucleation-rate expression uncertainties
are calculated by the following expression:

r2
JCNT

¼ dJCNT
dr

� �
r2
r þ dJCNT

dpsat

� �
r2

psat
þ dJCNT

dq

� �
r2
q ð27Þ

where the density and surface tension errors are evaluated based on
the available information in the open literature (Janz, 1988).
Regarding saturated-vapour pressure, the error has been evaluated
based on the maximum difference found between the two available
correlations (Jacq, 2006; Lamoreaux and Hildenbrand, 1984).

An upper uncertainty bound up to 2 orders of magnitude has
been estimated. Therefore, by considering the estimated large
uncertainties associated with the homogeneous nucleation model,
we consider the single-burst approach to be accurate enough to
describe the vapour-to-particle conversion process.

In this approach, the Na2O and Na2O2 correlations of saturated-
vapour pressure, density and surface tension as a function of tem-
perature are needed to calculate the number of generated particles
by homogeneous nucleation and its growth. As no information on
Na2O2 density and surface tension is found, in this model both oxi-
des are characterized by the same properties, i.e., both Na2O and
Na2O2 are treated as indistinguishable NaxOy as far as nucleation
and condensation are concerned. Then, the correlations we use
are the Na2O saturated-vapour pressure proposed in Jacq (2006);
regarding density and surface tension and in the absence of specific
correlations for Na2O, correlations for Na2CO3 are used (Janz,
1988).



478 M. Garcia et al. / Nuclear Engineering and Design 310 (2016) 470–483
4. Results

The available data in the literature to conduct a full and exten-
sive validation of the model presented in previous sections, in
terms of particle number and size, are scarce. Nonetheless, some
measurements concerning the burning rate have been found and
the model will be compared with these (next section). Then, the
model performance will be assessed in a scenario whose conditions
reflect those expected in the case of a realistic Na pool fire.
4.1. Partial validation

A partial validation of the PG model has been carried out based
on the sodium pool experiments of Newman and Payne (1978). For
benchmarking, estimates of burning rates based on the surface
model included in SOFIRE code (Beiriger et al., 1973) have been
added. SOFIRE is a reputable sodium pool combustion model based
on the surface combustion approach (i.e., no Na vaporization is
accounted for).

In Newman and Payne’s experiments, the burning rates of
sodium pool fires were measured for a sodium pool of 0.1 m diam-
eter at sodium pool temperatures in the range of 523–1023 K and
in natural-convection airflow conditions (oxygen molar fraction of
21%). Burning rates were measured by measuring the sodium pool
mass change with time and by collecting the emitted smoke using
a pumped filtering system.
Fig. 6. Meshing of the sodium fire simulation.
The circumferential symmetry of the experimental scenario
allows assuming circumferential symmetry (i.e., the same vari-
ables profiles are expected at any azimuth). The geometry and
domain meshing of the problem is illustrated in Fig. 6. The sodium
pool is represented by a surface of 0.05 m radius. It is worth
reminding that in this approach, the liquid sodium pool is mod-
elled as a steady thermal surface; i.e., the sodium pool is assumed
to be fully stagnant (i.e., no spreading considered). The computa-
tional domain is rectangular, with 0.60 m height and 0.20 m
length. The ratio of the pool surface area to the horizontal cross-
sectional area of the domain is 0.065 which ensures that pool com-
bustion is not influenced by the size of the domain; in other words,
the vessel size does not influence the O2 supply by natural convec-
tion over the horizontal combustion plane (Sagae and Suzuoki,
1985). For the non-uniform grid, 4001 quadrilateral cells are used
to mesh the entire volume. The largest areas of nodes are outside
the flame zone (c.a., 10�2 m2); contrarily, within the flame region
the mesh grew and much smaller cells were considered (10�6 m2).

Fig. 7 compares the calculated burning rates of liquid sodium
with the experimental results of Newman and Payne (1978). In
addition, the Na burning rates calculated by the surface combus-
tion model SOFIRE are included. Note that pool temperatures in
the figure are over 800 K (i.e., in the gas-phase combustion
regime).

From Fig. 7, the estimates-to-data agreement is outstanding. On
the one hand, the experimental trend of increased burning rate
with Na pool temperature is followed by the calculations. On the
other hand, the data scattering helps predictions to be well within
the measurements range. As can be observed, SOFIRE noticeably
under-predicts the burning rates. Probably the major difference
between both approaches concerns reaction temperatures:
whereas in the gas-phase-combustion approach (PG model) the
flame temperature is always higher than the pool one (1300 K
and 1000 K according to Newman and Payne, 1978), the surface
combustion approach takes the pool temperature as the reaction
temperature. This temperature discrepancy makes a difference in
terms of reaction rates (Sagae and Suzuoki, 1985). In addition, oxy-
gen transfer by natural convection to the flame will be fostered by
the higher temperatures at the flame what, in turn, will lead to fas-
ter combustion.

These results seem to indicate that surface combustion is not
conservative when applied at pool temperatures over 800 K since
it would under-predict both the thermal load to the containment
and the airborne-particle loading relative to what could be
expected in the case of an in-containment pool fire.
Fig. 7. Burning rates vs. pool temperature.
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4.2. PG model estimates

4.2.1. Main results
In order to show the PG model performance, a scenario ther-

mally similar to the one foreseen in the case of a pool fire (i.e.,
atmospheric pressure and pool temperature of 1000 K) has been
proposed in a geometry similar to the one used in Newman exper-
iments (i.e., a 10 cm Na-pool diameter).

The velocity field is shown in Fig. 8a. The general flow pattern is
an ascending flow entering from the edge of the pool surface. The
ascending flow velocity distribution behaves like a plume: low hor-
izontal velocities at the reaction zone (edge of the pool surface)
and upward velocity increasing towards pool centre (maximum
velocity of 1.185 m/s at 0.06 m above the pool surface at the cen-
tre) due to buoyancy forces mainly driven by temperature gradi-
ents. Inside the plume, velocities of 0.70 m/s are reached. Note
that O2 concentration drops in the air stream as oxygen is partially
depleted while the flow moves towards the pool centre (Fig. 8b).

More linked to the particle generation are temperatures and Na-
oxides partial pressures. The temperature field is shown in Fig. 9a.
Sodium burning starts at the edge of the pool surface due to fresh
air entering into contact with sodium vapour by natural convec-
tion. The sodium-vapour combustion generates an ascending
plume from the edge of the pool surface to the centre. A maximum
temperature spot of 1448 K is produced where the oxidation starts
while the temperature decreases along the plume to 1200–1300 K
at 0.03 m from the pool centre. These estimates reasonably agree
with the measurements made by Newman and Payne (1978) of
1300 K at the flame. In Fig. 9b, molar concentrations of NaxOy are
shown. As can be observed, the region of higher concentrations is
just above the sodium pool surface; nonetheless, it should be real-
ized that location of the highest oxide concentration will depend
on Na vaporization rates and O2 supply rates, so that at high vapor-
ization rates in O2-poor atmospheres, the highest oxide region
might not be so close to the pool surface. Also, the NaxOy upward
diffusion can be distinguished.

Even though, particle generation rates heavily depend on tem-
peratures and partial pressures, much of such a dependence is
made through the saturation ratio, which essentially indicates
how high NaxOy vapour pressures are with respect to those at ther-
mal equilibrium (psat). Vapour pressures of NaxOy are calculated
from the molar concentrations by assuming ideal gas behaviour.
In order to focus on the region of interest (active volume), a crite-
Fig. 8. (a) Flow velocities field (m
rion has been adopted: sodium-oxide vapour pressure must be
higher than the saturated-vapour pressure of sodium oxides at
the boiling temperature (1153 K).

Due to the extremely low values of the saturated-vapour pres-
sure of the oxides, large values of S are found in the analysed
region; it is worth highlighting the large gradients of S found, with
values from 104 to 1.6�1020 (Fig. 10). Maximum partial pressures
are reached in the flame region; more specifically, just above the
pool surface. On the other hand, saturated-vapour pressure is an
increasing function of temperature. Therefore, the lower S values
are reached just above the pool surface. In this region, in spite of
the large concentrations of NaxOy, the large values of saturated-
vapour pressures due to the large temperatures dominate the sat-
uration ratio. In the region near the pool centre (x = 0.010), just
above the pool, the saturation ratio slowly decreases up to
0.01 m height due to the decrease in the molar concentrations.
Above this distance over the pool, a decreasing trend in the satura-
tion ratio is observed due to both factors: on the one hand the
decrease of molar concentration and then of partial pressure, and
on the other hand the temperature increase at 0.02 m height above
the pool centre.

Finally, Fig. 11 shows the particle concentration in the active
volume obtained by integration over time of the nucleation rate
in all the cells forming the active volume. As expected, the highest
particle concentration is found in the flame region, and more
specifically, just above the pool surface. This is due to the high Nax-
Oy partial pressures right above the pool in relation to the high
temperatures also reached in that area (saturation pressure is an
increasing function with temperature). By summing the particle
concentration for all the cells, huge concentrations of particles
are produced during a sodium pool fire, of the order of 1026 parti-
cles for this scenario and the characteristic time to attain equilib-
rium would be of the order of 10�7 s. At such high
concentrations, the usual consideration that particle concentra-
tions are dilute allowing aerosol models to assume independent
gas and particle phases breaks down; strictly, the classic approxi-
mation should be abandoned since things such as the effective
density of the gas-particle phase and the turbulence itself are
changed.

As noted in the graph, in less than 10 cm of height over the Na
pool, the particle generation rate reduces to less than 10% of the
maximum intensity. This means that in SFR containments particle
generation from pool fires would be a sort of local phenomena
/s). (b) O2 mass fraction field.



Fig. 9. (a) Temperature field (K). (b) NaxOy molar concentration (kmol/m3).

Fig. 10. Saturation ratio map at the analysed region.

Fig. 11. Particle concentration map (particles/m3).

Fig. 12. Primary particle size distribution.
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practically restricted to a small region over the pool. Out of this
region (the active volume), unrealistic values of S prevent the par-
ticle generation calculation. This observation is highly relevant for
a future adaptation of the PG model to a SFR safety simulation code
as ASTEC-Na (Girault et al., 2015) since, to a good approximation,
particle generation can be confined to a relative small containment
volume right above the Na pool surface.

The primary-particle size distribution is presented in Fig. 12.
Primary particles present very small diameters hardly reaching
the nano-range in a sharp distribution in which most particles fall
between 6.5�10�10 m and 8.7�10�10 m for the scenario proposed
here. These values are consistent with the embryos sizes reported
in NEA-CSNI (1979). While increasing supersaturation reduces
critical-particle size, and in our problem high supersaturations
occur, this very small size implies clusters are stable when corre-
sponding to just a few Na2O molecules.
4.2.2. Parametric study of the PG model
A parametric study has been developed to analyse the influence

of the main variables physically related to the governing phenom-
ena in the anticipated scenario: pool diameter (from 0.1 m to
10 m), as the characteristic system dimension for natural convec-
tion and pool temperature (from 850 K to 1000 K), main driver
for the Na evaporation from the pool. In all the cases, ambient nor-
mal conditions are considered. Table 1 synthesizes the discrete val-
ues selected to build up a total of 32 cases.show the calculated
total number of particles N versus the analysed variable (pool tem-
perature and pool diameter) for all the foreseen scenarios.

The dependencies of the calculated total number of particles (N)
with sodium pool temperature and sodium pool radius (the macro-
scopic variables defining the scenario) for all the foreseen scenarios



Fig. 13. Particle number vs. Na-pool temperature.

Table 1
Tests matrix.

Key variable Range Cases

Pool diameter From 0.1 m to 10 m 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 7.5, 10.0
Pool temperature From 850 K to 1000 K 850, 900, 950, 1000

Fig. 14. Particle number vs. Na-pool diameter.
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are analysed in Figs. 13 and 14. From the figures, it can be observed
that the number of generated particles hardly depends on pool
temperature (Fig. 13); however, a simple potential correlation with
R2 > 0.99 could be found for the dependence of N with sodium pool
radius (Fig. 14).

4.3. Impact of agglomeration in the PG model

PG model predicts large concentrations of small particles in the
close vicinity of a pool. Furthermore, a high level of turbulence is
calculated in this area with turbulent-energy dissipation rates of
the order of tens J kg�1 s�1. In these conditions, turbulence-
induced particle agglomeration could lead to a reduction in the
total number of particles and to an increase in the average size
(Friedlander, 2000). Therefore, it is necessary to evaluate the
impact of agglomeration (turbulent and Brownian) on PG model
estimates. Two possibilities are envisioned depending on the char-
acteristic time of agglomeration compared to the particle-
generation one: the first one is that particle generation takes place
on a much faster timescale than agglomeration and the PG model
does not need in this case to include agglomeration phenomena;
the second one is that both particle generation and agglomeration
occurs on similar timescales, then PG model would need to include
the influence of agglomeration.

To evaluate the impact of agglomeration in the PG model, the
characteristic time of both Brownian and turbulent agglomeration
is calculated in the case of a sodium pool fire of radius 5 cm (pool
temperatureof1000 Kand21%of initialO2 content)by theequation:

tc ¼ 2
C � b ð28Þ

where C is the particle concentration predicted by the PGmodel and
b is the collision frequency function or kernel (m3/s).

In the free molecular regime, the Brownian agglomeration ker-
nel can be calculated by (Friedlander, 2000):

bBrownian ¼ 3
4p
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� ðv1=3
i þ v1=3
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where the subscripts i, j denotes particle classes.
For the turbulent agglomeration, the collision-frequency func-
tion is calculated by considering the shear and inertial effects
(MELCOR):

bTurbulent ¼ cs � ðbShear þ bInertialÞ1=2 ð30Þ
where the shear effect is due to the relative movement of particles
by their different velocities in the eddies (Saffman and Turner,
1956; SNL, 2015):

bShear ¼
p � eT � qg

120 � l
� �1=2

� ðci � di þ cj � djÞ3 ð31Þ

and the inertial effect is due to the relative motion of particles by
their different mass (Saffman and Turner, 1956; SNL, 2015):

bInertial ¼
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As can be observed, these equations rely on the turbulent
energy dissipation rate (eT) whose value has large uncertainties
and greatly depends on the conditions evaluated. For example,
the default value for the containment atmosphere during a severe
accident of a water-cooled reactor in the MELCOR code (SNL, 2015)
is 10�3 m2/s3. However, eT 	 10 is predicted in the flame region
just above the pool surface in the developed numerical simulation.

At the given conditions and by considering two particles collid-
ing where one of these particles has a diameter two times larger
than the other one, characteristic times of turbulent agglomeration
(103 s) much longer than predicted times for particle generation
(10�7 s) are obtained; hence, turbulent agglomeration should not
affect PG model estimates. However, characteristic times for Brow-
nian agglomeration only two times longer than particle generation
times are calculated in these conditions. Hence, in the case of small
pools, Brownian agglomeration could affect the PG model results.

5. Conclusions

Among the postulated Beyond Design Basis Accidents (BDBAs)
in Sodium-cooled Fast Reactors (SFRs), the contaminated-coolant
discharge at high temperature into the containment is considered
as a potential dimensioning event during severe accident progres-
sion in terms of energetics and source term. In this scenario, the
low saturation pressure of released sodium leads to its strong
vaporization. As a consequence of the high chemical reactivity of
sodium with oxygen, this would undergo oxidation and large
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quantities of activated and contaminated particles would subse-
quently form by nucleation of the combustion products. Thus,
nucleation of particles from supersaturated vapours is envisioned
as the most important source of aerosols into the containment dur-
ing a sodium fire in SFRs. From the safety point of view, it is of
utmost importance to have computational tools properly validated,
particularly in the field of radionuclide transport in the contain-
ment. In this context, several computer codes have been developed
in the past to analyse these scenarios although they have mostly
focused on energetics and thermal-hydraulics (Murata et al.,
1993) so that particle modelling has received much less attention.
For example: the SOFIRE code (Beiriger et al., 1973) assumes that
all sodium-oxides produced becomes particles of a given size with
no consideration of particle formation kinetics or primary-particle
size. This paper presents the main features and bases of a Particle
Generation (PG) model whose main output variables are the parti-
cle generation rate and the primary particle size during an in-
containment sodium pool fire.

The particle formation process over a high temperature pool of
Na (T > 800 K) requires the modelling of both thermal phenomena
(i.e., Na vaporization from the pool surface and oxygen natural cir-
culation from the atmosphere to the reaction zone) and physico-
chemical phenomena (i.e., Na-oxygen chemical reactions and
homogeneous and heterogeneous nucleation of sodium oxides
vapours).

Based on a diffusion-layer approach, an expression for the flux
of sodium vapour from the pool surface is given by taking into
account the diffusive resistance of nitrogen to the sodium vapour
movement toward the flame and assuming no sodium vapour con-
centration in the flame region. The binary diffusion model can be
used because most of the oxygen is removed by chemical reactions
and so is present at very low concentrations between the pool and
the flame. Through this, a dominant link of sodium vapour flux
from the pool surface with the sodium pool temperature can be
established.

The saturation-ratio estimation over a sodium-pool combustion
scenario determines when and where the nucleation process is
possible during in-containment sodium-pool combustion. Due to
the expected extreme boundary conditions over the pool at the
time of oxidation, a partially validated numerical simulation to
determine the thermal-hydraulic boundary conditions has been
carried out. Through a saturation-ratio map, the potential for
nucleation at different locations over the pool reveals large satura-
tion values in the close vicinity of the pool. In other words, most
probably all evaporated Na would become particulate near to the
pool surface. At this point, the major influence of the saturation
pressures of oxide vapours underline the need for having sound
data on this variable for these compounds.

The particle formation process includes homogeneous and
heterogeneous nucleation. The homogeneous nucleation has been
treated by an approach based on classical nucleation theory. This
choice is supported by the higher complexity of other theories
(involving additional uncertain parameters), the inherent uncer-
tainty coming from the lack of information on sodium-oxides prop-
erties and the huge sensitivity of any homogeneous nucleation
theory to variations in boundary conditions (i.e., temperature). As
the prevailing conditions for heterogeneous nucleation fall into
the kinetic regime, the growth mechanism of condensation on
existing particles has been formulated using kinetic theory. As
homogeneous nucleation and condensation are simultaneous and
competitive processes, two models of particle generation have
been assessed. As a result, all the generated oxides during the
sodium oxidation are transformed into particle form in a short per-
iod of time (10�7 s) and homogeneous nucleation can be neglected
beyond the first burst of primary particles (the single-burst
approach).

The PG model predictions have been analysed for a generic
sodium-pool scenario. As expected, large saturation values are
found throughout the spatial domain explored which result in very
high particle concentrations just above the sodium pool. Thus, in
lumped parameter codes, pools should be seen as aerosol genera-
tors where the generation rate depends on vaporization rate and
nuclei size is to be estimated from nucleation rate theories. This
could be seen as a useful input to describe what happens next,
i.e., the fractal agglomeration of the particles.

With the aim of implementing the PG model in a lumped
parameter code, a methodology to accommodate the 3-D PGmodel
to application in a zero-dimension situation will be the next step of
this work. The final outcome will be simple correlations easily
implementable for the particle generation rate and the primary
particle size.
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