and just modiﬁcations to account for those phenomena that are speciﬁc
of SFRs are to be included. This was, for example, the strategy in the
European JASMIN project of the 7th Framework Programme of
EURATOM. Nevertheless, this approach is not free of drawbacks, like
the fact that the description of some of those speciﬁc phenomena might
require variables not included in the original code. In other words, once
a model describing a phenomenon is developed and validated, it might
still require some further work to make it compatible with the code
structure and language. This is the main focus of the present paper:
transposing the PG formulation introduced above into a form ready to
be implemented in any lumped parameter code to be used for SFR se
vere accident analysis such as MELCOR/CONTAIN LMR (Louie and
Humphries, 2016) and/or ASTEC Na (Girault et al., 2015, 2017). Fi
nally the performance of the ASTEC Na code with the proposed corre
lations implemented is analysed by comparing its predictions with some
of the most credited experiments on aerosol behaviour in SFR con
tainments.
2. Zero-D particle generation modelling

Fig. 1. PG model diagram.

example, assumes that all sodium oxides (NaxOy) produced become
particles of a given size with no speciﬁc consideration of particle for
mation kinetics or primary particle size. The CONTAIN LMR code
(Murata et al., 1993), which is heavily inspired by SOFIRE regarding Na
combustion, requires the user to set a particle seed size and to introduce
a number of parameters that heavily control both Na based particle
generation and subsequent behaviour (Herranz et al., 2017).
Due to the attention that Source Term is being given in the frame of
Gen. IV SFR (Girault et al., 2015, 2017) designs to achieve better as
sessments of SFR potential risks and/or more eﬃcient development of
engineered safety features, an ad hoc particle generation model from
Na pool ﬁres has been built by Garcia et al. (2016). The model consists
of a suite of individual models for Na vaporization (diﬀusion layer
approach), O2 transport by air natural circulation (3D ﬂow pattern
modelling), NaeO2 chemical reactions (instantaneous reactions and
energy of reaction) and vapour to particle conversion of Na oxides (i.e.,
nucleation and/or condensation). Fig. 1 shows a simpliﬁed ﬂowchart of
the coupling of individual models. By characterizing sodium pools
through temperature and diameter, a Sodium Vaporization Model
(SVM) calculates the vaporized Na from the surface. Highly turbulent
conditions foreseen in the close vicinity of the sodium reaction zone
together with the O2 supply to the reaction region require a 3D Com
putational Fluid Dynamics (CFD) approach to be used. By using
FLUENT (ANSYS Inc., 2008), the O2 natural circulation and the NaeO2
chemical reactions are modelled (O2 Supply Model, O2SM; NaeO2
Chemical Model, NaeO2ChM). Then, a Vapour to Particle Conversion
model (VtPCM) calculates particle generation by homogeneous nu
cleation and particle growth by condensation of the formed sodium
oxides. As a result, the Particle Generation (PG) model produces the
total number of generated particles (N) and the Primary Particle Size
Distribution (PPSD) during an in containment sodium pool ﬁre. The
authors partially validated the model with data from Newman and
Payne (1978) and showed a consistent model response in terms of
burning rate. However, as stated above, such an agreement requires
capturing the 3D natural circulation that feeds the NaeO2 reaction
layer and the associated turbulence foreseen right above such a reaction
region.
The current international trend in the development of SFR severe
accident codes is to take advantage of the commonalities with LWR
ones, so that the main code architecture and programming is adopted,

As mentioned above, particle generation from a Na pool ﬁre is as
sociated with substantial gradients of temperature, NaxOy vapours and
oxygen concentrations as well as turbulent agitation in the region right
over the thin reaction layer set up next to the pool surface. Thus, the use
of a 3D approach to capture the entire picture of particle generation
seems to be recommendable. Nevertheless, using 3D computational
ﬂuid dynamics in analysis of Beyond Design Basis Accidents (BDBAs) at
present is unsuitable, due to the lack of validation of these tools in SFR
accident conditions, and impractical, since the necessary computing
resources and the number of scenarios to be explored would render this
approach too onerous. Therefore, a zero D (lumped) approach is to be
developed based on the work by Garcia et al. (2016).
In order to turn the chosen 3D model into a consistent 0D version,
some qualitative criteria have been adopted:
The 0D response to major environmental variables (i.e., pool tem
perature, oxygen concentration, over pool gas velocity and compo
sition, etc.) should follow the same trends shown by the original 3D
model;
The quantitative deviations of the 0D predictions with respect to the
3D estimates should be within the uncertainty range of the latter in
the main output variables of the model (i.e., particle generation rate
and primary particle size distribution);
The ﬁnal formulation of the 0D model should be compatible with
architecture and variables available in integral lumped parameter
codes to be used for SFR severe accident analyses (i.e., MELCOR Na
and/or ASTEC Na).
2.1. Zero D model
2.1.1. Fundamental equations
In addition to the qualitative criteria introduced above, the 0D
adaptation of the PG model is based on the preservation of the total
number of particles formed in the active nucleation volume (i.e., the
region over the pool in which Na oxides are supersaturated) in the 3D
model, i.e.,:

N3D =

⎛

⎞

∑ ⎛∫ JiCNT (Ti, pvi )·dt ⎞⋅vi≡N0D = ⎜∫ J CNT (T , pv )·dt ⎟·VPG
i ⎝ Δt
⎝ Δt
⎠
⎠

(1)

In Eqn. (1), the number of generated particles (N3D) in the active
volume is given by the integration over time of the nucleation rate in all
the cells forming the active volume (summation running over subindex
i). As shown at the right side of the equation, the 0D approximation
requires a characteristic nucleation rate that keeps the major Classical
Nucleation Theory dependencies and relies on average gas properties

(T , pv ) of the entire active volume (Becker and Döring, 1935; Farkas,
1927; Zeldovich, 1942):
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As in Eqn. (2), the critical particle size of the 0D adaptation (i.e., the
minimum particle size to start up nucleation) is calculated for average
gas conditions:

d 0D =

2σv1
kT ln S

(6)

Then, primary particle growth by later condensation is accounted
for by vapour condensation on the primary particles formed by
homogeneous nucleation (Garcia et al., 2016).
2.1.2. The model assessment
Given the absence of an ad hoc experimental database on particle
generation from sodium pool ﬁres, a theoretical case matrix has been
set up as an engine to build an analytical database resulting from the 3D
model running under the outlined scenarios. The cases have been
characterized by variables physically related to the governing phe
nomena in the anticipated scenario: pool diameter (from 0.1 m to
10.0 m) as a characteristic system dimension for natural convection
over the pool; pool temperature (from 850 K to 1100 K) as the main
driver for the Na evaporation from the pool; and oxygen concentration
(from 21% down to 1%) as a reactant which might potentially limit the
conversion of Na into NaxOy. Table 1 synthesizes the discrete values
selected to build up a total of 200 cases.
Some of the cases calculated were eventually screened out due to
diﬀerent reasons. Cases with 1% O2 have been dropped from the matrix
because homogeneous nucleation conditions are not met (a total of 40
cases dismissed). A check of mass balance consistency has been con
ducted to ensure that the 3D model does not artiﬁcially produce par
ticles richer in Na than what the pool vaporization rate would allow;
this second condition entailed dropping 28 more cases from the matrix.
Thus, in total the analytical case matrix consisted of 132 cases.
The calculated total number of particles by the PG model (N3D)
versus the total number of generated particles from the 0D adaptation
(N0D) for 132 scenarios is shown in Fig. 2 (some areas of the plot have
been ampliﬁed for easier observation). As observed, the total number of
particles ranged between 1018 and 1024 for any of the O2 concentrations
considered, so that a broad interval of particle number has resulted
from the cases considered in the matrix. It is worth noting that both
approaches agreed in the order of magnitude of particles formed, ex
periencing an average deviation of around 4% (never exceeding 15%).
In the 0D PG model, all the particles are generated under the same
average conditions for a given scenario so that the growth rate is
identical for all the particles. This prevents a strict quantitative com
parison between the 3D approach and the 0D one, but a qualitative
Table 1
Tests matrix.
Key Variable

Range

Cases

Pool diameter (m)
Pool temperature (K)
O2 content (%)

0.1–10
850–1100
1–21

0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 7.5, 10.0
850, 900, 950, 1000, 1100
1, 5, 10, 15, 21

Fig. 2. N0D vs N3D.

comparison still makes sense. Fig. 3 shows that primary particle size
extends from around 7.0·10−10 m to 1.2·10−9 m in both approaches
despite the absence of distributions in the 0D model. In the PG model
(Fig. 3a), primary particle size is calculated by considering a single
burst of homogeneous nucleation (critical size). From this point on,
particle growth is controlled by condensation onto primary particles,
which in turn depends on boundary conditions. Oxygen concentration
has been noted to have a noticeable impact in the particle size dis
tribution: the higher the oxygen concentration, the higher the particle
number and the smaller the particle diameter. Namely, high oxygen
concentration enhances formation of NaxOy so that NaxOy vapour
pressure increases and nucleation occurs at smaller critical particle size.
Consistently with this, the 0D approximation also estimates smaller
sizes for higher O2 concentrations (Fig. 3b).
In summary, the 0D model adaptation has been shown to succeed in
meeting the two quantitative criteria set in terms of number of particles
and primary particle size.
2.2. Zero D correlations
Some of the variables embedded in Eqns. (1) and (5) might not be
available in lumped parameter codes used for severe accident analysis
of SFRs (N1 or S , for example). By exploring the sensitivity of the model
to variables governing dominant processes (as stated in Table 1), the
physical consistency of the 0D model may be conﬁrmed and the key
model trends revealed. They will be the pillars for the 0D correlation
proposed below, the architecture of which will allow a straightforward
implementation within severe accident system codes, like ASTEC Na.
Figs. 4 and 5 present the N0D model trends with Na vaporization rate
and oxygen fraction. Fig. 4 shows a sound linear trend (drawn in black)
of the number of particles with the Na vaporization rate, although there
is a substantial scattering (1 2 orders of magnitude) at any Na vapor
ization rate that accounts for other variables inﬂuence. Such an increase
is what is expected since the more Na vapour is made available, the
higher the number of particles might be formed. Fig. 5 displays the
growing trend of the number of particles with the oxygen concentration
at each pool dimension (Fig. 5a) diameter and temperature (Fig. 5b); in
addition, two more insights may be drawn from the plot: a stronger
correlation of N0D with O2 fraction than with Na vaporization rate (i.e.,
higher sensitivity of N0D to XO2) and the much larger scattering caused
by other variables. In order to better illustrate the inﬂuence of pool
diameter and temperature, Fig. 6 plots the speciﬁc variations of N0D
with both variables in the 21% O2 scenario (the rest of cases showing
the same trends). In short, whereas Tpool slightly aﬀects the number of
particles in the range explored, dpool changes have a quite noticeable
eﬀect that might ﬁt a potential relation with N0D.
As for the primary particle diameter trends as a function of main
variables, the study is simpler due to the small sensitivity shown by the

Fig. 3. Primary particle diameter.

model (range between 7·10−10 and 1.2·10−9 m). Hardly any variation
has been found as a function of Tpool and dpool, whereas oxygen con
centration clearly shows an inverse relation between both variables
(Fig. 7): the higher the O2 concentration, the smaller the particle pri
mary size. This trend is again consistent with the fact that higher NaxOy
vapour pressures translate into smaller primary sizes according to the
Classical Nucleation Theory (Becker and Döring, 1935; Farkas, 1927;
Zeldovich, 1942).
Based on the individual trends presented above, N0D has been lin
early correlated with the vaporization rate and potentially correlated
with the pool diameter and the oxygen concentration:
0.22
Ncrltn = 7.8478·1026·m˙ Na ·dpool
·XO3.03
2

(7)

Fig. 8 displays the correlation predictions vs. those from the 0D
model. The correlation shows quite good behaviour with an average
relative deviation around 50%. Garcia et al. (2016) estimated that just
by considering the uncertainties aﬀecting the physical properties in
tervening in the nucleation modelling a 2 orders of magnitude un
certainty band should be anticipated in the calculation of particle
number. Therefore, the deviations incurred by the correlation proposed
are acceptable.

Given the narrow interval found by the 3D model concerning pri
mary particle diameter (7.0·10−10 1.2·10−9 m), the derivation of an
accurate correlation is not that important. Nonetheless, the weak de
pendencies on pool diameter and temperature and the stronger de
creasing eﬀect of O2 concentration observed above have been en
capsulated in the following expression:

1 ⎞
1
0.0239
d pcrltn = 1.5913·10−10·dpool
·ln ⎛⎜
⎟·
0.2281
⎝ XO2 ⎠ T pool

(8)

In Fig. 9 the primary particle diameter given by the correlation is
compared with the primary particle size by the 0D PG model; even
though the correlation tends to underestimate the model predictions,
the absolute average relative deviation is less than 18%. Anyway, the
narrow diameter interval and the expected uncertainties aﬀecting any
calculated size make a primary particle diameter of 10−3 μm a rea
sonable assumption for Na based particle generation modelling.
3. Assessment of the CPA* Module
The correlations proposed in the previous section have been

Fig. 4. N0D as a function of Na-vaporization rate.

Fig. 5. N0D as a function of O2 concentration.

implemented within the CPA module of the ASTEC Na code (Girault
et al., 2015, 2017) together with a highly parametrized modelling ap
proach (Herranz et al., 2017). The resulting version of CPA is hereafter
referred to as CPA*. Next the code performance with the PG correla
tions is compared to experimental data (the existing pool ﬁre code
option is also included for comparison).
3.1. Implementation of Zero D correlations in CPA*
The new CPA version (CPA*) includes two options for the particle
production from sodium pool ﬁres: a sodium pool ﬁre model based on
the SOFIRE code formulation (Beiriger et al., 1973) in which sodium
burning rate is limited by the diﬀusion of oxygen into the pool (surface
reaction) and particle generation is assumed as inﬁnitely fast or im
mediate; and the correlations derived from the 0D adaptation of the PG
model assembled by Garcia et al. (2016), which is based on Na vapour
gas phase reactions (ﬂame sheet approach) and the particle formation
kinetics according to the Classical Nucleation Theory and the sub
sequent Na oxide vapour condensation onto particle seeds.
The implementation of the correlations proposed in Eqns. (7) and
(8) demands some additional information, like the sodium vaporization
molar ﬂow rate, which was derived by Garcia et al. (2016) assuming a

diﬀusion layer approach:

M˙ Na =

P
⎞·Apool
DNa ·XNa ·Cbl·ln ⎛ P − p
sat , Na ⎠
⎝
lf

(9)

where the ﬂame temperature (Tf) needed to estimate DNa and Cbl as well
as the distance from the pool surface to the ﬂame (lf) are given by
correlations obtained from the test matrix (Table 1):

Tf = Tpool + 1397.13·XO2

lf = 1.061·10−16·

1
·exp(0.026163·Tpool )
XO22

(10)

(11)

The oxygen mass ﬂow rate is calculated by assuming equal gen
eration rates of the two Na oxide species considered (Na2O and Na2O2):

m˙ O2 = X ·M˙ Na·MNa

(12)

where X is the oxygen sodium stoichiometric ratio.
The conversion from Na particle number to mass is conducted by
assuming that particles formed can be approximated as spheres:

Fig. 6. N0D variation as a function of Tpool and dpool for the 21% O2 scenario.

Fig. 7. dp_0D as a function of oxygen fraction with pool diameter.

Fig. 10. CSTF vessel arrangement (Hilliard et al., 1977).

m˙ Na2 O2 = 0.848·m˙ Na, PG

(15)

3.2. Validation test matrix

Fig. 8. Particle generation rate (correlated vs. 0D PG model results).

Fig. 9. Primary particle diameter (correlated vs. 0D PG model results).

m˙ Na, PG =

π
N˙ crltn 6 d p3crltn ρaero

1.52

(13)

where ρaero is a constant density speciﬁed by the user for the aerosol
behaviour calculations according to the multi component aerosol ap
proach of ASTEC CPA (Bestele and Klein Heßling, 2000). The value
1.52 comes from assuming that Na oxides generation is equimolar.
The generated aerosol mass of Na2O and Na2O2 is then calculated by
the code:

m˙ Na2 O = 0.673·m˙ Na, PG

(14)

Nearly 20 experiments related to Na ﬁres were identiﬁed in Herranz
et al. (2012). From them, almost half dealt with aerosol generation from
pool ﬁres. Based on a number of criteria like their scale, completeness
and accuracy of data reported, two large scale experiments from the
ABCOVE programme (AB1 and AB2 tests) and one middle scale ex
periment from FAUNA programme (F2 test) were chosen for the as
sessment of the new version of ASTEC Na CPA code with the im
plemented PG model.
The ABCOVE experiments were conducted in the Containment
System Test Facility (CSTF) vessel at the HEDL (Hanford Engineering
Development Laboratory, USA) (Fig. 10). In test AB1, 410 kg of sodium
at 600 °C was spilled into a burn pan of 4.4 m2 through an electrically
heated delivery line. The burn pan had a hinged lid which was in the
vertical position during the spill. The sodium ﬂow lasted 80 s and the
splashing was minimized by baﬄes in the pan. At 60 min after the in
itiation of the spill, the lid was closed and the sodium pool ﬁre ex
tinguished. The AB2 test was performed with essentially the same in
itial conditions, but with the addition of an injection of steam, at a rate
of 0.02 kg/s, near the centre of the containment vessel, 16 min after the
start of the ﬁre. The steam injection was meant to simulate the release
of water vapour from heated concrete at a rate equivalent to the release
of water vapour from ∼ 10 30 m2 of hot concrete. In this test, 472 kg of
sodium at 600 °C were delivered and the pool ﬁre burn duration was
60 min. A more thorough description of experimental aspects may be
found in Hilliard et al. (1979, 1977), McCormack et al. (1978) and
Souto et al. (1994).
The FAUNA facility consists of a ﬁre room, a measuring room, and
an aerosol measuring loop. A cylindrical steel vessel of 6 m in diameter
and 6 m high with domed ends (volume 220 m3) served as the ﬁre room
(Fig. 11) with all the instrumentation needed to monitor both thermal
hydraulics and aerosol behaviour. Inside the FAUNA containment
vessel, sodium pool ﬁre was produced in a circular burning pan. Closely
above the burning area a hood was placed in order to draw aerosols into
the measurement loop. At these sample ports mass concentration of
aerosol was determined by ﬁlter probes and size distribution by im
pactors. Additional ﬁlter probes were taken for the wet chemical

Fig. 11. FAUNA overview (Cherdron et al., 1985).

analysis (Cherdron et al., 1990; Cherdron and Charpenel, 1985;
Cherdron and Jordan, 1980, 1983).
In the F2 test, a sodium pool ﬁre was produced inside the FAUNA
containment in a circular burning pan of 1.6 m diameter (∼2 m2) by
the release of 250 kg of sodium at 500 °C for more than 3 h (210 min).
During the experiment, the oxygen content was kept constant through 3
injections of approximately 1% of the vessel molar content with dif
ferent duration.
In the next table an overview of the simulated experiments is shown
(Table 2).
3.3. Results and discussion
Comparisons of CPA* to data are shown below in terms of atmo
sphere temperature, airborne aerosol concentration and size along time.
A thorough description of data evolution and behaviour of heavily
parametrized models in previous versions of ASTEC Na were already
reported by Herranz et al. (2017), so that the discussion below focuses
Table 2
Experiments overview.

Geometry
Type
Volume (m3)
Initial Conditions
O2 (%)
Temperature (K)
RH (%)
Steam Addition
Sodium Spill
Initial Na Temp. (K)
Burning Area (m2)
Fire duration (s)

AB1

AB2

F2

Cylindrical
852

Cylindrical
852

Cylindrical
220

19.8
299.65
35.5
NO

20.9
293.65
43.3
YES

17–25
298.15
–
YES

873.15
4.4
3600

873.15
4.4
3600

773.15
2
12,600

Fig. 12. Atmosphere temperature in AB1.

on the new comparisons to data.
As observed in Fig. 12 through 14, calculated results and data
roughly follow the same thermal trends by describing a heat up phase,
in which Na oxidation is taking place, and a cooling phase, in which the
Na ﬁre extinguishes and a fast cooldown period right after the ﬁre is
over, which is then followed by a moderate cooling governed by natural
convection. This proﬁle is somewhat distorted in the case of the F2
experiment for two main reasons: the F2 atmosphere was not well
mixed during Na burning and temperature at the central axis of the
vessel (x = 0.0 m) became highly sensitive to O2 concentration, so that
whenever O2 concentration decreased temperature fell noticeably; in
addition, even though the ﬁre end was set at 12,600 s in the test pro
tocol, according to temperature data, ﬁre was progressively extin
guishing from around 6000 s, which might have been caused by a slow
supply of O2 by the convection loops set in the vessel with respect to the

Fig. 13. Atmosphere temperature in AB2.

Fig. 15. Airborne concentration in AB1.

Fig. 14. Atmosphere temperature in F2.

Fig. 16. Airborne concentration in AB2.

Na burning rate at the measurement locations. As for the speciﬁc
CPA* PG behaviour, it closely captured the ﬁrst 500 s of Na ﬁres (AB1
and AB2 tests), but then it underestimated temperature data during the
heat up phase. This might indicate that either more chemical energy
should have been released or a larger fraction of the chemical energy
produced should remain in the atmosphere. Given the validation of the
3D PG model by Garcia et al. (2016) in terms of burning rate with
Newman's data and the assumption of instantaneous chemical reaction,
this might indicate a slight underprediction of the Na vaporization rate
when converting Eqn. (9) into an adapted version for lumped para
meter codes. However, the similarity of the CPA* SOFIRE slope during
most of heat up phase indicates that this is not strictly linked to the PG
adaptation modelling (the apparently closer agreement of CPA* SO
FIRE with data at later times during the heat up phase coming from the
noticeable overprediction in the ﬁrst 500 s of the test). During the
cooling phase, the CPA* PG behaves similarly to data, although the fast
temperature decrease right after Na ﬁre is slightly more moderate
possibly due to the smaller temperature diﬀerences with surrounding
heat structures as a consequence of the underestimate of gas tempera
ture during the heat up phase.
Much closer related to the PG modelling are the evolution of air
borne aerosol concentration and size. Fig. 15 through 17 present the
CPA* PG results together with data and CPA* SOFIRE predictions for
the three experiments. Due to the reasons given above, comparisons to
data in the case of the F2 test will be restricted to the ﬁrst 6000 s. In
AB1 and AB2, CPA* PG calculations show consistency with data until
around 2000 2500 s, during which they are within the experimental
uncertainties; however, if credit is given to the blurred increasing trend
(large experimental uncertainties prevent ﬁrm acceptation that such a
tendency is true), this might either support a higher Na vaporization

Fig. 17. Airborne concentration in F2.

rate, as explained above, or indicate over eﬃcient particle removal by
the aerosol depletion mechanisms (mainly sedimentation). Anyway, the
larger deviations found with respect to data are within a factor of 2.0
(CPA* SOFIRE estimates behaved similarly but with a shift to higher
aerosol concentrations that locates them beyond the experimental un
certainties during the early times of heat up phase). As for the F2 ex
periment, the CPA* PG calculations show a growing trend consistent
with the data trend for the ﬁrst 6000 s, although experimentally the
sharp increase predicted at the beginning of the test (and also measured
in AB1 and AB2) did not exist, which is likely related to the stratiﬁed
atmosphere reported in the test. Once the Na ﬁre is over, the particle
generation model has no eﬀect on aerosol evolution, so that

observed at two key times: early during the heat up phase to roughly
the measured diameter and then once the ﬁre is over and particle
generation is not active anymore, making predictions reproduce the
particle size jump. Regarding F2, CPA* PG noticeably overpredicted
size; however, this is the expected behaviour because the measurements
were made quite close to the aerosol source so that particles had a short
“time of ﬂight” (i.e., particle size practically unaﬀected by agglomera
tion processes); this explanation is consistent with steady behaviour
observed from the data before and after the ﬁre was put out, instead of
producing a size jump due to the end of production of small particle
injection in the vessel.

4. Conclusions

Fig. 18. AMMD in AB1.

Fig. 19. AMMD in AB2.

discrepancies with data cannot be attributed to PG modelling.
Fig. 18 through 20 display the Aerosol Mass Median Diameter
(AMMD) evolution. Given the absence of data before 1000 s, no dis
cussion can be held concerning the earlier times of the heat up phase
except for stating that particle growth predicted by both CPA* ap
proximations are consistent with the data available (Figs. 18 and 19).
This is particularly so in the AB1 test, in which a steady state is ob
served in the AMMD until the ﬁre end time; contrarily, in the AB2 test, a
growth trend, not calculated by either of the CPA* calculations, might
have existed, although again the experimental uncertainties do not
allow conﬁrmation of such a trend. Anyway, the comparisons support
that CPA* PG implementation does not distort the particle growth

Sodium pool ﬁre modelling has traditionally focused on thermal
hydraulic consequences to evaluate the risk of containment over
pressure. However, in the case of a core damage accident and rupture of
the primary system, ﬁre generated particles will not only be toxic but
also represent the main vector of radio contaminant transport. Here
modelling of sodium vapour burning and formation of sodium oxide
aerosols above an evaporating sodium pool has been presented with the
objective of calculating the characteristics (number and size) of the
particulate source term to the containment. Firstly, a 0D (lumped)
model is derived from a previously published 3D model; this 0D model
is a ﬁrst step towards a model suited to implementation in severe ac
cident codes. On the basis of realistic variations of burning pool para
meters (viz., gas phase oxygen concentration, pool size and pool tem
perature), comparisons of the results of the 0D model and the 3D model
are observed to be in acceptable agreement in terms of both the number
of particles produced and their size. From further results of the 0D
model, simple correlations for particle number and size are proposed in
terms of the following pool ﬁre parameters: sodium evaporation rate;
pool diameter; pool temperature and oxygen concentration. The im
plementation of these correlations into the ASTEC Na severe accident
code is described where this is done in parallel (i.e., as a user selectable
alternative) to existing modelling for ﬁre particle generation. However,
unlike the new modelling, the existing modelling imposes ﬁxed particle
size for the primary (freshly nucleated) ﬁre generated particles.
Calculated results using the new and existing particle generation
models are compared with experimental data from three experiments in
two diﬀerent facilities. Overall, the new modelling in ASTEC Na does
not provide better or worst results than alternate modelling. The trends
have been proved to be physically sound (they follow data tendencies)
and the experimental data uncertainty prevents from qualifying one
approach over the other. This being said, the correlations proposed do
not need any code user assumption concerning the mass and energy
transfer from a pool ﬁre to the containment atmosphere, as other ap
proaches do.
In conclusion, the new correlations are very suitable for use in a
severe accident code in terms of the negligible additional computation
burden. The new correlations, by originating from simpliﬁcations of
soundly based physical modelling, avoid the arbitrary assumption of a
ﬁxed primary particle size in the existing modelling. Limited compar
isons with experiments imply that use of the new correlations increases
conﬁdence in prediction of the pool ﬁre particulate source term to the
containment.
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Fig. 20. AMMD in F2.

Nomenclature
Na pool surface
molar gas concentration between pool surface and ﬂame
diﬀusivity of sodium in the binary system N2eNa
correlated particle diameter
particle diameter in the 0D PG model
Na pool diameter
nucleation rate by Classical Nucleation Theory
Boltzmann constant
ﬂame height
molecular mass
Na vapour mass ﬂow rate
Na mass ﬂow rate into particles
generated aerosol mass of Na2O
generated aerosol mass of Na2O2
oxygen mass ﬂow rate
Na molar weight
Na vapour molar ﬂow rate
correlated number of generated particles
number of generated particles calculated with the 3D PG
model
number of generated particles calculated with the 0D PG
N0D
model
Ṅ1
average number concentration of molecules
P
pressure
saturation vapour pressure
psat,Na
cell vapour pressure
pvi
average vapour pressure
pv
S
saturation ratio
S
average saturation ratio
T
average temperature
Tf
ﬂame temperature
cell temperature
Ti
Na pool temperature
Tpool
cell volume
vi
nucleation zone volume
VPG
molecular volume
v1
fraction of sodium on the pool surface
XNa
fraction of oxygen
XO2
Greek symbols
Apool
Cbl
DNa
d pcrltn
d0D
dpool
JCNT
k
lf
m1
ṁNa
ṁNaPG
ṁNa2 O
ṁNa2 O2
ṁO2
MNa
ṀNa
Ncrtl
N3D

ρaero
σ

aerosol density
surface tension
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