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a b s t r a c t

ISFRA (Integrated SFR Analysis Program for PSA) computer program has been developed for simulating
the response of the PGSFR pool design with metal fuel during a severe accident. This paper describes
validation of the ISFRA aerosol model against the Aerosol Behavior Code Validation and Evaluation
(ABCOVE) experiments undertaken in 1980s for radionuclide transport within a SFR containment.
ABCOVE AB5, AB6, and AB7 tests are simulated using the ISFRA aerosol model and the results are
compared against the measured data as well as with the simulation results of the MELCOR severe ac-
cident code. It is revealed that the ISFRA prediction of single-component aerosols inside a vessel (AB5) is
in good agreement with the experimental data as well as with the results of the aerosol model in
MELCOR. Moreover, the ISFRA aerosol model can predict the “washout” phenomenon due to the inter-
action between two aerosol species (AB6) and two-component aerosols without strong mutual inter-
ference (AB7). Based on the theory review of the aerosol correlation technique, it is concluded that the
ISFRA aerosol model can provide fast, stable calculations with reasonable accuracy for most of the cases
unless the aerosol size distribution is strongly deformed from log-normal distribution.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since 1987 Korea Atomic Energy Research Institute (KAERI) has
been developing a design and analysis technique for a pool-type
sodium-cooled fast reactor called Prototype Gen-IV Sodium-
cooled Fast Reactor (PGSFR). The PGSFR design focuses on the
inherent safety characteristics of metal fuel and passive cooling
using natural circulation and thermal expansion [1].

Despite the extremely low probability of a severe accident ex-
pected in the PGSFR due to the inherent safety characteristics and
design features such as the passive shutdown system and passive
decay heat removal system, the analytical capabilities and tools to
predict release and transport of radioactive fission products (FPs)
from the core to the containment and release to the environment
under postulated nuclear power plant accidents are required for
public acceptance and licensing. To this end, KAERI and Fauske &
Associates, LLC (FAI), jointly developed the Integrated Sodium Fast
by Elsevier Korea LLC. This is an
Reactor Analysis (ISFRA) computer program to simulate the
response of the PGSFR pool design with metal fuel during a severe
accident. ISFRA was designed to be a fast-running simulation
software used to predict the initial transient and the subsequent
release and transport of FPs in a PGSFR [2].

The ISFRA computer program adopts the aerosol correlation
technique of Epstein et al. [3e6] to predict behavior of non-volatile
fission product (FP) aerosols inside a primary coolant system and
containment under postulated severe accident conditions, tracking
the suspended and deposited aerosol masses. As an integrated
reactor analysis program developed specifically for PGSFR, the
ISFRA code consists of thermal-hydraulics model, reactor kinetics
model and various component models covering a core, a vessel,
heat exchangers, containments et al.

Since the PGSFR uses liquid sodium as a coolant, in the event of
coolant boiling and leakage into the containment, a sodium fire
would occur and produce a large amount of sodium oxide aerosols,
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which will coagulate with FP aerosols that were leaked into the
containment. Therefore, the behavior of FP aerosols inside the
containment and release to the environment will be strongly
affected by the presence of sodium oxide aerosols. In the ABCOVE
experiments [7e9] sodium oxide aerosols were generated by a
sodium spray/pool fire. Then, sodium iodide (NaI) aerosols were
released in the presence of sodium combustion product aerosols.
ABCOVE AB5, AB6, and AB7 tests are simulated using the ISFRA
aerosol model and the results are compared against the measured
data as well as with the simulation results of the MELCOR severe
accident code.

The purpose of this study is to assess the capabilities and limi-
tations of the aerosol model in the ISFRA code. In Section 2, the
governing equations, assumptions, and derivation of the ISFRA
aerosol model are reviewed. In the subsequent sections, the aerosol
model is validated against the ABCOVE experiments to identify the
capabilities and limitations of the ISFRA aerosol model.
2. ISFRA aerosol model

The theory behind the aerosol correlation technique of Epstein
et al. [3e6] and the implementation of the technique in the ISFRA
aerosol model is reviewed in this section. The advantages and
limitations of the ISFRA aerosol model is discussed in Section 2.6.
2.1. Governing equation

The time rate of the suspended aerosol concentration in an
arbitrary control volume can be derived by balancing the various
mechanisms through which aerosols can be gained or lost from the
volume. When n(v, t) is the particle size distribution function, n (v,
t)dv represents the number concentration of particles in the par-
ticle volume range v to vþ dv at time t. The equation governing n(v,
t) for an aerosol supplied with particles at the constant rate _npðvÞ
and losing mass by deposition on surrounding surfaces at a velocity
u(v) is as follows [3].
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where Kðv; vÞ is the kernel representing the frequency of binary
collisions between particles of volume v and v, and h is the effective
height for deposition of the aerosol (¼ cloud volume/surface area).

The functional form for the collision kernel Kðv; vÞ that appears
in Eq. (1) depends on the coagulation mechanisms assumed to
govern the behavior of the aerosol. Since the major mechanisms
causing particle collisions in an enclosed compartment are Brow-
nian motion of the particles and gravitational settling, the collision
kernel can be expressed as follows:

K
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(2)

where KBðv; vÞ and Kgðv; vÞ represent the collision kernels for the
Brownian and gravitational coagulation mechanisms, respectively.

For particles larger than the gas mean free path, the collision
kernels for the Brownian and gravitational coagulation mecha-
nisms, written in terms of particle volume, are
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where r is the density of the aerosol material, m is the viscosity of
the gas in which the particles are suspended, and K0 (¼ 4kT/(3m)) is
the normalized Brownian collision coefficient. Here, a is the density
correction factor, g is the collision shape factor, and c is the particle
settling shape factor. εðv; vÞ is the capture coefficient, which is in the
following functional form [10].
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Taking the first moment of Eq. (1) to temporarily avoid the many
complications, Eq. (1) becomes the ordinary differential equation
for the density of the suspended mass, m

dmðtÞ
dt

¼ � lðtÞmðtÞ þ _mp (6)

Here, m is the total mass concentration expressed as

mðtÞ¼ r

ð∞
0

vnðv; tÞdv (7)

The constant mass rate of production of aerosol particles per
unit volume, _mp, is

_mpðtÞ¼ r

ð∞
0

v _npðv; tÞdv (8)

And, l is the aerosol removal rate constant defined as

lðtÞ¼
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h
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2.2. Aerosol similitude and similarity analysis

In the consequence analyses of postulated nuclear power plant
accidents, we have to track the total suspended mass and the par-
ticle size distribution of aerosols undergoing Brownian coagulation
and gravitational settling. Previous work with Eq. (1) has shown
that as time progresses, the particle size distribution becomes in-
dependent of the initial distribution. It has been also shown theo-
retically that particle size spectra of aerosols coagulating by
Brownian motion reach a constant “self-preserving form” (with
respect to particle size) independent of the initial distribution after
a sufficiently long time [3,4]. The tendency for aerosols to approach
a certain size distribution is called “aerosol similitude.” The aerosol
similitude can be achieved by selecting suitable scale factors for the
particle number density, particle volume, and time.

2.2.1. For aging aerosols
To avoid the complexity of the above governing equations,

Epstein et al. [3] transformed the aerosol equations to



Table 1
Non-dimensional form of major variables for aerosols undergoing Brownian. and
gravitational coagulation and settling.
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dimensionless forms that readily reveal the nature of the similar-
ities that exist among seemingly different aerosols. “Similarity”
means that as time increases the particle size distribution becomes
independent of the initial particle size distribution. For aging
aerosols, _npðvÞ¼ 0; and the governing equations are reduced to a
set of universal forms by introducing the dimensionless particle
volume n, dimensionless time t, and dimensionless particle distri-
bution function N(n, t) as following:

nðv; tÞ¼ c1Nðn; tÞ; v¼ c2n; and t¼ c3t; (10)

By solving the governing equations for c1, c2, and c3, the quan-
tities of m(t), l(t), and _mp can be transformed into the dimension-
less total density of the suspended aerosol M(t), dimensionless
removal constant L(t), and the dimensionless particle source
strength _Mp.

Finally, the settling velocity for the small particles of interest in
aerosol transport is accurately represented by Stokes' law. Stokes’
law written in terms of particle volume and corrected for non-
spherical or porous particles is [3].
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Substituting Eqs. (2)e(4) and (10) and (11) into Eq. (1), one can
obtain the unknowns c1, c2, and c3 through dimensional analysis
[3,11]:
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On the other hand, the dimensionless total suspended aerosol
mass M is transformed from m(t):
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The dimensionless decay constant is defined and expressed as
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2.2.2. For steady-state aerosols
The particle size distribution of an aerosol continually rein-

forced by the introduction of particles at a steady rate and losing
particles by sedimentation will ultimately achieve an equilibrium
condition in which vnðv; tÞ =vt ¼ 0. Here, time does not enter into
the coagulation equation, but of course the source term _npðvÞ must
be retained. It can readily be shown by themethod in the preceding
section that the scaling factors for the quantities n, v, and m of an
aerosol in steady-state are given by Eqs. (10), (12) and (13). Similar
transformations can be derived by introducing the dimensionless
parameters n, t, N(n, t), and an additional dimensionless particle
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source rate _NpðnÞ:

nðv; tÞ ¼ d1Nðn; tÞ;
v ¼ d2n;

t ¼ d3t; and
_npðnÞ ¼ d4 _NpðnÞ
Substituting these equations into Eq. (1) with vnðv; tÞ =vt ¼ 0,

dimensional analysis gives algebraic compatibility equations for the
coefficients d1, d2, d3, and d4 similar to the aging aerosol case.
Solving these algebraic equations, we obtain the transformations as
follows.

d1 ¼ c1; d2 ¼ c2; d3 ¼ c3

From the dimensional analysis of the source term in RHS of the
governing equation
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A physically more significant parameter is the dimensionless
total mass introduction rate of particles _Mp, which can be related

directly to _NpðvÞ by Eq. (8)

_Mp ¼
 
g11c4mh8

a5gK3
0r

5

!1=4

_mp ¼
ð∞
0
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The non-dimensional form of major variables so far derived for
aging (decaying) and steady-state aerosols undergoing Brownian
and gravitational coagulation and settling are summarized in
Table 1. It should be noted that the scaling factors in the table do not
include any of the properties of the initial distribution.

The results of numerical calculations for the evolution of the
sectionalized particle mass distributions at dimensionless aging
times t ¼ 0.2, 1.0, and 2.0 for two different aerosols losing mass by
sedimentation are shown in Fig. 1. The MAEROS numerical tech-
nique [12,13] was used for the calculations, which is based on
dividing the particle size domain into sections and dealing with one
integral quantity in each section. Thus, MAEROS calculations give
information of the transient aerosol size distribution and compo-
sition as outputs. The MAEROS code used for the calculation was
provided from the OECD/NEA data bank system [14]. The initial



Fig. 1. Particle mass distribution at dimensionless aging times t ¼ 1.0 and 2.0 of two
different aerosols losing mass by sedimentation and undergoing Brownian and grav-
itational coagulation (Reproduction of Fig. 1 in Ref. [4]).

Fig. 2. Dimensionless aerosol removal rate constant for sedimentation as a function of
dimensionless suspended mass concentration; steady-state and aging aerosol curves
and experimental data (Reproduction of Fig. 1 in Ref. [5]).
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particle size spectra were taken to be of the log-normal form. In
Fig. 1, the aerosols with different initial size distributions and
properties have a more similar dimensionless particle size spec-
trum at the larger dimensionless time. Therefore, it is clearly shown
in Fig. 1 that the similarity principle is approached after sufficient
time has passed so that the individual peculiarities related to the
initial distribution of a particular aerosol are forgotten.

2.3. Correlations for aerosol sedimentation

To determine the functional relationships L(M), FAI obtained
empirical fitting equations based on many numerical solutions and
experimental data [2,15].Numerical solutions are obtained again by
running a sectional analysis tool, the MAEROS code, which was
developed by Gelbard et al. [12,13]. Fig. 2 shows the dimensionless
removal rate constant as a function of dimensionless suspended
aerosol mass concentration, from the measured aerosol mass
concentrations of the ABCOVE experiments and several numerical
experiments using the MAEROS code. This figure is a reproduction
of the similar concept of Fig. 1 in Epstein et al. [5].

From the calculated and measured data in Fig. 2, two fitting
curves are obtained by FAI. The lower dashed curve corresponds to
aerosols continually supplied with particles, under steady-state
conditions, in which the loss of particle mass by gravitational
sedimentation is balanced by the constant rate of input of particle
mass. The upper solid curve is the dimensionless removal rate
versus dimensionless mass concentration relation for decaying
aerosols in the absence of a source. The obtained algebraic fit
equations for the curves are

LSS
SED ¼0:266M0:282

�
1þ 0:189M0:8

�0:695
(17)

LD
SED ¼0:528M0:235

�
1þ 0:473M0:754

�0:786
(18)

Here, superscript SS indicates when the removal rate constant re-
fers to steady-state conditions, superscript D denotes L for a
decaying aerosol, and subscript SED denotes particle removal by
sedimentation.

For the MAEROS numerical experiments, the aerosol size dis-
tribution is divided into 30 sectional bins of the particle diameter
3969
ranging from 0.01 mm to 250 mm. Aerosol particle source rates with
log-normal source distributions having standard deviations s and
initial geometric mean particle diameters d0 are applied for a
certain period of time and then turned off ( _np ¼ 0). In the MAEROS
code, the gravitational settling velocity is expressed as

u
�
dp
�¼ d2pgrCm

18cm
(19)

The gravitational settling velocity in Eq. (19) is expressed by the
aerosol particle diameter dp, while that of Eq. (11) is expressed by
the aerosol volume v. Since both the Cunningham slip correction
factor Cm in Eq. (19) and the density correction factor a in Eq. (11)
are estimated to be around 1, Eqs. (11) and (19) are essentially
the same [16]. In numerical experiments, the particle deposition
onto walls by thermophoresis and diffusion mechanisms are
removed by giving zero air-to-wall temperature gradients and very
large diffusion boundary layer thicknesses as input parameters. The
resultant values of volumetric suspended aerosol mass and particle
number in each size sections, from the MAEROS simulations, are
manipulated to generate dimensionless decay constants as a
function of dimensionless suspended aerosol mass concentrations.
In estimating the dimensionless decay constant L by Eq. (14), the
decay constants l are obtained from the MAEROS numerical solu-
tions through Eq. (9).

For the ABCOVE measured data, the suspended NaOx aerosol
mass concentrations of the ABCOVE AB5 test and the suspended NaI
and NaOH aerosol mass concentrations of the ABCOVE AB7 test are
converted to dimensionless suspended aerosol mass concentration
M and the corresponding dimensionless removal constantL by Eqs.
(13) and (14). The ABCOVE AB6 data are not used because these data
have a strong interaction between the NaI and NaOx aerosols,
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which will be discussed in Section 4.2. For these experimental data,
since the airborne aerosol removal is caused by the turbulent
deposition due to natural convection inside the vessel and the
thermophoretic deposition due to air-to-wall temperature differ-
ences as well as gravitational sedimentation, the values of dimen-
sionless aerosol removal rate constant L are higher than those of
numerical experiments. Thus, the algebraic fitting equations of Eqs.
(17) and (18) are obtained based on the numerical solutions only,
because the aerosol deposition owing to gravitational settling
without any other deposition mechanisms is considered here.

After the dimensionless decay constant L is calculated from the
dimensionless suspended aerosol mass concentration M by using
Eq. (17) or (18) for steady-state or decaying aerosols, the dimen-
sionless decay constant L is transformed into an aerosol removal
rate constant l by utilizing Eq. (14). Steady-state and decaying
conditions are expressed as

dmðtÞ
dt

¼ � lSSSEDmðtÞ þ _mp (20)

dmðtÞ
dt

¼ � lDSEDmðtÞ (21)

Here again, superscript SS indicates when the removal rate constant
refers to steady-state conditions, superscript D denotes L for a
decaying aerosol, and subscript SED denotes particle removal by
sedimentation.

To switch from one of the decaying or the steady-state corre-
lation to another, the FAI correlation-based aerosol model uses an
interpolation factor (FSEDDK) between decaying and steady-state
correlations. One can get the expected steady-state airborne aero-
sol mass mSS from Eq. (6), assuming the time derivative term is
eliminated.

mSS ¼ _mp

lSED

When there is no aerosol source, lSED ¼ lDSED and the airborne
aerosol mass concentration is calculated from Eq. (21). For the cases
that there are aerosol sources, two conditions exist depending on
whether the current suspended aerosol massm(t) is larger than the
steady-state airborne aerosol mass mSS or not. When (m(t)/mSS ) is

smaller than 1.0 with aerosol sources, lSED ¼ lSSSED and the airborne
aerosol mass concentration is calculated from Eq. (20). When (m(t)/
mSS ) is larger than 1.0 with aerosol sources, the interpolation factor
Table 2
Correlations for aerosol deposition mechanisms.
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(FSEDDK) is estimated from 0 to 1.0 for the varying (m(t)/mSS ) value
from 1.0 to 8.0. Then, the airborne aerosol mass concentration is
obtained by using Eq. (20) with the following removal rate
constant.

lSED ¼ FSEDDK * lDSEDþð1� FSEDDKÞ*lSSSED
2.4. Correlations for other deposition mechanisms

In addition to the gravitational settling, other deposition
mechanisms of airborne aerosols in a confined compartment are
turbulent deposition and inertial impaction, when there is no other
force on particles such as electrostatic forces.

For the case of aerosol particles in high-velocity forced flow, the
rate of turbulent deposition onto walls can be comparable to the
deposition by sedimentation. The turbulence aerosol deposition
velocity in a pipe flow is given by

uðvÞ¼4:21� 10�7f 1=2ug

 
fu2grga

1=3rv2=3

cm2

!2

(22)

where ug and rg are the gas velocity and density, respectively, and f
is the friction factor for turbulent flow. The shape factors c and a

correct the Stokesian resistance for the penetration of porous or
non-spherical particles, respectively. By replacing Eq. (11) with Eq.
(22) in the derivation in Section 2.2, the analogous expression for
aerosol decay by turbulent depositionwas obtained. By running the
sectional aerosol code MAEROS with the deposition velocity given
by Eq. (22), the correlations of the dimensionless suspended
aerosol mass and removal rate constant are obtained as shown in
Table 2.

Flow obstructions such as pipe bends, a sudden contraction,
steam separators, or steam dryers can lead to aerosol impaction on
surfaces. The inertial impaction deposition velocity on a body of
diameter D is given by

uðvÞ¼ E$ug ¼ 0:068

 
ra1=3

cmD

!2=3

u5=3g v4=9 (23)

where E is the efficiency of inertial impaction deposition defined as
the ratio of the number of particles that actually reach the body to
the number of particles that would have reached it had they
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continued in a straight line rather than follow the streamlines. By
replacing Eq. (11) with Eq. (23) in Section 2.2, the treatment used
for aerosol sedimentation can be repeated for the inertial
deposition.

So far in this study, aerosol particle coagulation and deposition
in a confined compartment has been considered. In practice, there
could be transportation of aerosols and carrier gases between
compartments (i.e., control volumes), which finally lead to leakage
to the environment. Thus, we next consider the additional
complication of aerosol leakage as a result of bulk flow of gas from
the volume. Assuming all particles flow from the volume with the
carrier gas velocity through the leak, the leakage mass flux of
particulate can then be calculated from the mass continuity
expression

dm
dt

����
leak

¼ � uLm
hL

(24)

where the quantity hL is the effective height of the particle cloud
relevant to leakage, which equals the leak flow area divided by the
volume of the compartment. When we consider particle leakage as
simply another deposition mechanism that acts in isolation, the
removal rate constant for particle leakage becomes

lL ¼ � uL
hL

(25)

Since lL is independent of the shape of the particle size distri-
bution, Eq. (25) is valid for all regimes of aerosol behavior, including
steady-state and pure decay.

Table 2 summarizes expressions for the dimensionless param-
eters and correlations between them for the cases of sedimentation
deposition, turbulent deposition, inertial deposition, and leakage.
2.5. Correlations for simultaneous multiple deposition mechanisms

For aerosols with multiple deposition mechanisms, the mass
balance equation of Eq. (6) can be generalized as

dm
dt

¼ � lTOTmþ _mp (26)

Here, lΤΟΤ is the total removal rate constant for combined
aerosol removal mechanisms:

lTOT ¼ l�SED þ l�lIMP
þ l�lDIF þ l�lTH (27)

where the superscript black dot (�) indicates that the removal rate
constant depends on other accompanying deposition processes.
And, l�DIF and l�TH are removal rate constants due to diffusiophoresis
and thermophoresis, respectively, in the presence of sedimenta-
tion. The removal rate constant for particle leakage lL does not
appear in Eq. (27) since aerosol leakages are calculated with the
implicit flow solver between nodes by the fractional-step method
[17]. When simultaneous multiple deposition mechanisms occur
the individual removal rate constants are corrected to consider
presence of other removal mechanisms.

In the aerosol correlation technique, approximate combination
laws permit prediction of aerosol removal rates when two removal
mechanisms are operating simultaneously. In the ISFRA code, three
cases of simultaneous multiple mechanisms are considered: sedi-
mentation and leakage, inertial impaction and leakage, and sedi-
mentation and inertial impaction. For each case, the correction
correlations for l�SED and l�I were obtained from the given lSED, lI ,
and lL based on the numerical results of the sectional method.

While sedimentation and inertial impaction removal rates are
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particle size-dependent, steam condensation, thermophoresis, and
diffusiophoresis deposition rates on structure surfaces are inde-
pendent of particle size, like aerosol removal by leakage. Epstein
et al. [6] developed the dimensionless form of the local thermo-
phoretic particle flux and the deposition velocity (uTH) as

Shx ¼
ð�jÞxrg
mgbN∞

¼1� ðbPrÞ1:25Tw=T∞
1� ðbPrÞ1:25

$

�
T∞
Tw

�1
�
$Nux (28)

and

uTH ¼ Shx$
mg
rg

$
b

x
(29)

Here, j is the particle deposition flux in numbers per unit area per
second, and b is the dimensionless thermophoretic velocity coef-
ficient. The removal rate by thermophoretic deposition is given by

lTH ¼uTH=h (30)

where h is effective height (¼ volume/area), similarly as other
removal mechanisms. The deposition velocity due to thermopho-
resis can be treated as a leakage term in the presence of sedi-
mentation with b equal to 0.40 [15].
2.6. Advantages and limitations of aerosol correlation technique

The ISFRA aerosol model, which is based on the aerosol corre-
lation technique, provides fast and stable calculations and is based
on rigorous analysis. The governing equations for simultaneously
coagulating and settling (by gravity) aerosols are transformed into
non-dimensional equations based on aerosol similitude, where the
particle size distribution reaches a log-normal distribution inde-
pendent of the initial size distribution after a sufficiently long time.
Using the numerical results of the sectional method, two non-
dimensional fits are obtained for the aerosol behavior, one for
steady-state and another for decaying aerosols. Using these fits,
correlations for multiple simultaneous deposition rates are derived.
Approximate combination laws permit prediction of aerosol
removal rates when two deposition mechanisms are operating
simultaneously. Hence, it is necessary to numerically integrate a
single ordinary differential equation to obtain the suspended
aerosol mass concentration. On the other hand, the sectional
method is computationally expensive and often unstable due to
numerical stiffness. It involves solving M � S ordinary differential
equations, where M is number of sections and S is number of
species.

The aerosol correlation technique is restricted to single-
component aerosols. It is used, however, for calculating the
behavior of multicomponent aerosols by invoking the assumption
of uniform coagglomeration in which particles of all sizes are
assigned the instantaneous average composition of the aerosols.

Aerosol coagulation and deposition depend on particle sizes.
Therefore, if there is strong source or sink of specific aerosol size,
the aerosol similitude would not be maintained, and the aerosol
correlation technique may not work well. For example, aerosols
emerging from a suppression pool will assume different size
distribution.

The aerosol correlation technique breaks down when aerosols
grow or shrink by condensation or evaporation. Hygroscopic
aerosols have a large affinity for water and grows in humid envi-
ronment. Aerosol droplets produced into a dry atmosphere un-
dergo rapid evaporation. In both cases the aerosol size is affected by
processes other than coagulation.



Fig. 3. CSTF vessel arrangement for test AB5.

Table 3
Summary of ABCOVE test conditions.

Description AB5 AB6 AB7

Initial CSTF Atmosphere Conditions
Initial Atm. Temperature [K] 302.25 304.15 297.05
Initial Atm. Pressure [MPa] 0.122 0.114 0.118
Initial O2 Concentration [vol%] 23.3 ± 0.2 23.9 ± 0.2 20.95
Initial Dew Point [K] 289.15 ± 2 285.35 274.65

Containment Condition During Test
Maximum Avg. Atm. Temp. [K] 552.15 432.75 306.85
Maximum Avg. Steel Temp. [K] 366.65 352.05 298.35
Maximum Pressure [MPa] 0.214 0.170 0.123
Final O2 Concentration [vol%] 19.4 ± 0.2 21.9 ± 0.2 20.25
Final Dew Point [K] 271.65 268.95 274.45

Na Spray/Spill (AB7) Conditions
Na Spray/Spill Rate [g/s] 256 ± 15 42.8 ± 2.1 322
Na Spray/Spill Period [s] 13~885 620~5400 20~600
Na Sprayed/Delivered Mass [kg] 223 ± 11 204.7 ± 4.1 6.434
Na Initial Temperature [K] 836.15 833.15 863.15

NaI Aerosol Release Conditions
NaI Release Rate [g/s] e 0.14 ± 0.028 0.197

NaI Spray Period [s] e 0~3000 600~2400

NaI Released Mass [g] e 416 354.6

Source 50% diameter [mm] e 0.543 0.54

Source GSDa
e 1.55 1.55

a GSD ¼ Geometric Standard Deviation.
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3. ABCOVE experiments

The Aerosol Behavior Code Validation and Evaluation (ABCOVE)
experiments were conducted under the LMFBR (Liquid-Metal Fast
Breeder Reactor) Safety Program Plan [15], which was a cooperative
effort between the U.S. Department of Energy, the U.S. Nuclear
Regulatory Commission, and their contractors. A series of large-
scale confirmatory tests were performed in the Containment Sys-
tems Test Facility (CSTF) vessel in the Hanford Engineering Devel-
opment Laboratory (HEDL), covering a range of aerosol source
release rates, source duration times, and complexity of aerosol
composition. The CSTF vessel is a cylindrical steel tank (7.6 m
diameter, 20.3 m high) of about 852 m3 (Fig. 3). The vessel is fur-
nished with instrumentation to monitor both thermal-hydraulics
and aerosol behavior. Three experiments, AB5, AB6 and AB7, were
used to validate the ISFRA aerosol model in this paper. The test
conditions are summarized in Table 3.

Fig. 3 shows the CSTF vessel arrangement for the AB5 test. Test
AB5 is a single-species aerosol test that involves spraying sodium at
a high rate into an air atmosphere [15]. Aerosols were generated by
a sodium spray fire. An amount of 223 kg of sodium was sprayed
through two upward-facing nozzles located at �4.36 m from
ground zero over a period of 872 s (from 13 to 885 s), with all the
sodium converted to 60% Na2O2 and 40% NaOH aerosols. Oxygen
was also injected so that the oxygen concentration remained
relatively constant during this series of tests.

Test AB6 is an experiment for the case of a two-component
aerosol simulating the release of a fission product (FP) in the
presence of a sodium spray fire [8,18]. This experiment simulated
an accident in which sodium iodide (NaI) aerosols were released in
the presence of sodium combustion product aerosols. The main
difference in test AB6 was a sodium iodide aerosol generator
installed in a through-the-wall station at an elevation of �1.9 m.
The NaI aerosols were injected into the containment vessel atmo-
sphere at the rate of 0.14 g/s from 0 to 3000 s. Simultaneously, the
sodium spray fire was produced by injecting commercial-grade
sodium through a single spray nozzle located at an elevation
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of �4.36 m. The release rate of aerosols from the spray fire was
approximately 500 times that of the NaI, and its source was
continued well past the NaI source cutoff to demonstrate the
“washout” of the NaI by the continuing sodium spray aerosols. A
total amount of 204.7 kg of sodiumwas sprayed into the CSTF over a
period of 4780 s (620~5400 s). All sodium was converted to NaOx
aerosols consisting primarily of a mixture of sodium peroxide
(Na2O2) and sodium hydroxide (NaOH).

Test AB7 is a NaI aerosol release test after the end of a small
sodium pool fire [18]. The test involves release of the simulated FP,
NaI, into the containment vessel atmosphere after the end of a
small sodium pool fire. The primary purpose of test AB7 is to
demonstrate the co-agglomeration behavior of two aerosol species
under mild thermal conditions that minimize re-suspension and
decomposition processes. Test AB7 was also performed in the CSTF
vessel. Test AB7 began with the injection of sodium into the
containment vessel. The sodium spraying line failed immediately
after the initiation of the sodium flow. The failure was such that
sodium leaked from the line and fell to the personnel deck at an
elevation of �1.68 m, where it formed a pool and burned as a pool
fire. The flow of sodiumwas stopped after 20 s. The duration of the
pool fire is believed to be approximately 10 min (0~600 s). The
sodium oxide aerosols that were released from the burning sodium
were quickly converted to NaOH aerosols by reacting withmoisture
in the containment atmosphere. The NaI aerosols were released at
600 s with a constant rate of 0.197 g/s until 2400 s [19].
4. Simulation results and discussions

4.1. ABCOVE AB5 test

4.1.1. Simulation models
Since the ISFRA computer program was developed for PGSFR

accident analysis, in order to treat the ABCOVE test section (CSTF
vessel) and test conditions the subroutines comprising the aerosol
model were extracted from the ISFRA program and a driver was
created to handle inputs containing arbitrary geometries and
boundary conditions. The stand-alone computer program
comprised of ISFRA aerosol routines and the driver was used for the
entire validation processes.



Fig. 4. Validation condition and results for the AB5 test.

C. Yoon, S.I. Kim, S.J. Lee et al. Nuclear Engineering and Technology 53 (2021) 3966e3978
For the aerosol analyses of the AB5 test using ISFRA, the CSTF
vessel was modeled as a single control volume containing atmo-
spheric air and aerosols. During a sodium spray fire, the measured
gas temperature increased and reached the maximum temperature
of 533 K at the end of the sodium spray (885 s). After that, the gas
temperature decreased without any sodium fire. The measured
CSTF shell and atmosphere temperatures (Fig. 4(a)) were provided
as input to ISFRA as functions of time. Fig. 4(a) also shows the CSTF
shell and atmosphere temperatures calculated by the MELCOR runs
made by one of the authors [20]. These presented shell tempera-
tures calculated by MELCOR are the average values of inner and
outer surface temperatures. The addition of aerosol mass induced
by the sodium spray fire for 872 s (from 13 to 885 s) wasmodeled as
a constant aerosol mass source rate of 0.445 kg/s into the 852.0 m3

control volume. The time-step sizes for the ISFRA runswere directly
controlled by user input, starting with a small time-step and
increasing with time.

For aerosol analysis using the sectional method (MELCOR), the
containment thermal-fluidic subroutines were included. However,
some thermal-hydraulic conditions were controlled by the tabular
function in MELCOR, such as enthalpy addition in the vessel and
heat structure outer wall temperatures. Since the thermal-
hydraulics calculation could not reproduce the measured CSTF
temperature and pressure, probably due to heat losses to the outer
wall, presence of aerosols, and incorrect chemical reaction model
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for the sodium spray fire, imposing some thermal-hydraulic con-
ditions would be helpful to validate the aerosol portion of the
model against experiments. The measured CSTF shell and atmo-
sphere temperatures were provided as input to the MELCOR
calculation, similar to the ISFRA calculation. The five heat structures
considered in the simulation were vessel top head, cylindrical wall,
internal components for aerosol, vessel bottom head, and internal
components for aerosol settling. In the MELCOR calculation, aero-
sols can deposit on all surfaces; the surface areas are 63.0 m2,
395.0 m2, 232.0 m2, 45.604 m2, and 42.696 m2, respectively.
Therefore, the area summations of vessel bottom head and internal
components for aerosol settling becomes the total sedimentation
area of 88.3 m2, and the area summations of vessel top head, cy-
lindrical wall, and vessel bottom head becomes the total uncovered
heat sink area of 503.6 m2. Assuming that the temperatures of in-
ternal components are same as those of CSTF atmospheric tem-
perature, the surface areas of internal components are not included
in the total uncovered heat sink area on which thermophoretic
deposition occurs. It was assumed that the outer walls of the heat
structures were adiabatic except for the internal heat structure
components for aerosol settling. In modeling test AB5, one non-
radioactive aerosol component was used with 20 sections in the
aerosol mass distribution. The minimum and maximum diameters
for the aerosol size distribution, 0.01 and 10.0 mm, respectively,
were taken from the test report. The aerosol sourcewasmodeled by
specifying a log-normal distribution for the aerosol mass, using the
reported values of 0.5 mm for the mass median diameter (MMD)
and 1.5 for the geometric standard deviation (GSD). The input pa-
rameters used for the AB5 simulation by ISFRA and MELCOR codes
are summarized in Table 4, in which the start time of the sodium
spraying was set to be the time “0 s”. Only the minimum and
maximum time-steps for the MELCOR runs are given by users in
Table 4, since the exact value of each time-step was controlled by
the time-step control routine inside the MELCOR code. The sedi-
mentation area and the uncovered heat sink area for the ISFRA runs
were taken from the data in Table 1 of Souto et al. [18].

4.1.2. Results and discussion
Even though ABCOVE experimental research provided a range of

measured aerosol data, such as suspendedmass concentration (also
called airbornemass), settledmass, platedmass, aerodynamicmass
median diameter, geometric standard deviation of the particle size
distribution, settling mean diameter, leaked mass, and instanta-
neous combined removal rate, only the suspended aerosol mass
concentrations were used for the validation since the ISFRA aerosol
analysis model using the FAI aerosol method can only calculate the
total suspended aerosol mass and overall removal coefficient. The
total suspended aerosol mass at 872 s, when the aerosol source rate
became zero, was calculated from the measured aerosol concen-
tration of 110 ± 17 g/m3 to be 93.72 ± 14.48 kg, while the predicted
values were 129.84 kg for the ISFRA run and 100.88 kg for the
MELCOR run. Fig. 4(b) shows a comparison of themeasured and the
simulated suspended aerosol masses. The ISFRA and the MELCOR
aerosol models estimate the suspended aerosol mass at 1020 s well
within the standard error (1s), while both models over-estimate
the suspended aerosol masses at the later stage (11000~99900 s).
Over-estimation of the suspended aerosol mass implies conserva-
tive evaluation, because the larger suspended aerosol mass would
result in the larger source rates into the environment. Under-
estimation of suspended aerosol mass by the ISFRA aerosol model
only appears in the transition period of 872~1100 s, when the at-
mospheric pressure and the shell and atmospheric temperature
differences changed abruptly. The ISFRA simulation as well as the
MELCOR simulation predicted the aerosol mass trend quite well:
the suspended aerosol mass increased during the sodium spray fire



Table 4
Input data for simulating AB5 test.

Description ISFRA MAEROS (MELCOR)

CSTF TEST PARAMETER
CSTF Total Height 20.3 m
CSTF Cylinder Diameter 7.62 m
CSTF Vessel Volume 852.0 m3

Sedimentation Area 88.3 m2 88.3 m2

Uncovered Heat Sink Area 503.6 m2 503.6 m2

CSTF Shell Temperature Measured Value (See Fig. 4(a))
GAS PARAMETER

Ar Mole Fraction 0.01 0.0
Na Mole Fraction 0.0 0.0
N2 Mole Fraction 0.8 0.767
H2 Mole Fraction 0.0 0.0
O2 Mole Fraction 0.19 0.233
Gas Viscosity Air Property
Gas Thermal Diffusivity Air Property
Gas Temperature Measured Value (See Fig. 4(a))
CSTF Atm. Pressure Measured Value (See Fig. 4(a))

AEROSOL PARAMETER
Dynamic Shape Factor 1.5
Agglomeration Shape Factor 2.25
Slip Coefficient 1.37
Sticking Coefficient 1.0
Aerosol Particle Density 2500 kg/m3

Aerosol Diameter e 0.01~10 mm

Number of Sections e 20

Number of Aerosol Components e 1

Aerosol Source Rate 0.445 kg/s (0~872 s)
0.0 kg/s otherwise

Source aerosol MMDa
e 0.5 mm

Source Aerosol GSDb
e 1.5

CONTROL PARAMETER
Initial Time 0.0 s 0.0 s
Maximum Time 513600.0 s 514000.0 s
Time Step 1~1000 s (user inputs) 0.01, 1 s (Dtmin, Dtmax)

a Mass mean diameter.
b Geometric standard deviation.

Fig. 5. Comparison of ISFRA calculations for the AB5 test with different Nu/L values.
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period and then decreased steadily after the cessation of the so-
dium spraying. It should be noted that the starting time of sodium
spraying was set to be the time “0 s” in Figs. 4 and 5.

Aerosol deposition by gravitational settling occurs on the sedi-
mentation area, while thermophoretic deposition occurs on the
uncovered heat sink area. The measured or calculated CSTF atmo-
spheric and steel shell temperatures are major parameters affecting
aerosol removal rates by thermophoretic deposition. Since these
calculations using the stand-alone ISFRA aerosol programwere not
coupled with thermo-fluid calculations, some other important
parameters for calculating the thermophoretic deposition were
required as user input. As shown in Eqs. (28)e(30), the removal rate
of thermophoretic deposition is proportional to the local Nusselt
number. In the stand-alone ISFRA aerosol program the local Nusselt
number (Nux) normalized by the characteristic length (L) are pro-
vided as input. Fig. 5 shows the comparison of the ISFRA predictions
with different values of Nu/L. In the AB5 simulation using the
original ISFRA computer code, where the CSTF atmosphere and
shell temperatures are calculated by the code, Nu/L during the
decaying period of 1000~100000 s ranged 10~130 m�1. Since the
sodium spray fire is not considered in the code calculation, the
actual temperature difference between the CSTF atmosphere and
steel shell is expected to be higher, as confirmed bymeasurements,
and the corresponding Nu/L can be 150 m�1 or higher. Fig. 5 shows
larger local Nusselt Numbers resulting in faster thermophoretic
deposition velocities and higher aerosol removal rates. A Nu/L of
200, which gives the closest conservative prediction of the AB5
experiment, was selected as the base case.
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This stand-alone aerosol module of ISFRA was utilized for the
CPU time comparison between the MAEROS sectional method and
the correlation-based log-normal aerosol model. Since this ISFRA
aerosol module does not have the capability to analyze the multi-
component aerosol behavior, CPU time comparison was per-
formed only for the AB5 simulation. Table 5 compare the CPU times
between the sectional and the correlation-based aerosol models in
the ABCOVE AB5 prediction. For the CPU time comparison of basic
logics only, the unnecessary procedures were removed and the
simulation times were set to be the same value of 300000s. Both
computations of the sectional and the correlation-based models
were performed on the same PC with the 64-bit WINDOWS oper-
ating system on an Intel I7-7700 CPU. From this comparison result,
it is concluded that the correlation-based aerosol model gives
output about 80 times faster than the sectional method in the AB5
simulation.
4.2. ABCOVE AB-6 test

4.2.1. Simulation models
As discussed previously, test AB6 was performed in the same

facility as test AB5 and, therefore, most of the geometric parameters
required to model the CSTF vessel in test AB5 are applicable to test
AB6. The external energy source in test AB6 was the sodium spray
fire. This energy source includes both the energy released by
chemical reactions, 2.86 GJ, and the sensible energy injected with
the NaI source, 0.14 GJ [17]. The NaI aerosol source is reported to
have a log-normal distribution with the MMD of 0.544 mm and the
GSD of 1.55. The sodium combustion product aerosol, NaOx, is also
specified as a log-normal distributionwith 0.5 mm and 2.0 for MMD
and GSD, respectively.

For the ISFRA simulations of the AB6 test, an 852.0 m3 control
volume was modeled for the CSTF vessel. A single ISFRA run was
performed for both NaI and NaOx aerosols. The CSTF transient
temperatures and pressures were also calculated as shown in
Fig. 6(a). Fig. 6(a) also displays the calculated CSTF shell and at-
mosphere temperatures by the MELCOR runs, as well as the
measured temperatures. The aerosol particle densities were spec-
ified as 3670 kg/m3 and 2450 kg/m3 for NaI and NaOx aerosols,
respectively. The NaI aerosol was generated at the rate of
0.00014 kg/s from 0 to 3000 s, and NaOx aerosol was generated at
the rate of 0.0779 kg/s from 620 to 5400 s.



Fig. 6. Validation condition and results for the AB6 test.

Table 5
CPU time comparison between the sectional and the correlation-based aerosol models in the ABCOVE AB5 prediction.

Stand-alone aerosol module of ISFRA code MAEROS sectional model

Simulation condition time_end ¼ 300000.0 s 28 particle size sections
time_end ¼ 300000.0 s

CPU time 0.6250E-01 s 0.5000Eþ01 s
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For the MELCOR simulations of the AB6 test, the CSTF vessel was
modeled as a single control volume similar to the ISFRA run. Some
thermal-hydraulic conditions, such as the heat structure and gas
temperatures, and the vessel pressure, were provided as input, like
the AB5 MELCOR simulation. This MELCOR simulation was a single
calculationwith two aerosol components: class 2 (alkali metals) for
the NaOx aerosol and new material class 16 for the NaI aerosol.
Non-radioactive material was assumed in the case of NaOx; on the
other hand, NaI was assumed as radioactive material. The aerosol
injection rates of NaOx and NaI were same as in the ISFRA calcu-
lation. The minimum time step for MELCOR calculations over all
time periods was set to 0.01 s. The maximum time-step was set to
1.0 s from 0 to 5400 s, the end of the sodium spray period, and 50 s
from 5400 s to the end of the test. Table 6 presents the summary of
the test AB6 parameters used in the ISFRA and MELCOR
simulations.
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4.2.2. Results and discussion
Test AB6 simulated an accident inwhich the FP NaI is released in

the presence of a sodium spray fire, which releases sodium com-
bustion product aerosols. The chemical form of this aerosol was a
mixture of sodium peroxide (Na2O2) and sodium hydroxide
(NaOH). To simplify discussions, the aerosol formed by the sodium
spray fire is referred to as NaOx in this work.

Fig. 6(b) shows themeasured suspended aerosol masses of NaOx
and NaI and the corresponding simulation results of MELCOR and
ISFRA. The measured NaOx airborne mass rapidly increases to a
maximum value of 28.l kg at about 1220 s. It then slowly decreases
to 19.6 kg. Near the end of the NaI release period (3000 s), it in-
creases again to a 23.9 kg. After the NaOx source was turned off at
5400 s, the suspended mass decreased rapidly.

Both the ISFRA and MELCOR results followed similar trends, but
they over-predicted the NaOx airborne mass by a factor of 1.3~1.6
during the NaOx source release period of 620~5400 s. At 1225 s, the
ISFRA and MELCOR predicted the maximum NaOx airborne mass of
37.2 kg and 45.5 kg, respectively, while the measured maximum
aerosol mass was about 28.1 kg. About 10 min after the end of the
sodium spray, the ISFRA and MELCOR predictions were in good
agreement with the experimental results.

The NaI source started at time zero and ended at 3000 s. The
measured NaI airborne mass increased to a maximum of 0.23 kg,
attained at about 900 s, and then decreased to 0.07 kg at the end of
the NaI source period. Immediately after the NaI source was turned
off, the airborne mass decreased rapidly. In Fig. 6(b), both the ISFRA
and the MELCOR results showed reasonably good agreement with
experimental results during the NaI source release period. The
calculated maximum of the ISFRA simulation was 0.12 kg at 1300 s,
and then the predicted NaI mass decreased gradually. The calcu-
lated maximum of the MELCOR simulation was 0.17 kg at 1323 s,
and then the predicted NaI mass decreased to 0.083 kg approxi-
mately 200 s before the end of the source period. In comparison
with the measured maximum NaI aerosol mass of 0.23 kg, MELCOR
under-predicted the maximum suspended NaI aerosol mass by
approximately 26%. On the other hand, ISFRA under-predicted the
maximum suspended NaI aerosol mass by approximately 46%.

The measured NaI suspended mass is presented with the cor-
responding ISFRA and MELCOR results in Fig. 6(b). The so-called
“washout” effect [16,17] of the FP aerosol NaI by the continuing
source of the NaOx aerosol is observed from the transient NaI
aerosol masses after 620 s when the NaOx aerosol generation starts.
After 620 s, until the NaI source termination, the NaOx source
continued at constant rate. The NaI particles agglomerated with the
muchmore abundant NaOx particles, causing a rapid shift of the NaI
size distribution to larger sizes. The larger particles settle on the
surfaces faster than the smaller ones. The measured mass ratio
decayed very rapidly, because the agglomeration of the NaI parti-
cles with the NaOx particles increased the settling of NaI aerosols by
gravity.

Both the ISFRA and MELCOR results followed this rapid decay of
NaI aerosol between 620 and 3000 s. In the ISFRA and MELCOR
calculations the aerosol agglomeration process was simulated be-
tween two species, NaI and NaOx. In the simulation results,
“washout” of the NaI aerosol started with the commencement of



Table 6
Input data for simulating AB6 test.

Description ISFRA MAEROS (MELCOR)

CSTF TEST PARAMETER
CSTF Total Height 20.3 m
CSTF Cylinder Diameter 7.62 m
CSTF Vessel Volume 852 m3

Sedimentation Area 88.3 m2 88.3 m2

Uncovered Heat Sink Area 503.6 m2 503.6 m2

CSTF Shell Temperature Measured Value (See Fig. 6(a))
GAS PARAMETER

Ar Mole Fraction 0.0 0.0
Na Mole Fraction 0.0 0.0
N2 Mole Fraction 0.8 0.761
H2 Mole Fraction 0.0 0.0
O2 Mole Fraction 0.2 0.239
Gas Viscosity Air Property
Gas Thermal Diffusivity Air Property
Gas Temperature Measured Value (See Fig. 6(a))
CSTF Atm. Pressure Measured Value (See Fig. 6(a))

AEROSOL CONSTANT
Dynamic Shape Factor 1.0
Agglomeration Shape Factor 2.5
Slip Coefficient 1.37
Sticking Coefficient 0.33
NaI Aerosol Particle Density 3670 kg/m3 3670 kg/m3

NaI Aerosol Source Rate 0.00014 kg/s (0~3000 s)
0.0 kg/s otherwise

NaI Aerosol Source MMD e 0.544 mm

NaI Aerosol Source GSD e 1.55

NaOx Aerosol Particle Density 2450 kg/m3 3670 kg/m3

NaOx Aerosol Source Rate 0.0779 kg/s (620~5400 s)
0.0 kg/s otherwise

NaOx Aerosol Source MMD e 0.5 mm

NaOx Aerosol Source GSD e 2.0

CONTROL PARAMETER
Simulation Type Single Run with 2 Aerosol Components
Initial Time 0.0 s 0.0 s
Maximum Time 513600.0 s 277000.0 s
Time Step 1~1000 s 0.01, 50 s

(user inputs) (Dtmin, Dtmax)
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NaOx injection at 620 s, when the aerosol removal rate of NaI
increased due to the agglomeration with NaOx aerosols having a
higher generation rate than the NaI aerosol. In the case of NaOx
decay, similar results were shown in both the ISFRA and MELCOR
results after about 6000 s, as reflected in Fig. 6(b). In this late
period, there is a small amount of NaI in the vessel, and interaction
between two aerosol species did not occur.

The small difference between the ISFRA andMELCOR results can
be explained by the difference in the aerosol particle density. In the
MELCOR calculation, the sectional method was used to calculate
aerosol behavior such as agglomeration and deposition. In the
MELCOR input, only a single density value can be employedwithout
distinguishing the aerosol species. In the AB6 experiment simula-
tion, the aerosol density of 3670.0 kg/m3 was solely considered to
calculate the aerosol behavior even though two different aerosols
were used.
Fig. 7. Validation condition and results for the AB7 test.
4.3. ABCOVE AB-7 test

4.3.1. Simulation models
Test AB7 is similar to test AB6 but with smaller sources. The

energy sources in test AB7 are the small sodium pool fire, which is
the energy released by the chemical reaction to produce sodium
hydroxide, NaOH, as well as the sensible energy from the Na source.
The energy from the chemical reaction is 4.98 � 107 J, whereas the
sensible energy is 4.73 � 106 J [18]. The NaOH aerosol source is
reported to have a log-normal particle size distribution with mass
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median diameter of 0.5 mmand GSD of 2.0. The NaI aerosol source is
reported to have a log-normal particle size distribution with the
mass median diameter of 0.54 mm and GSD of 1.55.

For the ISFRA simulations of the AB7 test, a single ISFRA runwas
performed for both NaOH and NaI aerosols. The time-dependent
CSTF transient temperatures and pressures shown in Fig. 7(a)
were provided as inputs. Fig. 7(a) also shows the calculated CSTF
shell and atmosphere temperatures by the MELCOR runs, assuming
that all the injected sodium had been converted into NaOH during
the leak period of 600 s. The aerosol particle densities were spec-
ified as 2130 kg/m3 and 3670 kg/m3 for the NaOH and NaI aerosols,
respectively. The NaOH aerosols were introduced at the rate of
0.00503 kg/s from 0 to 600 s. The NaI aerosols were introduced at
the rate of 0.000197 kg/s from 600 to 2400 s.

In Figs. 4(a) and 6(a) and 7(a), the MELCOR predictions over-
estimated the atmospheric temperatures during the sodium
spray/pool fire periods. Since 2013, SFR-capabilities of the MELCOR
code had been developed by implementing the sodium properties
data from the SIMMER-III, and the containment sodium fire models
and the sodium atmospheric chemistry from the CONTAIN-LMR
code [21]. However, it was proven in a previous study that the
discrepancies between the atmosphere temperature computed by
MELCOR and the experimental values for AB5, AB6, and AB7 were
caused by not using proper sodium spray/pool fire models in the
MELCOR predictions [22].
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For the MELCOR simulations of the AB7 test, the CSTF vessel was
modeled as a single control volume. Similar to the AB5 and AB6
conditions, the measured heat structure temperature data were
provided in the input. This MELCOR simulation was a single
calculationwith two aerosol components of MELCOR default class 2
(alkali metals) for the NaOH aerosol and new material class 16 for
the NaI aerosol. The minimum time-step over all time periods was
set to 0.01 s. The maximum time-step was 10 s during the entire
period of calculation. Table 7 presents the summary of test AB7
parameters used in the ISFRA and the MELCOR calculations.
4.3.2. Results and discussion
The purpose of test AB7 was to provide experimental data to

validate aerosol behavior codes in the case of agglomeration of two
groups of aerosols, simulating the release of a FP, NaI, after the end
of a small sodium pool fire [18].

All of the sodium oxide released during the sodium pool fire
reacted with the moisture in the CSTF vessel atmosphere to pro-
duce sodium hydroxide (NaOH) aerosols. The duration of the pool
fire, and therefore the NaOH source period, was approximately
600 s. The NaI aerosol source began at the end of the NaOH source,
600 s, and ended at 2400 s.

The measured NaOH airborne mass and the corresponding
ISFRA and MELCOR calculations are presented in Fig. 7(b). The
measured NaOH airborne mass increased to a maximum of 2.56 kg
at the end of the NaOH source period, remained constant for the
next 1400 s, and then decreased slowly. The MELCOR calculations
followed a very similar trend throughout the entire test period,
Table 7
Input data for simulating AB7 test.

Description ISFRA MAEROS (MELCOR)

CSTF TEST PARAMETER
CSTF Total Height 20.3 m
CSTF Cylinder Diameter 7.62 m
CSTF Vessel Volume 852 m3

Sedimentation Area 88.3 m2 88.3 m2

Uncovered Heat Sink Area 503.6 m2 503.6 m2

CSTF Shell Temperature Measured Value (See Fig. 7(a))
GAS PARAMETER

Ar Mole Fraction 0.01 0.0
Na Mole Fraction 0.0 0.0
N2 Mole Fraction 0.8 0.7905
H2 Mole Fraction 0.0 0.0
O2 Mole Fraction 0.19 0.2095
Gas Viscosity Air Property
Gas Thermal Diffusivity Air Property
Gas Temperature Measured Value (See Fig. 7(a))
CSTF Atm. Pressure Measured Value (See Fig. 7(a))

AEROSOL CONSTANT
Dynamic Shape Factor 1.5
Agglomeration Shape Factor 2.25
Slip Coefficient 1.37
Sticking Coefficient 1.0
NaI Aerosol Particle Density 3670 kg/m3 3670 kg/m3

NaI Aerosol Source Rate 0.000197 kg/s (600~2400 s)
0.0 kg/s otherwise

NaI Aerosol Source MMD e 0.54 mm

NaI Aerosol Source GSD e 1.55

NaOH Aerosol Particle Density 2130 kg/m3 3670 kg/m3

NaOH Aerosol Source Rate 0.00503 kg/s (0~600 s)
0.0 kg/s otherwise

NaOH Aerosol Source MMD e 0.5 mm

NaOH Aerosol Source GSD e 2.0

CONTROL PARAMETER
Simulation Type Single Run with 2 Aerosol Components
Initial Time 0.0 s 0.0 s
Maximum Time 513600.0 s 162000.0 s
Time Step 1~1000 s 0.01, 10 s

(user inputs) (Dtmin, Dtmax)
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while the ISFRA calculations followed a very similar trend up to
600 s, after which the calculated airborne NaOH mass decreased
gradually without any plateau period. The maximum NaOH
airbornemass estimated by the ISFRA calculation is 2.91 kg at 600 s,
representing an over-prediction of about 13.7%, while that of the
MELCOR calculation is 3.0 kg at 600 s, representing an over-
prediction of about 17%.

The measured NaI airborne mass as a function of time, together
with the ISFRA and MELCOR calculated results, are presented in
Fig. 7(b). The measured NaI airborne mass increased to a maximum
of 3.58 � 10�1 kg at the end of the NaI source period (2400 s),
remained constant for 1400 s, and then decreased slowly. The
MELCOR results closely followed the experimental measurements
throughout the full period of the test. On the other hand, ISFRA
predicted the measured airborne aerosol mass reasonably well
during the source period but slightly over-predicted the decay after
the source was turned off. In the modeling two aerosol species in a
single run, the ISFRA run might over-estimated the agglomeration
effect. The maximum NaI airborne mass estimated by the ISFRA
calculations was 2.63 � 10�1kg at 2400 s, representing an under-
prediction by 28.5%, while that by MELCOR calculations was
3.48 � 10�1 kg at 2400 s, representing an under-prediction by 2.8%.

Although there is an interaction between different aerosol
groups in the AB7 test, separate ISFRA calculations for each aerosol
group gave reasonable, somewhat conservative prediction of the
measured data. MELCOR results were in good agreement with the
measurements.

5. Conclusions

The purposes of this study were to investigate the validity of the
aerosol model in the ISFRA computer program and to benchmark
the ISFRA aerosol model against the ABCOVE experiments. In Sec-
tion 2, theoretical basis of the correlation technique used in the
ISFRA aerosol model was reviewed. Compare to the sectional
method, it was demonstrated that the ISFRA aerosol model could
provide a fast and stable calculations for most of the cases unless
the aerosol size distribution is strongly affected by processes other
than agglomeration and gravitational settlement such as: hygro-
scopic aerosols, aerosols emerging from suppression pool, and
evaporation of aerosols in dry atmosphere. Currently only the total
suspended and deposited aerosol masses without any information
of aerosol particle size distributions are available in the ISFRA
output. The particle size distribution used for the calculation is also
available inside the code and can easily be made output in the next
version of the code.

In Sections 3 and 4 the ISFRAaerosolmodelwas validated against
the ABCOVE AB5, AB6, and AB7 tests, as well as against theMELCOR
results. The validation proved that the ISFRA aerosol models can
predict the suspended aerosol masses of the single-species aerosol
test (AB5) and the multi-species aerosol test with weak interaction
between the different aerosol groups (AB7) with reasonable agree-
mentwith theexperimental data, at about the same level of accuracy
as MELCOR. Moreover, it was also revealed that the ISFRA aerosol
models could predict the suspended aerosol masses of the multi-
species aerosol test with strong interaction between the two
different aerosol species (AB6) as accurately as the MELCOR code.

In this study, the characteristics and limitations of the ISFRA
aerosol model were identified.
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Nomenclature

c1;c2;c3 coefficients used in dimensional analysis
Cm Cunningham slip correction factor
d1;d2;d3 coefficients used in dimensional analysis
dp aerosol particle diameter [m]
E efficiency of inertial deposition
f friction factor for turbulent flow
g gravitational constant
h effective height for aerosol deposition [m]
j particle deposition flux [particles/m2/s]
k Boltzmann constant
K kernel representing the frequency of binary collisions

between particles
K0 normalized Brownian collision coefficient (¼ 4kT=

ð3mÞ)
m total mass concentration of the suspended aerosols [kg/

m3]
mSS expected steady-state airborne aerosol mass

concentration [kg/m3]
_mp aerosol mass production rate [kg/m3/s]
M dimensionless total suspended aerosol mass
_Mp dimensionless source rate
n particle size distribution function [m�3]
_np source rate of particles [m�3s�1]
N dimensionless particle distribution function

Nux local Nusselt number
�

¼ xðvT=vyÞy¼0

ðT∞�TwÞ

�
Pr Prandtl number
Shx local Sherwood number for particle deposition (Eq.

(27))
t time [s]
T carrier gas temperature [K]
u particle deposition or removal velocity [m/s]
ug carrier gas velocity [m/s]
v particle volume [m3]
x coordinate along the vertical plate [m]
y coordinate normal to the plate [m]

Greek letters
a density correction factor
b dimensionless thermophoretic velocity coefficient
c particle settling shape factor
ε capture coefficient
g collision shape factor
l aerosol removal rate constant [s�1]
L dimensionless decay constant
m viscosity of the carrier gas [kg/m/s]
mg carrier gas viscosity [kg/m/s]
r density of the aerosol material [kg/m3]
rg carrier gas density [kg/m3]
s standard deviation (error)
t dimensionless time
n dimensionless particle volume
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Superscripts
D decaying aerosol
SS steady-state
Subscripts
B Brownian (coagulation)
DIF diffusiophoresis
g gravitational (coagulation)
IMP inertial impaction
L leakage
SED sedimentation
TH thermophoresis
TOT total
w at the wall (plate surface)
∞ outside the free convection boundary layer.
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