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1. Introduction

A pool-type sodium-cooled fast reactor has been
selected and developed as the prototype Gen-1V
sodium-cooled fast reactor (PGSFR) at KAERI since
1987. Main advantage of the PGSFR is to reduce the
radioactive nuclear waste amount from operating
nuclear power reactors by transmutation. Other
advantages of the PGSFR are the high safety level in the
design and the efficient electric power generation.

In the safety analysis of the PGSFR, it is essential to
predict the behavior of the radioactive fission product
(FP) released from the core and estimate exactly the
released amount to the environment under postulated
nuclear power plant accidents. Under the contract with
the KAERI, the Fauske & Associates, LLC (FAI) had
developed the ISFRA (Integrated Sodium Fast Reactor
Analysis) computer software by 2016. The ISFRA
computer software is a best estimate computing tool
used to simulate the consequences of beyond design
basis accident transients and postulated severe accidents
in the PGSFR. This computer program was designed to
be a fast running simulation software used to accurately
predict the initial transient and the subsequent release
and transport of fission products.[1]

Even though it is one of the main concerns in event
consequence evaluation to predict the aerosol FP
behavior inside the containment and the FP release rate
to the environment in a certain detail level, the ISFRA
aerosol analysis models predict only the total masses of
suspended and deposited aerosols without any
information of detailed particle size distribution and
particle material composition. Therefore, the ISFRA
aerosol models are under improvement to meet the
regulatory requirements, which could be achieved
through modifying the existing correlations of the FAI
aerosol models or adopting an advanced method such as
the Moment method or the MAEROS method. The
purposes of this study are to review and understand the
aerosol mass tracking method of the ISFRA FP
transport analysis module, considering the aerosol
model improvement by modifying the existing FAI
aerosol correlations.

2. ISFRA Aerosol Mass Tracking Method

The kinetic equation of simultaneous coagulating and
depositing particles being continuously supplied with
particles and having a continuous particle size
distribution is as follows:
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The functional form for the collision kernel K(v, ¥)
that appears in Eq. (1) depends on the coagulation
mechanisms being assumed to govern the behavior of
the aerosol. The mechanisms causing relative motion
between particles, and thus coagulation, and accounted
for here, are Brownian motion of the particles and
gravitational settling. Then the collision kernel can be
expressed as follows:

K(v,V)=Kg(v,V)+ Kg(v,v) 2
For particles larger than the gas mean free path, the
collision kernels for the Brownian and gravitational

coagulation mechanisms, written in terms of particle
volume, are
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Here, ¢(v,v) is in the following functional form.[2]
s(v7)=3 2 (5)
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Finally, the settling velocity for the small particles of
interest in aerosol transport is accurately represented by
Stokes’ law.
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Taking the first moment of Eq. (1) to temporarily

avoid the many complications, the total aerosol mass

concentration is expressed as

Table I: Primary dimensions for dimensional analysis [4]

P_r Imary Sl unit BG unit CamEED
dimension n factor

Kilogram 1slung =
Mass {M} (ko) Slug 14,5039 kg

1ft=

Length {L} Meter (m) Foot (ft) 03048 m
Time {T} Second (8) Second(s) | 1s=1s
Temperature . . 1K=18
©} Kelvin (K) | Rankine CR) R
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m(t)=p[ vn(v,t)dv - ()

Then, Eq. (1) becomes the ordinary differential
equation:

d”;gt) =—A(t)m(t)+m, ®)

Here, i (t)=p[ v, (v.t)dv ©)
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2.1 Aerosol Similitude and Dimensional Analysis

In the consequence analyses of postulated nuclear
power plant accidents, it is essential for understanding
the physical phenomena to evaluate the total suspended
mass and the particle size distribution of aerosols
undergoing Brownian coagulation and gravitational
settling. Previous works with Eq. (1) have shown that as
time increases the particle size distribution becomes
independent of the initial distribution of sizes. It has
been also shown theoretically that particle size spectra
in systems 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] We shall refer here to the
tendency for aerosol distributions to approach the same
form as the condition of "aerosol similitude.” To be
similar it is evidently necessary that the aerosol particle
size distributions can be made identical by selecting
suitable scale factors for the particle number density, the
particle volume, and time.

For the dimensional analysis of the governing
equation, the ‘principle of dimensional homogeneity’
should be stated as follows [4]:

If an equation truly expresses a proper relationship
between variables in a physical process, it will be
dimensionally homogeneous; i.e., each of its additive
terms will have the same dimensions.

Table 1 summaries some primary dimensions and
their units. With these primary dimensions, secondary
dimensions such as velocity and acceleration have
dimensions of {LT ™} and {L T}, respectively:

{V}={LT"}and {g} = {LT*}.

2.2 Similarity of Aging Aerosols

To avoid the complexity of the above governing
equations, FAI transformed the aerosol equations to
dimensionless forms which will readily reveal the nature
of the similarities which exist among seemingly
different aerosols. This ‘similarity’ means that as time
increases the particle size distribution becomes
independent of the initial distribution of sizes. For aging
aerosols, np(v):O- The governing equations are

reduced to universal form, by introducing the
dimensionless variables as follows:

n(v,t)=c,N(v,7), v=cp, and t=c, .

By solving the governing equations for ¢y, ¢,, and cs,
quantities of m(t), A(t), and m, can be transformed into

the dimensionless parameters of M(t), A(t), and p .

Substituting these dimensionless variables into the
variables of n(v,t), v, and t, Eq. (1) becomes
GC;'\(IC(;)T)_;! K(V,v-V)-¢N(D,7)-c,N(v—-b,7)-d(c,0)

_jK(v,v).clN(a,r).qN(u,r).d(cza)_M
0
(11)

Eliminating the dimensionless variables and
substituting Eq. (2) into Eq. (11), dimensional analysis
gives the following equation:

c,N (v, 7)u(v) (12)
[

Substituting Kg and Ky with Egs. (3) and (4), the
dimensional analysis of the first and the third terms of
RHS gives

0,0, =2 (13)

0
For the dimensional homogeneity of the second and the
fourth terms of RHS,

13
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From the dimensional analysis of the last term of RHS,

C22/3C3 _ t'/)sﬁl (15)
agp

One can obtain the unknowns of ¢y, c,, and c; by
solving the system of Egs. (13) ~ (15) as follows:

ag’p® V' auK, Vs 2ot
C=| 7375 51 C, = G =
r’Kowh 79p agpK,

On the other hand, the dimensionless total suspended
aerosol mass M is transformed from m(t) as follows:

9 4 1/4
- y-gh (16)
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The dimensionless decay constant is defined and
expressed as the below.
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Table 2: Scaling coefficients for macroscopic aerosol

properties
Time Particle Particle number
' volume, v density, N

v2 3 1/4
[“ngoj t ygp V (W] N
2. 12 3 v 5 5
2 yuh a”*uK, ag’p

Mass density, Decay Particle production
M constant, A rate, N

1
}/ggha 2 77(2ﬂh2 2 . 7/5;[4K03/,l7h8 % )
3 3| M K ’ 3.7 7 Ny
a*Koup ak.9p ag'p

A(t)
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2.3 Similarity of Steady-State Aerosols

The particle size distribution of an aerosol continually
reinforced by the introduction of particles at a steady
rate and losing particles by sedimentation will
ultimately achieve an equilibrium condition in which
an(v,t)/atzo. Here, time does not enter into the

coagulation equation but of course the source term
n, (v) must be retained. It can readily be shown by the

method of the preceding section that the scalings for the
quantities n, v, and m of an aerosol in steady state are
given as in the previous section. Similar transformations
can be derived by introducing the dimensionless
parameters v, t, N(v,t), and an additional dimensionless
particle source rate N, (v) as follows:

n(v,t)=d,N(v,7)s v=du: t=d,r and

np(u) = d4Np(U)'

By the dimensional analyses with the above equations
into Eq. (1) with an(v,t)/ot=0 . One can obtain
algebraic compatibility equations for the coefficients d,
dy,, ds;, and d, as previous. Solving these algebraic
equations, we obtain the transformations as follows:

d,=c; d,=c, and d,=c,.

From the dimensional analysis of the last term of RHS,

va 14 14
d =$= a95p5 azgzszoz _ 0{397,07
4 d3 }/3K05,L15h4 lA}/quzhA 7/5;(4K03y7h8

Therefore, the dimensionless particle production rate is

5 4y 3, 7.8 \Y4

N, 0= P () )
agp

A physically more significant parameter is the

dimensionless total mass introduction rate of particles

M ) which can be related directly to Np(v) by Eq. (9)

. yll)(A/Jhs /4 o . (19)
MP:(W] ‘mp:J‘O VNp(V)dV
0
The obtained dimensionless variables for aging
(decaying) and steady-state aerosols are summarized in
Table 2.

3. ISFRA Aerosol Mass Reduction Correlations

The scaling factors in Table 2 do not include any of
the properties of the initial distribution. Thus the
condition of aerosol similarity is achieved with these
scale factors only after sufficient coagulation takes place
or, equivalently, time elapses so that the individual
peculiarities related to the initial distribution of a
particular aerosol are forgotten.

The results of numerical calculations for the
evolution of the sectionalized particle mass distributions
at dimensionless aging times t = 1.0 and 2.0 for two
different aerosols losing mass by sedimentation are
shown in Fig. 1. MAEROS [5] numerical technique was
used for the calculations, which is based upon diving the
particle size domain into sections and dealing with one
integral quantity in each section. In the figure, the
aerosols with different initial size distributions and
properties have the similar dimensionless particle size
spectrums after a dimensionless time. Therefore, it is
clearly shown in Fig. 1 that the similarity principle is
approached after sufficient time has passed.

To determine the functional relationships of A(M),
FAI obtained empirical fitting equations based on many
exact numerical solutions and experimental studies.
Figure 2 shows the dimensionless removal rate constant
as a function of dimensionless suspended aerosol mass
concentration, from the measured aerosol mass
concentrations and removal rates of the ABCOVE
experiments. The lower dashed curve corresponds to
aerosols continually supplied with particles, under

107 g o e L e e
= [ P ¥ x h iy [ a
10 fgfemi) imil | Do/ | el 1
3 a 50 10 15 02 10 | 0125 | 15
10' | O] 20 | 25 10 | w0 | o5 | ozs | 17 3
s .y
= 10°F __[agpK, | -

| g vl )

=10

ul
10° 10 100 10° 10 10° 10°

f yep \'|II_1_

La"ukK, )
Fig. 1. Particle mass distribution at dimensionless aging times
t = 1.0 and 2.0 of two different aerosols losing mass by
sedimentation and undergoing Brownian and gravitational

coagulation. (Reproduction of Figure 1 in [6])
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steady-state conditions. The upper dotted curve is the
dimensionless removal rate versus dimensionless mass

relation for decaying aerosols in the absence of a source.

The obtained algebraic fit equations for the curves are:
ASED =0.266M %% (1+ 0.189M °8 )0.695 (20)

AY, =0.528M % (1+ 0.473M °™* )0-786 (21)

Written in dimensionless form, steady-state and
decaying conditions are expressed as follows:

dM .

G =A% (M)-M M, =0 (22)
M

4y = Ao (M)-M (23)

4, Conclusions

In this research, the dimensionless scaling factors and
the correlations in the aerosol mass tracking method of
the ISFRA FP transport analysis module were reviewed
by following the derivation procedure. The knowledge
obtained in this study will be used as a basis for the
improvement of the ISFRA aerosol models in the future
researches.
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NOMENCLATURE
h effective height for aerosol deposition [m]
k Boltzmann constant

K(v, ¥) kernel representing the frequency of binary
collisions between particles of volume v and v

Ko normalized Brownian collision coefficient
(= 4kT/(3))
m total mass concentration of the suspended

aerosols [kg/m’]
aerosol mass production rate [kg/m®/s]

m
M dimensionless total suspended aerosol mass
M dimensionless source rate

n

particle size distribution function [m™]
source rate of particles [m?s™]

N(v,t) dimensionless particle distribution function
v particle volume [m®]

t time [s]

T carrier gas temperature [K]

u particle deposition or removal velocity [m/s]
a density correction factor [-]

X particle settling shape factor [-]

e(v,v) capture coefficient [-]

Y collision shape factor [-]
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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 Figure 1 in [7])

A aerosol removal rate constant [s™]
A dimensionless decay constant
u viscosity of the carrier gas [kg/m/s]
2 density of the aerosol material [kg/m®]
T dimensionless time
v dimensionless particle volume
Superscripts
D decaying aerosol
SS steady-state
Subscripts
B Brownian (coagulation)
g gravitational (coagulation)

SED sedimentation
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