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Abstract: In this study, using in-house code I-COSTA, importance analyses are performed
on the phenomenological parameters in the aerosol dynamics using International Standard
Problem No. 44. The analyses consider twelve parameters used in multicomponent sec-
tional equations and Mason equations. For the first step of the analysis, Latin hypercube
sampling is performed for the aforementioned parameters, and the number of samplings
is determined using a comparison of averages and standard deviations between those
samplings and the ones gathered from continuous distributions of the parameters. Sensi-
tivity analyses are then performed on the airborne concentrations of the aerosol particles
using [-COSTA, and the results are used to obtain the correlation coefficients between the
parameters and the airborne concentrations. From the analyses, the dynamic shape factor,
which accounts for the drag force of the non-spherical aerosol particles, is found to be
one of the most important parameters in the aerosol dynamics. The saturation ratio in the
Mason equation is also found to be an important parameter for aerosol particles with high
solubility since the mass of the aforementioned particles is sensitive to the hygroscopic
growth rate.

Keywords: aerosol dynamics; I-COSTA; importance of the phenomenological parameters;
correlation coefficient

1. Introduction

The nuclear accident source term is one of the most important engineering values for
safety analyses in nuclear engineering since it is used to determine how a nuclear power
plant is designed to manage and mitigate accidents. The source term provides the initial and
boundary conditions for the consequence analysis of a nuclear accident so that the licensee
of a nuclear power plant can determine the accident management plan. In addition, as the
market is increasingly focused on small modular reactors (SMRs), practical determination
of the size of the emergency planning zone (EPZ) is one of the most important pending
issues for the commercialization of SMRs [1]. In fact, the EPZ size is directly related to the
accident source term. The accident source term is the key factor with respect to practical
sizing of EPZ, i.e., the size of the EPZ is decreased compared to that of a large-scale nuclear
power plant.

The accident source term is determined by the amount of fission products released as
a nuclear accident progresses. Except for noble gases (xenon, krypton) and some iodine
chemicals, most of the fission products released from the reactor core to the reactor coolant
system are in aerosol form; they comprise the condensation of fission products caused
by the temperature difference between the reactor core and the reactor coolant system.
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Therefore, most of the severe accident analysis codes have focused on aerosol dynamics in
order to determine the accident source term for a severe accident.

Based on the results of the Phébus FP test [2] and investigations of the Fukushima
Daiichi Nuclear Power Plant accident, significant discrepancies have been observed be-
tween the measured data and the calculated values obtained from severe accident analysis
codes [3,4]. As discussed in the previous paragraph, since the accident source term during
a severe accident is governed by aerosol behavior, these discrepancies can be attributed
to knowledge gaps in our understanding of aerosol behavior. One of the key phenomena
contributing to this gap is the remobilization of potentially volatile fission products (e.g.,
cesium, iodine, tellurium, ruthenium, etc.) that were deposited on the surfaces of the reactor
coolant system and within the containment area. This remobilization has recently been
identified as a factor that can lead to significant delayed releases into the environment [5-8].
According to the observations in the Phébus FP test [2], the deposited fission products
may act as a source for delayed release if thermal and/or chemical changes occur in the
reactor coolant system; for example, significant remobilization of the cesium deposits from
the hot leg of the Phébus experimental circuit was found at the end of the degradation
phase, representing about 15~75% of the deposited mass of the cesium. However, most
of the severe accident analysis codes cannot consider the aforementioned delayed release.
Therefore, to narrow this gap, it is necessary to investigate the mechanism in detail through
experimental activities.

Many international cooperative research projects have been conducted to narrow the
aforementioned gap. One such example is the ESTER (Experiments on the Source Term for
Delayed Release) project, initiated by the OECD/NEA [6,9]. Experimental activities under
this project revealed that delayed releases may occur from aerosols deposited on the surfaces
of the containment area, producing organic and/or inorganic iodine species [2,10-14].
These iodine compounds can subsequently be transformed into aerosol form through a
nucleation process [15,16].

To apply the lessons learned from the experiments to analysis, it is necessary to develop
analytical models for the relevant phenomena. As an essential step in model development—
particularly concerning aerosol behavior—it is important to consider phenomenological
parameters in the aerosol dynamics code. These parameters describe the physical and
chemical characteristics and behaviors of aerosol particles formed by various chemical
species, such as iodine oxide aerosols, cesium iodide (Csl) aerosols, and others. The aerosol
dynamic equations involve numerous phenomenological parameters, some of which are
derived from experimental measurements, while others are obtained through calculations.
However, it is not feasible to acquire complete information for all parameters associated
with the wide range of chemical species that may form aerosol particles.

It is, therefore, important to prioritize parameters related to aerosol behavior based
on their significance for the efficient development of analytical models. For effective
prioritization, the magnitude of phenomenological uncertainties in aerosol behavior caused
by each parameter must be considered. To support this, a number of studies have been
conducted to quantify phenomenological uncertainty. Power et al. [17] provided a list of
phenomenological parameters and their associated uncertainty ranges based on aerosol
dynamics. However, their study does not offer insight into the relative importance of each
parameter in terms of its impact on airborne concentrations.

More recently, Malicki and Lind [18] conducted sensitivity studies on aerosol behav-
ior during the Phébus FPT1 test. Drawing on extensive literature reviews of parameters
affecting aerosol dynamics, they presented detailed results using the MELCOR code. How-
ever, because their analysis was based on data from integral experiments—which involve
highly complex phenomena such as core degradation, fission product release, and coupled
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thermal-hydraulic effects along with their associated uncertainties—it is difficult to isolate
uncertainties specifically related to aerosol behavior. Moreover, due to the use of an integral
safety analysis code, identifying the detailed mechanisms that cause uncertainties in aerosol
behavior from a theoretical perspective remains challenging.

In this study, the authors perform importance analyses on parameters related to the
aerosol dynamics. The analyses are conducted by first carrying out random sampling of
the parameters via an in-house code named R-SAPhe, which is based on Latin hypercube
sampling with the uncertainty ranges. The uncertainty ranges of the parameters are taken
from preceding studies on the aerosol dynamics parameters [17,18]. Sensitivity analyses
are then performed on the KAEVER-148, KAEVER-186, and KAEVER-187 experiments,
which are included in International Standard Problem No. 44 on the aerosol dynamics [19].
The sensitivity analyses are conducted using the in-house code I-COSTA (In-Containment
Source Term Analysis), which was developed by one of the authors of this paper [20]. Using
the sensitivity analyses results, the authors obtain correlation coefficients on the parameters
in the aerosol dynamics and the figure-of-the-merits in the importance analyses via CC-
SAPhe. The figure-of-merit considered in this work are the maximum concentrations of the
aerosol particles in the atmosphere and the concentrations at the end of the analyses. Since
the analyses are performed with the results of separate effect tests on the aerosol dynamics,
the effects of the uncertainty in the parameters are shown in terms of the sensitivity
of the aerosol concentrations, which can be distinguished from the uncertainty in the
measurement during experiments. The parameters identified as important are discussed in
relation to the fundamental mechanisms governing specific aerosol behaviors, where these
parameters are used to theoretically explain processes such as coagulation, deposition, and
other related phenomena.

This paper is organized as follows. Section 2 presents summaries of the models in the I-
COSTA code. In this section, the uncertainty ranges of the parameters are discussed as well
as the overall procedures for the importance analysis. In Section 3, the importance analyses
are performed for the aforementioned three experiments. Finally, Section 4 provides a
summary and conclusions of this paper.

2. Summary of the Numerical Methods in the I-COSTA Code

2.1. Summary of Multicomponent Sectional Equations and Mason Equations for Hygroscopic
Growth in I-COSTA

The behaviors of the aerosol particles in the containment are analyzed by solving
two sets of governing equations. The first are multicomponent sectional equations [21]
derived from integration of General Dynamic Equations (GDE) over each discretized
section on the size distribution of the aerosol particles. The other are Mason Equations [22]
to treat hygroscopic growth of the aerosol particles separately since the multicomponent
sectional equations may require a huge computation burden in order to avoid the inherent
numerical diffusion.

The multicomponent sectional equations analyze the following four processes:
(1) coagulation, (2) interparticle chemical reactions (a topic not covered in this paper),
(3) injection of the particles into the volume, and (4) deposition on the surface. If the
average mass of the aerosol particle in section  is more than two times greater than that in
the previous section, i.e., v; , 1 > 2v;, the equations are expressed as follows:
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where

Q x: mass concentration of aerosol particles of component k in section /,
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k=1
1”3%1, 1bﬁi,j,l: coagulation rate of the aerosol particles in sections lower than [ forming an
aerosol particle in section ,
Neomp: NUmMber of components of the aerosol particles considered in the multicomponent
sectional equations,
Z”Bi,jrl: coagulation rate of the aerosol particles in section / and sections lower than / forming
an aerosol particle larger than those in section /,
ZbBi,j,l: coagulation rate of the aerosol particles in section / and sections lower than / forming
an aerosol particle remaining section /,
331-,,: intra-sectional coagulation rate of the aerosol particles in section / forming an aerosol
particle larger than those in section /,
431‘,1: coagulation rate of the aerosol particles in section / forming an aerosol particle larger
than those in section I,
S)x: injection rates of the aerosol particles in section /,
R, x: removal rates of the aerosol particles in section / via deposition.

The coefficients on the coagulation rate, injection rate, and removal rates are section-

averaged values calculated via numerical integrations such as an n-Gaussian quadrature
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where

u;, v;: mass of a single aerosol particle in section /,

B(u,v) = Bprwn(u,v) + ﬁgmv(”r v) + € - \/,Bturh—sh(u/ 0) + Brurb—in (4, 0), 4)

z'ﬂ'rzt‘rv'(7u‘xu+'Yv'xv)
Fbrwn

Borwn(1,v) = : Brownian coagulation kernel,  (5)
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and the coefficients and nomenclatures used in Equations (2)—(12) are described in the
nomenclature section.

Meanwhile, the Mason equations analyze hygroscopic growth that occurs as soluble
aerosol particles can adsorb moisture from the atmosphere. Since the hygroscopic growth
leads to an increase in the gravitational settling rate, it is an important phenomena in the
aerosol dynamics. The Mason equations are expressed with respect to change of the mean
radius of aerosol particles of component k, ¢, as shown in the following;:

@ o 1 (S - Sr,k)

= .= "o 13
dt T ai + by (13)
where
S: saturation ratio, in other words, relative humidity in the containment,
S,k effective saturation ratio at the surface of the aerosol particles expressed as
2-My -0
Spp = Ay -ex <> 14
rk rk P R‘Too‘Pw'T’k ( )

ay: thermal conduction of the latent heat associated with condensation from particles to the

Ah% - My, -
B f w " Pw
ax = (R-Too-k;‘ >, (15)

atmosphere, expressed as

by: diffusion of water vapor from the atmosphere to the particle surface of component k

by = , 16
k (th,k - My, - Psat(Too)> ( )

expressed as
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Dy, effective vapor diffusion coefficient for component k expressed as
D
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kj: effective thermal conductivity of atmosphere in the containment expressed as
k
k; - (18)
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and the coefficients and nomenclatures used in Equations (14)-(18) are described in the
nomenclature section.

2.2. Summary of Coupling Scheme of Multicomponent Sectional Equations and Mason Equations
for Hygroscopic Growth in I-COSTA

In order to couple the multicomponent sectional equations and the Mason equations,
it is necessary to convert the radius change of the aerosol particles obtained from the Mason
equations into the change of mass concentration in each section due to hygroscopic growth.
This is conducted via interpolation of the distribution of mass concentration within a
section and the solution of Mason equations. In I-COSTA, the aforementioned interpolation
is completed based on that used in MELCOR [23]. Contrary to the interpolation in the
MELCOR code, this interpolation is performed for each component in the section to obtain
the mass distribution in each section which depends on the types of the component as well
as the size of the particles. For the interpolation, the authors assume that the distribution of
mass concentrations for all the sections to be a continuous and smooth function. However,
due to the constraint in the multicomponent sectional equation, i.e., v; +1 > 2v;, the
interpolation function would be based on linear interpolation for the logarithmic values of
the particle mass for proper construction of the interpolation. Therefore, the distribution of
mass concentrations within a section is assumed as follows:

d
szi,k =l USIOPz,k, (19)

where

v: mass of a single particle,
slop; x: slope of the mass concentration function for component k in section /, defined as

In ( Qry1k—Quk ) —In ( Qui—Qi-1k )
OVI41,k— YLk ULk —V1-1k

In /O Ok —In /oo 1k

slopy . = (20)

With the results of interpolation, the mass concentrations of aerosol particles of com-
ponent k remain in section /, and those of particles with a size that increases to another
section, e.g., [ + 1, can be obtained as follows:

Qi (to +At) = frix- Qii(to), (21)

Qra i (to + At) = tri - Qui(to), (22)
where

Q' (to + At): mass concentration of aerosol particles of component k that remain in section
[ after hygroscopic growth for the time step of At,
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Q7 1x(to + At): mass concentration of aerosol particles of component k that grow in size to
section [ + 1 after hygroscopic growth for the time step of At,

fr1x: fraction of the aerosol particles of component k in section / that remain in section / after
hygroscopic growth, which is expressed as

slopl/k+1 _ ( *
) Lk ~ Qiok

Slopl,k"!‘l I 1 - Qlk s
) — (o) ’

SlOpl,k-‘rl
(V12 )

*
(UH—Lk

frix= (23)

try : fraction of the aerosol particles of component k in section [ that grow up to section / + 1
after hygroscopic growth, which is expressed as

trip = 1-— frl,k- (24)

The relationship among the variables delineated in Equations (19)—(24) is shown in Figure 1.

Att=t, | Qui |

Hygroscopic Uik Vi+1k
growth

Att =ty + At |
Uik V12 kVi+1,k

Figure 1. Concept of change of mass concentration due to hygroscopic growth.

With the results of fr; and tr;, an elemental transition matrix that satisfies the follow-
ing can be constructed:

=% r 0 t
exp(Ap - At) - Qpx(to) = [{rll': O] ' [Ql’ko( 0)] , (25)
where
—Aig O
A = ¢ , 26
Lk [ P 0] (26)

A1 k: transition rate of aerosol particles of component k in section /, defined as

In Tk
A = —%- (27)
A global transition rate matrix of hygroscopic growth is obtained with elemental

transition rate matrices for all components and sections in the analysis as the follows:

Npin Mcomp

Yo ) A=A (28)

1=1 k=1

where

pi: numMber of sections of the aerosol particles considered in the multicomponent sectional
equations.

The process of obtaining the global transition rate matrix can be expressed as illustrated
in Figure 2.
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Elemental transition
rate matrix

Global transition rate matrix Ay

1 NpinMcomp
LI —
Poie-Mcomp

Figure 2. Construction of a global transition rate matrix of hygroscopic growth [19].

In I-COSTA, the following non-homogeneous system of equations is implemented as a
way of coupling the multicomponent sectional equations and Mason equations rigorously
via the global transition rate matrix:

dQ_A-é%—P(a), (29)

where

N
p (Q) : mass concentration of aerosol particles of component k that remain in section [

after hygroscopic growth for the time step of At.

2.3. Comparison of the Coupling Scheme in I-COSTA and That in the Conventional Codes

In order to compare the coupling scheme in the I-COSTA and that in conventional
code, e.g.,, MELCOR, comparative calculations are performed on the aerosol behaviors with
the hygroscopic growth. In I-COSTA, the coupling scheme is applied to the calculation as
discussed in Section 2.2. In the MELCOR code, Mason equations are solved first and then
the solutions are used for the initial condition of multicomponent sectional equations for
the current time step, since it is assumed that the time scale in hygroscopic growth is much
shorter than that of phenomena dealt with in the multicomponent sectional equations in
MELCOR [23]. The difference between the two schemes is shown in Figure 3. It should be
noted that the main difference is in the use of the transition matrix.

The changes in airborne concentration using a scenario were compared. This scenario
involved aerosol particles with intermediate solubility, i.e., with a Van’t Hoff factor of
approximately 1. Geometric and thermophysical conditions of the problem are shown in
Table 1. In the problem, behaviors of the aerosols are analyzed for 200 s.
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Solve Solve
Mason Equation Mason Equation
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Construct
Lt +At Transition Rate <t + AL
4 Matrix 1
Solve MSE®@ Solve Modified
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[
|
—N (N tL+At=t ,? N—
LY Iy
End End

| MELCOR | [ 1-COSTA

Figure 3. Comparison of the coupling scheme in MELCOR and I-COSTA used in the aerosol dynamics.
(1) Refer to Equations (21) and (22). (2) Refer to Equation (1). (3) Refer to Equation (29).

Table 1. Geometric and thermophysical conditions for the test problems.

Parameter Value
Van't Hoff factor 1.00
Volume of chamber [m?3] 2.86
Temperature [K] 298
Saturation ratio 1.00005
Effective saturation ratio 1.0
Pressure [Pa] 1.01 x 10°
Density of aerosol particle [kg/m?] 1000
Number of sections (Hsection) 20

The saturation ratio and the effective saturation ratio on the aerosol particles are
assumed to be 1.00005 and 1. Temperature-dependent chemical and thermophysical
properties used in the calculations are taken from MELCOR 2.2 [23]. The two codes
use 1.0 x 1072 s as a size of the time step (Af). Distribution of mass concentrations of the
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aerosols at the initial condition is shown in Figure 4. Distributions of mass concentrations
att=0.1,10, 100, and 200 s are also shown in Figure 4.

Mass Concentrations (Relative)

— Initial mass concentrations

Mass Concentrations (Relative)
T

Mass Concentrations (Relative)
i

029 | ——1-COSTA 02 h —cosTA
. MELOOR - MELCOR

001 i o

10 107 10 105 2x10°% 0.0+

7 7 7
Diameter (d) [m] 10 107 106 10 2x10°
Diameter (d) [m]

@t=0 (b) t=0.1 (c) t=10

100 107 10 105 2x10%
Diameter (d) [m]

Mass Concentrations (Relative)
Mass Concentrations (Relative)

——1-COSTA
-+~ MELCOR

——I-COSTA

= L MELCOR
00 | ol 00 4= . = -

10 107 10¢ 0% 2x10% 10°® 107 10
Diameter (d) [m] Diameter (d) [m]

(d) £ =100 (e) =200

105 2¢10°

Figure 4. Distribution of mass concentrations for the test problem; (a) at t = 0; (b) at f = 0.1; (c) at
t =10; (d) at £ = 100; (e) at t = 200.

As shown in Figure 4, aerosol particles grow more slowly in I-COSTA than in MEL-
COR. For example, at t = 200 s, relative mass concentration in sections higher than 10
(d > 3.05 x 1077m) is 0.23 in MELCOR, whereas it is 0.19 in I-COSTA. The reason for this
difference is that, as Figure 3 shows, MELCOR uses the solutions of the Mason equations at
each time step as the initial conditions for the multicomponent sectional equations. This
approach is unrealistic because aerosol particles grow through simultaneous processes
of hygroscopic growth and coagulation. In contrast, I-COSTA explicitly couples the two
equations and solves them simultaneously. Such differences in numerical methods can lead
to variations in the predicted airborne concentrations of aerosol particles in the containment
atmosphere during a severe accident—particularly for cesium-related aerosols (e.g., CsOH,
Csl, and others), whose behavior strongly depends on hygroscopic growth due to their
high solubility in water. It is important to note that cesium is one of the most significant
nuclides, as it has a relatively long half-life and a high dose conversion factor, both of
which contribute to a high exposure dose rate in the event of a large release caused by
containment failure during a severe accident.

The aforementioned differences in the coupling scheme result in variations in the air-
borne concentrations of aerosols, as demonstrated in the KAEVER experiments referenced
in the work by one of the authors [21]. In that study, I-COSTA produced more conservative
results than other conventional codes when aerosol particles exhibited low solubility. How-
ever, when the particles had high solubility, the coupling scheme yielded results similar to
those of the other codes. Currently, information on the solubility of iodine-related aerosol
particles is not available, and thus, the coupling scheme used in I-COSTA should be taken
into consideration.

2.4. Selected Parameters and Their Uncertainty Range for Importance Analysis

As discussed in the previous section, I-COSTA considers multicomponent sectional
equations and Mason equations. For the derivation of the two aforementioned equations
from the motion of particles in the gaseous media, numerous phenomenological parameters
are used to describe characteristics of the aerosols, such as correction for the deviation
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from a perfect spherical shape of the particles, non-continuum regime, etc. A database
for those parameters is obtained through experiments and/or theoretical derivation, and
the parameters are known to have uncertain values, which induces phenomenological
uncertainty in the aerosol dynamics [17,18]. In this paper, the authors have considered
12 parameters for the importance analysis. The 12 parameters are incorporated into the
coagulation and deposition kernels, as shown in Equations (2)—(12), and are essential for
determining the airborne concentrations of aerosol particles in the containment area. It is
important to note that the accident source term for radiological consequence analysis is
directly determined by the aerosol concentration at the time of containment failure. The
characteristics of each parameter are discussed below:

(1) Sticking efficiency (gg) is considered in the coagulation of two particles, as shown
in Equations (4), (6) and (A2) in Appendix A. It considers the effect via Van der Walls forces,
changes in surface free-energies, and/or chemical reaction [16]. The computer codes on
the aerosol dynamics, e.g.,, MAEROS [21,24], MELCOR [23], etc., have used unity as the
value sticking efficiency. According to a previous study [17], the sticking efficiency has an
uncertainty range of 0.1 to 1.

(2) Slip correction factor (fy;p) in Equation (A1), used in Equation (8), arises in the
various expressions on the coagulation kernels; it accounts for deviation from continuum
mechanics and is derived from the experimental data on spherical parameters. Most of the
computer codes for the aerosol dynamics have used 1.37 as a default value. The uncertainty
range of the slip correction factor is from 1.1 to 1.4, according to previous studies [17-19].

(3) Diffusion boundary thickness (Ay;f) is considered in the Brownian diffusion used
for the deposition kernel, as shown in Equation (12). According to the computer codes
for aerosol dynamics, such as MAEROS [25], MELCOR [24], etc., the default value of
1.0 x 1075 m is widely used, and its uncertainty range is from 10~ to 10~* m [14-16].

When two particles coagulate, the resulting combined particle does not form a perfect
sphere, which affects the behavior of aerosols during a severe accident. In addition, most of
the equations for aerosol coagulation are derived theoretically, assuming that the resulting
particles are perfectly dense spherical particles. However, in reality, the particles do not
have the aforementioned geometry. Therefore, in the aerosol dynamics, two correction
factors are introduced to consider the deviation between theoretical derivations and the
actual particle characteristics: (4) a dynamic shape factor (x,) and (5) a collision shape
factor (y4), as shown in Equations (5)—(8), (11), etc. The dynamic shape factor describes
the difference in the drag force between a perfectly spherical particle and a non-spherical,
porous particle. Meanwhile, the collision shape factor accounts for the difference in terms
of spatial extent between a perfectly spherical particle and a non-spherical, porous particle.
In the current aerosol dynamics codes, the values of the two shape factors are assumed to
be unity. In this work, based on the literature, the authors assumed that the two parameters
have an uncertainty range from 1 to 4 in the case of severe accident conditions [17-19].

(6) The thermal accommodation coefficient (a1) used in Equations (10) and (18) ac-
counts for the interaction between gas and aerosol particles in terms of temperature, and it
is known to be strongly dependent on the structure of gas molecules [17-19]. The conven-
tional codes have used unity as the value of the coefficient. From a previous study [18], the
authors assume an uncertainty range from 0.5 to 1.5 for the importance analysis.

During the motion of particles along the streamline of the fluid, turbulent coagulation
may occur as particles collide with each other due to differences in inertia, impaction by
structure change in the medium, etc. In turbulent coagulation, the turbulent motion of
the fluid is one of the key factors in analyzing the phenomenon. (7) The turbulent energy
dissipation rate (€7) is considered in the turbulent inertial and shear coagulations, as
shown in Equations (7) and (8). It is the rate at which turbulent kinetic energy is converted
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into thermal energy affecting turbulent motion. In the conventional computer codes, a
default value of 10~ m?/sec? is used. In the importance analysis, based on the literature
review, a range of 5 X 107%-1.5 x 1073 is considered [17-19].

For the hygroscopic growth of the aerosol particles, the condensation of the vapor to
the surface of the aerosol particles is affected by (8) the saturation ratio (S), (9) the effective
diffusion coefficient of vapor (Dj ;), and (10) the effective thermal conductivity of the atmo-
sphere in the containment (k), as shown in Equation (14). According to the experimental
activities on the aerosol particles [26], the three parameters have an uncertainty range of
£7% during the experiment. The authors have considered the aforementioned range for
the importance analysis with the input data for ISP No44 [20].

The aerosol particles in the containment area during a severe accident are not com-
posed of a single substance. They are a mixture of the vapor and various kinds of fission
products. Therefore, the (11) density of aerosol particles (p,) has uncertainty. In the con-
ventional computer codes [24,25], a value of 1000 kg/ m?3 is used as a default value, and
it is known to be underestimated [17,18] since the value considers the aerosol particles to
be wet particles. In the importance analysis, an uncertainty range of 1000-5000 kg/m? is
considered, based on the literature review [17,18].

For the deposition of the aerosol particles, thermophoresis, which is induced by a
thermal gradient in the particle, is considered an important mechanism. In the deposition
kernel, (12) the ratio of thermal conductivity of the atmosphere to that of particles (k¢ /ks)
is used to consider the aforementioned effect, as shown in Equation (10). The conventional
computer codes [24,25] have used a value of 0.05 as a default value, and an uncertainty
range of 2 X 10~4~5 x 1072 is considered in the importance analysis, based on the literature
review [17,18]. The aforementioned phenomenological parameters are summarized in
Table 2.

Table 2. Phenomenological parameters in the analysis.

Parameters .- .
[Units] Description Mean Min. Max.
Sticking efficiency (gg) Effect of Van der Walls
. 1.0 0.1 1.0
(P_stick) force
Slip correction factor Dev1at10n from ‘ 137 11 13
(fsiip) continuum mechanics
Diffusion boundary Deposition via 10-5 10-6 10-4
thickness (Agifs) Brownian diffusion
Dynamic shape factor Drag force of' 1.0 1.0 40
(Xu) non-spherical particles
. Spatial extent of
Collision shape factor () non-spherical particle 1.0 1.0 4.0
Thermal accommodation Interaction be.twe.en
. gas and particle in 1.0 0.5 15
coefficient (at)
terms of temperature
Rate at which
Cl'Tu.rbul.ent energy turbullent kinetic 10-3 5 % 104 15 % 10-3
issipation rate (€7) energy is converted
into thermal energy
Saturation ratio (S) Humidity Experlmg ntal 95% 105%
condition
Effective diffusion Diffusion coefficient ~ Experimental o o
- X " 95% 105%
coefficient of vapor (D ;) for vapor condition
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Table 2. Cont.
Parameters Description Mean Min Max
[Units] P ’ )
Effective thermal
conductivity of the Thermal conductivity  Experimental
. . I, 93% 107%
atmosphere in the on the particle condition
containment (k})
Density of aerosol Mixed particle density 1000.0 1000.0 5000.0
particles (o,,)
Cﬁ:lﬁc(;f‘,t;eg??}lle Ratio of thermal
Y conductivity of gas to 0.037 0.0002 0.055

atmosphere to that of

particles (kf /ks) that of particle

2.5. Summaries of the Framework for Importance Analysis

With the parameters discussed in the previous section, the authors performed an
importance analysis on the aerosol behaviors in the containment area. The first step of the
analysis is to sample the values of the parameters randomly within the range of uncertainty
discussed in Section 2.3. The sampling is based on Latin hypercube sampling, in which
the uncertainty range is divided into # non-overlapping intervals on the basis of equal
probability for each parameter. The division is based on the probability density function
(PDF) given by users. A cumulative distribution function (CDF) is then calculated for each
parameter to sample a single value for each parameter in each interval randomly. With
n different values of each parameter generated from previous procedures, n vectors are
generated by mixing the order of n values. The mixing is completed by picking up the
parameters randomly. Note that the dimension of the aforementioned vector is equal to the
total number of parameters considered in the importance analysis. The discussed process
is conducted using a stand-alone in-house code named R-SAPhe.

Sensitivity analyses on the change of aerosol concentrations are carried out via I-
COSTA with the aforementioned n vectors. The correlation coefficients are then calculated
using CC-SAPhe in order to show the relationship between the parameters and the figure-of-
merit in the importance analyses. The correlation coefficients lie between —1 and 1; a value
of —1 means that a parameter has a perfect negative linear relationship with the figure-of-
merit, i.e., the parameter increases, the figure-of-merit decreases. A value of 1 means, in
contrast, means that a parameter has perfect a positive linear relationship with the figure-
of-merit, i.e., the parameter increases, the figure-of-merit increases. Meanwhile, a value
of 0 means there is no linear relationship. According to previous studies, if the absolute
value of the correlation coefficient is higher than 0.7, it has strong a linear relationship with
the parameters [24]. In this analysis, four types of correlation coefficients are considered:
Pearson coefficient, Spearmann coefficient, standardized regression coefficient, and partial
correlation coefficient [19,25-27]. The procedure for the analyses is summarized in Figure 5.
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Figure 5. Importance analysis scheme for the phenomenological parameters with I-COSTA.

3. Numerical Results
3.1. Computation Conditions on the Importance Analysis

In this section, importance analyses are conducted on the phenomenological parame-
ters in I-COSTA. For this analysis, International Standard Problem No. 44 (ISP-44) [20] is
considered. ISP-44 consists of five experiments performed using three types of aerosols—
Csl, Ag, and CsOH—to examine aerosol behavior with varying solubility. The characteris-
tics of these aerosols are presented in Table 3.

Table 3. Types of aerosol particles considered in KAEVER experiments.

Experiments Aerosols (Vanioll-;lobfiflg;’c tor)
KAEVER-148 Ag 0.08
Ag 0.08
KAEVER-186 CsOH 20
Ag 0.08
KAEVER-187 Csl 1.68
CsOH 2.0

Among the five ISP-44 experiments, three—KAEVER-148, KAEVER-186, and KAEVER-
187—are considered in this study. The KAEVER-148 experiment used Ag aerosols, which
have the lowest solubility and exhibit the slowest hygroscopic growth. Importance analysis
of this experiment highlights the sensitivity of aerosol behavior to parameters used in the
general dynamic equations.

The KAEVER-186 experiment involved a combination of Ag and CsOH aerosols, with
CsOH showing the highest solubility and thus the fastest hygroscopic growth. Compared
to KAEVER-148, an importance analysis of KAEVER-186 better illustrates the influence of
parameters related to hygroscopic growth on aerosol behavior.

The KAEVER-187 experiment used a mixture of all three aerosol types. In comparison
to the previous two experiments, the importance analysis of KAEVER-187 reflects the
behavior of a broader range of aerosols under conditions closely resembling those in a
containment during a severe accident.
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All experiments were conducted in the KAEVER facility. The geometric conditions of
the KAEVER facility are summarized in Table 4.

Table 4. Geometric conditions of KAEVER experiments.

Parameter Value

Volume [m?] 1.00

Ceiling 5.677
Deposition surface [m?] Vertical wall 26.2665
Floor 5.6667

For the sensitivity analyses on the change of airborne concentrations of the aerosol
particles, I-COSTA is used as discussed in the previous section. The implicit Euler method
is used as a numerical method for the time discretization. The Newton method is then used
for solving the discretized equations obtained via the implicit method. In the analysis, the
step doubling method is used to determine the size of the time step automatically.

In the discretized equations, section-averaged coefficients are required for the calcu-
lation of the multicomponent sectional equations, and they are obtained via numerical
integrations with Gaussian quadrature. The computation conditions are summarized in
Table 5.

Table 5. Computation conditions of I-COSTTA.

Parameter Value
Determined by step
Time step size (At, s) doubling method
(0.05~0.2)

Numerical method for
solving Equation (29) Time discretization Implicit Euler method

Method for solving time

. . ; Newt thod
discretized equations ewton metho

Quadrature Gaussian quadrature

Section-averaged
coefficients Number of sets of weights

and abscissas 20

Number of sections 20

For the importance analysis, it is necessary to determine the appropriate number of
samples for the Latin hypercube sampling of phenomenological parameters in aerosol
dynamics. In this study, sensitivity analyses on the number of samples were conducted
by comparing the averages and standard deviations obtained from various sample sizes
with those derived from the continuous distributions of the parameters. Based on this
comparison, a sample size of 2000 was selected, as both the average and standard deviation
from 2000 samples exhibited a relative difference of less than 10> compared to those from
the continuous distributions, as shown in Table 6.

Table 6. Sensitivity studies on the average and standard deviation for various number of samplings
in Latin hypercube sampling.

Case Average ¥ Standard Deviation ?
10 245 x 1073 5.79 x 102
50 1.54 x 1073 4.68 x 1073
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Table 6. Cont.

Case Average ¥ Standard Deviation ®
100 5.10 x 1074 1.94 x 1073
500 6 x107° 1.19 x 1074
1000 246 x 107° 7.96 x 107°
2000 1.27 x 107 1.42 x 107

(1) max {ubs (%) ,(2) max {uhs (%) }, where ¢: average of the phenomenological parameter obtained

i=param 1=param
from Latin Hypercube sampling, &: average of the phenomenological parameter obtained from continuous
distribution, 7;: standard deviation of the phenomenological parameter obtained from Latin Hypercube sampling,
0;: standard deviation of the phenomenological parameter obtained from continuous distribution.

3.2. Importance Analyses on the Phenomenological Parameters for the Aerosol Dynamics

With the aforementioned conditions, the importance analyses are performed on the
phenomenological parameters for the aerosol dynamics in I-COSTA. The results of the sen-
sitivity analysis on the KAEVER-148 experiment are shown in Figure 6. The results for the
KAEVER-186 and the KAVER-187 experiments are shown in Figures 7 and 8, respectively.

1071
10°
107
10-5—_

1076 -

Concentration [kg/m?]

1077 .
. e Experiment

Default Coefficient

10_8 T I T I T I T I T I T
0 1 2 3 4 5 6 7

Time [hr]

Figure 6. Sensitivity analysis on the KAEVER-148 experiment with sampling of phenomenological
parameters.

As shown in Figure 6, the change of airborne concentrations of the aerosol particles
obtained from the KAEVER-148 experiment is within the range of the sensitivity analysis
results via I-COSTA. For the KAEVER-186 and KAEVER-187 experiments, the experimen-
tal data on the change of the airborne concentrations are also within the range of the
sensitivity analysis results. In terms of the maximum airborne concentrations, the range
of sensitivity for the KAEVER-148 experiment is £30% of the values obtained with the
reference phenomenological parameters shown in Table 1. Similarly, the range of sensitivity
analyses obtained from the other two experiments are £40%, respectively. According to
the experimental conditions [20], the range of uncertainty in the measurement of aerosol
concentration is known to be £7% of the measured values for most of the experiments in
ISP44. This means that the range of sensitivity analyses is much larger than the uncertainty
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range of the measurement during the experiment. Therefore, we can conclude that the
uncertainty in the phenomenological parameters in the aerosol dynamics cause larger
uncertainties than those from measurement in terms of the airborne aerosol concentrations.
It is thus necessary to analyze the aforementioned parameters in order to enhance the
accuracy in the change of aerosol concentrations. Figure 9 shows the correlation coefficients
of the phenomenological parameters for the maximum airborne concentrations, and for
the airborne concentrations at the end of the experiments obtained from the KAEVER-148
experiment. The correlation coefficients obtained from the other experiments are shown in
Figures 10 and 11 for the maximum airborne concentrations and the concentrations at the
end of each experiment, respectively.

1072
107 —

1074 -

Concentration [kg/m?]
o

® Experiment

Default Coefficient \
10_8 T T T T T T T - T T 1
0 1 2 3 4 5

Time [hr]

Figure 7. Sensitivity analysis on the KAEVER-186 experiment with sampling of phenomenological
parameters.

1072

® Experiment
1073 H : Default Coefficient

Concentration [kg/m®]

1077

Time [hr]

Figure 8. Sensitivity analysis on the KAEVER-187 experiment with sampling of phenomenological
parameters.
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Figure 9. Correlation coefficients for the KAEVER-148 experiments. (a) With the maximum airborne
concentrations, (b) at the end of experiment.
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Figure 10. Correlation coefficients for the KAEVER-186 experiments. (a) With the maximum airborne

concentrations, (b) at the end of experiment.
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Figure 11. Correlation coefficients for the KAEVER-187 experiments. (a) With the maximum airborne
concentrations, (b) at the end of experiment.

As shown in Figures 9-11, the dynamic shape factor shows a strong linear relationship
with the airborne concentrations. The airborne concentrations of the aerosol particles
decrease as the dynamic shape factor increases. In the aerosol dynamics, the dynamic shape
factor is considered in the rate of coagulation of two particles and deposition of the aerosol
particles. In the calculation of the coagulation rate, as shown in Equation (4), the dynamic
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shape factor is used in Brownian, gravitational, and turbulent coagulation kernels, and it
is inversely proportional to the rates since the drag force on the non-spherical particle is
greater than that on the perfectly spherical particle. In other words, the higher the value of
the dynamic shape factor, the smaller the values are in the coagulation kernels. This leads
to slower coagulation rates of the aerosol particles, which causes the mass of the aerosol
particles in the atmosphere to increase more slowly; this is a key factor in determining the
deposition rate.

The dynamic shape factor is also used in the deposition kernels, as shown in
Equation (9). As with the coagulation kernels, the dynamic shape factor is inversely propor-
tional to the kernels for the gravitational settling and turbulent deposition, which means
that the higher dynamic shape factor, the slower the deposition rate of the aerosol particles.
The combined effects of the dynamic shape factor on the coagulation and deposition kernels
implies that the dynamic shape factor should have a strong linear relationship with the
airborne concentrations of the aerosol particles.

The saturation ratio also shows a strong linear relationship with the airborne con-
centrations of the aerosol particles. In I-COSTA, the saturation ratio is used in the Mason
equations, which determine the hygroscopic rate shown in Equation (13). A higher satura-
tion ratio leads to a faster growth rate of the aerosol particles. A fast growth rate is related
to a fast increase of the aerosol particle mass, which leads to a faster particle deposition rate.
The saturation ratio, therefore, must show a negative linear relationship with the airborne
mass of the aerosol particles.

4. Summary and Conclusions

In this study, importance analyses on the twelve phenomenological parameters for the
aerosol dynamics were performed with I-COSTA. The twelve parameters were selected from
a review of the literature on the uncertainty of the phenomenological parameters [17-19]
and uncertainty during measurement [26]. In the importance analyses, the parameters
were sampled via Latin hypercube sampling. Sensitivity analyses were then performed on
the change of the airborne concentrations of KAEVER-148, KAEVER-186, and KAEVER-187
experiments, which are included in International Standard Problem No. 44 [20]. With the
results of the sensitivity analyses, the correlation coefficients between the phenomenological
parameters and the maximum airborne concentrations of the aerosol particles were obtained.
The correlation coefficients between the aforementioned parameters and the airborne
concentrations were also obtained. The main findings from the importance analyses on the
phenomenological parameters are as follows:

e  The range of the phenomenological parameters taken from previous studies leads
to £50% of the airborne concentration of the aerosol particles obtained from
experimental values.

e  Therange of sensitivity of the maximum airborne aerosol concentrations is seven times
the uncertainty range of the measurement during experiment, i.e., the uncertainty
range of the measurement is known to be £7% of the concentrations [17].

e  The larger range of sensitivity compared to the range of measurement appears to be
caused by the uncertainty range of the phenomenological parameters. In order to make
the accuracy of the aerosol dynamics model comparable to that of the experimental
measurement, the uncertainty of the parameters should be reduced.

e  From the correlation coefficients between the phenomenological parameters and the
airborne concentrations, the dynamic shape factor and the saturation ratio were
found to be important parameters with respect to the airborne concentrations of the
aerosol particles.
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From the aforementioned main findings, the dynamic shape factor should be refined
in terms of various severe accident conditions, such as pressure, temperature, dose, etc.,
to gain a better understanding of the aerosol concentrations. Since the dynamic shape
factor is known to depend heavily on the pressure of the gas, which would be linked to
the difference in the drag force of non-spherical particles and that of perfectly spherical
particles [28-32], it is necessary to construct a database for severe accident conditions so that
the uncertainty range of the source term during a severe accident analysis can be reduced.

From the perspective of safety analysis—specifically nuclear safety regulation—the
main findings of this study can be used to evaluate uncertainties in the accident source
term [33] arising from limited information on the shape as well as the physical and chemical
characteristics of aerosol particles released during a severe accident. In the licensing review
process for radiological consequences, these uncertainties can help define the uncertainty
range of the nuclear accident source term due to aerosol behavior. This, in turn, supports
more informed and reasonable regulatory decisions regarding radiological consequences.

Throughout the long history of source term research, the effective dose of Cs type
aerosol particles such as CsI and CsOH has been highlighted in terms of the public [17,34],
as these particles are long-lived isotopes with high affinity to human organs [34]. As
the delayed release of the fission product becomes an important area of research, given
the findings from the Fukushima accident [35] and the international cooperative research
project [9], it is also necessary to specify the shape and the density of the aerosol particles
formed from chemical species, such as iodine oxide in the gaseous phase, etc., especially for
coupling the aerosol dynamics code and the iodine chemistry code to evaluate the delayed
release of the fission products. Note that, as discussed, the shape and density are known to
be the main parameters that determine the dynamic shape factor.

As discussed in Section 1, this aspect may become one of the most critical issues during
the licensing review process, as SMR licensees seek to minimize the size of the EPZ to
enhance the value of SMRs by enabling construction closer to high population density areas.
Minimizing the EPZ requires a best-estimate evaluation of the accident source term, for
which detailed analyses of aerosol behavior are essential. In such analyses, it is necessary
to develop a database on the characteristics of aerosol particles that could be released from
the reactor. The main findings of this study will support the prioritization of parameters
needed to construct that database.
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Nomenclature

The following nomenclatures are used in this manuscript:

A Global transition rate matrix
Al Elemental transition rate matrix for aerosol particles of component k
’ in section /
Thermal conduction of the latent heat associated with condensation
from particles to the atmosphere
Ark Activity of the aerosol particles

ak
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ﬁbrwn (Ll,’U)
Bgrav (1,0)
BTurp—in (1,0)
ﬁTurh—shear (”/U)

wg 13
“BiiiBij
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Bij
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Bi

Diffusion of water vapor from the atmosphere to the particle surface
of component k

Vapor diffusion coefficient for component k

Effective vapor diffusion coefficient for component k

Slip correction factor

Radius function of the aerosol particles for component k with respect
to the mass of particles u

Fraction of the aerosol particles of component k in section ! that
remain in section [ after hygroscopic growth

Thermal conductivity of atmosphere in the containment

Effective thermal conductivity of atmosphere in the containment
Molecular weight of the water

Number of sections of the aerosol particles considered in the
multicomponent sectional equations

Number of components of the aerosol particles considered in the
multicomponent sectional equations

Number of Gaussian quadrature sets

Vector form of the multicomponent sectional equations of the aerosol
particles

Mass concentration of aerosol particles of component k in section !
Mass concentration of aerosol particles of component k that remain
section [ after hygroscopic growth for the time step of At

Mass concentration of aerosol particles of component k that grow up
to section / + 1 after hygroscopic growth for the time step of At

Gas constant

Removal rates of the aerosol particles in section / via deposition,
Saturation ratio, in other words, relative humidity in the
containment

Injection rates of the aerosol particles in section I

Effective saturation ratio at the surface of the aerosol particles
Slope of the mass concentration function for component k in section /
Temperature of the atmosphere in the containment

Fraction of the aerosol particles of component k in section [ that grow
up to section [ + 1 after hygroscopic growth

Deposition via thermophoresis,

Deposition via gravitational settling

Deposition via diffusiophoresis,

Abscissas for Gaussian quadrature

Mass of a single aerosol particle in section [

Mass of a single particle

Mass of a single aerosol particle in section !

Weights for Gaussian quadrature

Radius of a single aerosol particle in section [

Condensation coefficient

Thermal accommodation coefficient

Kernel for Brownian, gravitational, and turbulent shear coagulations
for particles having masses of u and v

Brownian coagulation kernel,

Gravitational coagulation kernel

Turbulent inertial coagulation kernel

Turbulent shear coagulation kernel

Coagulation rate of the aerosol particles in sections lower than /
forming an aerosol particle in section !

Coagulation rate of the aerosol particles in section / and sections
lower than I forming an aerosol particle larger than those in section /
Intra-sectional coagulation rate of the aerosol particles in section /
forming an aerosol particle larger than those in section !



Processes 2025, 13, 1935

24 of 26
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Aaiff
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A
ALk
Pw
I
Xu
Sh

Coagulation rate of the aerosol particles in section / forming an

aerosol particle larger than those in section [

Diffusion boundary thickness

Collision shape factor of an aerosol particle with mass u
Sticking efficiency of the two aerosol particles

Gas viscosity

Mean free path of an aerosol particle,

Transition rate of aerosol particles of component k in section /

Density of the water

Surface tension of water

Dynamic shape factor of an aerosol particle with mass u
Turbulent energy dissipation rate

Appendix A. Description on the Coefficients Used in Equations (1)-(29)

The followings are the coefficients used in Equations (1)—(29) of the paper

Cy=14+Kny- ( fstip +0.4 - exp(~ 1.1/I<nu)) : Cunningham slip correction factor, (Al)

E B Xy + Xy 8- (Fu + rv)
braon Xy + X0 +2-Quo Vi (Xu+x) €0
Suo =1/ (8% +83),

Vo =/ (V2+V3),

B 1 3 ’ ’ 3/2
8u 3'Xu lll{(xu+l) _(xu+lu) Xus

] 8- Ty,
u — 7T'Vu’

V, = /8-k-Too’
TT-U

ru:k'#.cw
3.7‘(.xu.7].xu

2A . . .
Kny, = Pl Cunningham slip correction factor,
u

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)

fx(u): radius function of the aerosol particles for component k with respect to the mass of

particles expressed as

fr(u) = x,

Wi, Xip: weights for Gaussian quadrature, satisfying

o
Y Wi, =xi—xiq,
k=1

1
Y Xp, = %1 —Xio,
k=1

ug,, Ux,: weights for Gaussian quadrature, satisfying

ug, € [xi—1, xi],

vk, € [fr(vicn —vky), x-1]-

(A10)

(A11)

(A12)

(A13)

(A14)
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