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1. INTRODUCTION

Fission products in the form of gas, liquid, or aerosol 
are released from a pressure vessel through a break or an 
intended opening of the pressure boundaries under some 
postulated accident conditions. In particular, gaseous and 
aerosol fission products are the major media carrying radi-
oactivity to the environment, owing to their high mobility. 
Aerosol particles released into the containment will grow 
by the coagulation of particles and steam condensation 
onto particle surfaces, and some of the aerosol particles 
will deposit onto structural material surfaces, walls, and 
floors. Other than the deposited aerosols, suspended or 
re-suspended airborne particles are direct media carrying 
radioactivity into the environment when the containment 
building fails to maintain the pressure boundary. There-
fore, the analysis of aerosol fission products behavior is 
considered to be an important safety issue for radioactive 
source term evaluation and the risk analysis of nuclear 
power plants under postulated accident conditions.

A Very High Temperature Gas Cooled Reactor (VHTR) 
is a nuclear power generation system using helium gas 
and graphite as coolant and moderator, respectively. This 
reactor has been selected as one of the next-generation 
nuclear reactors owing to its high coolant outlet temperature 
of up to 950ºC, high efficiency in energy conversion, and 
safer characteristics due to a low power density. In par-
ticular, the high temperature of the primary loop coolant 
outlet enables the utilization of a VHTR for hydrogen 
production or industrial processes [4, 5]. 

As a part of the Nuclear Hydrogen Development and 
Demonstration (NHDD) program in Korea, the Korea 
Atomic Energy Research Institute (KAERI) has been 
developing computer software to analyze the behaviors 
of the fission products (FP) circulating in the primary 
coolant loop and in the containment for VHTRs. This 
software, called GAMMA-FP (GAs Multi-component 
Mixture Analysis-Fission Products module), is being de-
veloped as an annex module of the previously developed 
thermal-fluidic analysis code, GAMMA+ (GAs Multi-
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component Mixture Analysis Plus) [6]. In this way, the 
thermal-fluidic information required for the GAMMA-FP 
calculations such as temperature, pressure, and corresponding 
material properties at every transient time step can be di-
rectly utilized from the concurrent GAMMA+ calculation. 
In a VHTR, the key FPs affecting core designs include I-131, 
Cs-137, Ag-110m, Sr-90, and Tritium, among others. Even 
metallic FPs such as Cs-137 and Ag-110m behave like gases 
in the high temperature core region of a VHTR. In the 
GAMMA-FP code, two modules each for gaseous and 
aerosol fission product transport have been developed so 
far. A previous study by Yoo et al. [7] of our team deals 
with the gaseous FP transport module of GAMMA-FP, 
in which isotope-specific material data such as sorption 
isotherms or diffusion coefficients are treated. This study 
deals only with the aerosol FP module of GAMMA-FP. 
In the case of FP releases from the primary loop, aerosol 
FP analysis could play a role in estimating public doses 
for postulated accident conditions. Also, aerosol FP anal-
ysis is important for the dust issue which is unique to 
VHTRs with a carbon-moderated gas-cooled core. In future 
studies, a chemical reaction module will be developed, in 
which the interaction between gaseous and aerosol FPs 
will be treated. 

The aerosol FP module of GAMMA-FP adopts a 
multi-component and multi-sectional aerosol analysis 
model that has been developed based on the MAEROS 
model. The MAEROS model is the aerosol module of 
the CONTAIN code [8], and has been widely used for 
aerosol behavior analysis. For the first stage of this FP 
module development, the MAEROS model had been im-
plemented into the framework of the GAMMA+ code in 
the C++ computer language and examined against some 
experimental data by Yoo et al. [9] In this study, an aero-
sol transport model was developed and implemented in 
the GAMMA-FP code and verified against an analytical 
solution, and the aerosol deposition model in the GAM-
MA-FP code was improved by adopting recent research 
achievements and validated against the available experi-
mental data.

2. ANALYSIS METHODOLOGY

As a simple definition, aerosols are collections of solid 
or liquid particles suspended in a gas. [10] In VHTRs, the 
liquid droplets formed in the rapid depressurizing process 
when the primary coolant pressure boundary fails and the 
graphite or the metallic dust produced by mechanical 
abrasion or corrosion in normal operating conditions are 
also sources of significant aerosol FPs. In the following 
first section, the governing equations of aerosols and the 
implementation methodology are described. The second 
section is devoted to explaining the aerosol transport 
model and its implementation, along with a verification 
of the developed transport model. In the last section of this 

chapter, the constituent models to estimate each coefficient 
for aerosol coagulation, growth, and deposition are presented.

2.1 Conservation Equations
Under various transient situations of a nuclear power 

plant, the released fission products are mostly in the form 
of gases or aerosols. Aerosol fission products are solid or 
liquid particles suspended in a gas. For evaluating the ef-
fect of radioactive fission products on human bodies, two 
main factors in aerosol dynamics are aerosol particle sizes 
and chemical composition. The particle size of an aerosol 
is the most important factor determining the possibility of 
inhalation, and the chemical composition is also important 
in determining human health effects as well as the evolution 
of the particle size distribution. Therefore, in this study 
aerosol particles are classified only by their size and the 
aerosol species depending on the chemical composition.

When the aerosol mass concentration in a control volume 
I as a function of aerosol particle mass m, aerosol component 
k, and time t can be denoted as QI(m,k,t), the conservation 
equation becomes the following [11]:

Here, FJI is the volume flow rate of carrier gas from com-
partment J to compartment I, and ∂͞͞t

∂ QI (m,k,t)   |int is the 
term dealing with processes inside compartment I. The 
first term of the right hand side (RHS) in eq. (1) means 
the aerosol state changes for the time duration of each 
time-step and is solved by the MAEROS model. The 
second and third terms of the RHS represent aerosol 
transport between the connected control volumes and are 
solved by the aerosol transport model, which will be de-
scribed later in section 2.2. 

The fractional step method was adopted to numerically 
solve eq. (1). For the first step, the aerosol state equation 
in each compartment, represented by the first term of the 
RHS, was solved for a given time-step. With the resultant 
aerosol states in every compartment, the aerosol transport 
between the connected compartments was numerically 
solved next for the same time-step.

To describe the behavior of aerosols perfectly, one 
needs to set the particle size, chemical composition, and 
spatial location as independent variables, and solve the 
composed general aerosol dynamic equation. However, 
it is not easy to account for all three variables, and thus 
we can build a more simplified general equation excluding 
the variables of chemical composition and spatial location. 
The state of a spatially and chemically homogeneous par-
ticulate system is described by its size distribution density 
function, n(v,t), where n(v,t)dv is the number of particles 
per unit volume of carrier fluid having particle volumes 

(1)
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Here, subscript I denoting the compartment is omit-
ted because this equation deals with the aerosol behav-
ior within a given compartment. The sections depending 
on particle size are classified by the particle diameter (or 
radius), which also indicates the particle mass with the 
assumption of constant and uniform material density of 
aerosol particles. If one selects a total of 20 sections, the 
smallest particle group is for l = 1 and the largest parti-
cle group is for l = 20. β͞ is the coagulation coefficient 
of corresponding sectional groups, and C͞ is the chemi-
cal reaction coefficient of each sectional group. G͞ is the 
sectional growth coefficient by the vapor transformed 
into particles, and S͞ and R͞ are the sectional source and 
removal rates. 

In eq. (4), the first and second terms of the RHS rep-
resent the mass fluxes of aerosol species k into a size section l 
from the lower size sections by coagulation. The third and 
fourth terms stand for removing and keeping the fluxes of 
aerosol species k by collisions of a particle from section l 
and a particle from section l-1, respectively. The fifth term 
is the removing flux by coagulation of the particles from the 
same section l, and the sixth term is the removing flux by co-
agulation of a particle from section l and a particle from the 
higher size sections. The eighth and ninth terms are the 
mass source rate by steam condensation and the removal 
rates by dissolution, respectively. The tenth and eleventh 
terms are the mass fluxes added from the lower size sections 
by dissolution and condensation, respectively.

In the MAEROS numerical algorithm, variables are 
defined and evaluated for the first step. Then, sectionalization, 
verification of inputs, and initialization are performed. 
The coagulation coefficients are calculated by the addition of 
three coagulation coefficients, the mechanisms of which 
are Brownian motion, turbulence, and gravitation. The 
deposition coefficients are calculated for the aerosol re-
moving mechanisms including gravitational settling, dif-
fusive wall deposition, and thermophoretic particle motion 
into cold walls. An aerosol particle could grow by the 
phenomenon of steam condensation onto a particle, the 
growth coefficient of which is calculated by a correlation 
of isothermal condensation. To obtain the coefficients of 
each section, the coagulation, deposition, and growth co-
efficients are integrated over the aerosol size interval of 
each section. After all of these procedures, every term of 
the RHS of eq. (4) has been obtained to constitute a set of 
ordinary differential equations over sections and species. 
The Runge-Kutta method was adopted to numerically 
solve the equation set to obtain Qlk(t).

2.2 Aerosol Transport Model
The MAEROS model analyzes coagulation, growth, 

and deposition of aerosol only in a single confinement. 
To make the FP module work properly in the thermal-fluid 
analyses of a VHTR, it was necessary to simulate the 
inter-cell flow of aerosols. In the inter-cell aerosol trans-
portation, the fission products associated with the aerosol 

in the range v to v+dv [12]. The general particulate balance 
equation for a certain compartment becomes:

where I(v,t) = dv/dt, the rate of change of the volume of 
a particle by the transfer of material between the particle 
and fluid phase, β(v,u) is the coagulation coefficient for 
particles of volume v and u, and S is the net rate of the 
addition of fresh particles into the system. 

When the total numbers of sections and aerosol com-
ponents are L and s, respectively, the total mass of aerosol 
per unit volume of fluid in section l at time t, Ql, is de-
fined as:

where Ql,k(t) is the aerosol mass concentration of com-
ponent k in section l. v is an independent variable char-
acterizing the particle size such as the particle volume, 
diameter, or mass. Here, v is used as the particle mass. 
Thus, vl-1 and vl denote the size of the smallest and largest 
particles in the given section l, respectively.

If one ignores any aerosol behavior caused by the 
transport of carrier gases, aerosol will coagulate with 
each other, grow or shrink by condensation or evaporation, 
and deposit onto the surrounding structure surfaces. The 
geometric constraint of vi+1 ≥ 2vi (for i = 0,1,2…L–1) is 
also introduced to prevent the calculation burden owing 
to an overlapping of the sectional coagulation coefficients. 
With the assumption that the aerosol concentration is 
uniform in a compartment except in the vicinity of the 
structural surfaces and that coagulation and condensation 
occur sequentially and will not happen coincidently, the 
sectional method alters the governing equation of the aerosol 
dynamics to eq. (4). The detailed derivation process can 
be found in the work of Gelbard [2,12]. 

(2)

(3)

(4)
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servation equation can be simplified as:component hosts were assumed to flow between cells in 
proportion to their aerosol component. It was also simply 
assumed that the aerosol size distributions in inter-cell 
flows were the same as those of the upstream cells.

In the fractional step method adopted to solve the 
aerosol conservation equation (Eq. (1)), time-dependent 
evolution of aerosol masses was calculated in two steps. 
First, the effects of aerosol agglomeration, deposition, 
and condensation were calculated within a cell neglecting 
the effects of inter-cell flows, a process that was done by 
the MAEROS model described in the previous section. 
Second, the effects of inter-cell flows on the airborne aerosol 
mass concentrations QI,l,k of component k in section l and 
cell I were then calculated from the temporary results of 
the first step. The formulation for aerosol transportation 
is implicitly expressed as:

or explicitly expressed as:

with

Here, the summation extends over all gas flow paths con-
necting to the cell I. Ajn is the effective flow path area, u 
denotes the upstream or donor cell, Volu is the cell free 
volume of donor cell u, and F’jn,l is the attenuation factor 
of the jn path for section l, which depends on the flow 
direction. The aerosol velocity Ua,jn,l is equal to the gas 
velocity minus the aerosol gravitation settling terminal 
velocity which is zero for the horizontal flow direction 
[8]. Superscripts n+1 and * denote a new value at the new 
time step and a temporary value at the advanced level 
calculated by the first step of the fractional step method, 
respectively. In the RHS of eq. (6), the first term is the 
sum of the aerosol mass additions from the upstream 
cells, and the second term is the sum of the aerosol mass 
losses into the downstream cells.

To verify the implemented aerosol transport model, 
the aerosol transport in a straight pipe was calculated and 
compared with an analytic solution. To make the problem 
analytically soluble, it was assumed that all of the aerosols 
were always airborne and would perform coagulation be-
havior without any deposition or condensation. Fig. 1(a) 
shows a schematic of the test problem. Assuming that the 
attenuation factor F’ is 1.0, that there is only one aerosol 
component and section, that only the first cell initially 
contains airborne aerosols with a mass concentration of 
Q1(t = 0) = Q1,0, that Qi(t = 0) = 0 for i= 2 ~ 5, and that 
there are no aerosol sources for all cells, the aerosol con-

(5)

(7)

(6)

Fig. 1. Verification of the Aerosol Transport Model
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In VHTRs, aerosol deposition into the surrounding 
walls is mainly caused by thermophoresis, diffusion or 
eddy impaction, and gravitational settling. Recent models 
of aerosol deposition mechanisms are found in the VICTO-
RIA 2.0 code [13]. VICTORIA 2.0 is an analytic tool for 
predicting the radionuclide behavior in a nuclear reactor 
coolant system under severe accident conditions, devel-
oped by the Sandia National Laboratories (SNL) in ’90. 
Because the MAEROS model was developed for analysis 
of aerosol behaviors in a single compartment, the addition 
of an inter-cell aerosol transport model requires new 
models for deposition by inertia force and deposition by 
inter-cell flows, etc., which are not dealt with in the original 
MAEROS model. 

The deposition rates, S, in s-1 are multipliers to the 
aerosol concentration in kg/m3 to produce the removal 
terms in the aerosol balance equations. Negative signs 
represent the removal of aerosols. A definition of the 
deposition velocity, U [m/s], is introduced with the sur-
rounding wall area, Awall [m2], and the chamber volume, 
Vchamber [m3], as in eq. (10). 

Here, the deposition velocity, U, is a sum of the thermo-
phoretic deposition velocity, the gravitational settling 
(terminal) velocity, and the deposition velocity owing to 
the aerosol transport between compartments.

For the thermophoretic deposition velocity Uth, Brock 
[14] proposed the most reliable formula as: 

Here, δT is the thermal boundary layer thickness in meters 
and Kn is the particle Knudsen number that is defined as 
the ratio of the mean free path to the particle radius. The 
dimensionless constants of cs, ct, and cm were set to the 
values proposed by Talbot [15]. That is, the thermal slip 
coefficient cs, the thermal accommodation coefficient ct, 
and the momentum accommodation coefficient cm were 
set to 1.17, 2.18, and 1.14, respectively. The Cunningham 
slip correction factor, Cn [-], is expressed by eq. (12). The 
different values of empirically obtained constants k1, k2, 
and k3 in eq. (12) are comparedbetween the original MAE-
ROS and VICTORIA 2.0 in Table 1. The values used in 
VICTORIA 2.0 were adopted for the current research.

The gravitational settling (terminal) velocity, UG [m/s], 
is expressed as:

Here, the numeric subscripts for Q’s are cell numbers (1 
= i cell, 2 = ii cell, …, 5 = v cell, as in Fig. 1(a)) and 
the numeric subscripts for a’s are junction numbers. ajn = 
UjnAjn/Volu are all the same for all junction numbers if the 
aerosol velocities, junction cross sectional areas, and cell 
volumes are equal over the cells. The analytic solutions of 
this set of linear differential equations are calculated as: 

Thus, the general analytic solution becomes:

Here, Q1,0 denotes the aerosol mass concentration in the 
first cell at t = 0 sec, Q1(t=0).

For simplicity, the total length of the pipe was set to 
5.0 meters so that the length of each cell became 1.0 meter. 
The cross-sectional areas of every cell and junction were 
uniformly set to 1.0 m2 and 0.25 m2, respectively. Two 
cases of inlet velocities of 0.01 m/s and 0.05 m/s were 
calculated. Therefore, ai = 0.0025 [/s] (i = 1, 2, .., 4) for an 
inlet velocity of 0.01 m/s, and ai = 0.0125 [/s] (i = 1, 2, 
.., 4) for an inlet velocity of 0.05 m/s. No aerosol sources 
were assumed. The initial aerosol mass concentration was set 
to Q1,0 = 9.00897×10–7[kg/m3] and . Qi,0 = 0.0(i = 2,3,4,5).

Figs. 1(b) and 1(c) show comparisons of the numerical 
calculations by the GAMMA-FP simulation and the analytic 
solution. Owing to the higher aerosol transport with a 
higher gas velocity, the aerosol mass concentration of the 
first cell for the inter-cell gas velocity of 0.05m/s decreases 
faster than the case with a gas velocity of 0.01m/s. For 
both cases, the numerical results match exactly with the 
analytic solutions, and thus the implemented aerosol 
transport model has been successfully verified. 

2.3 Constituent Models for Deposition Coefficients
The physical phenomena concerning aerosol behaviors 

accounted for in the MAEROS model are particle growth 
by coagulation, particle growth by steam condensation, 
particle removal by natural phenomena, and external 
sources of aerosols. The three main mechanisms of aerosol 
coagulation are Brownian motion, turbulence, and gravity. 
Only isothermal steam condensation is accounted for in 
the MAEROS model. The functional forms of the coagu-
lation coefficients and the condensation coefficients were 
given by Gelbard [1]. In this study, the constituent models 
of the aerosol deposition coefficients are investigated and 
improved, which concern aerosol particle removal.

(9)

(10)

(11)

(12)

(13)

(8)
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The correlation for the turbulent deposition velocity 
of submicron particles was derived by Sehmel [17] as 
follows:

As above, the calculated thermophoretic, gravitational 
settling (terminal), and turbulent (or diffusion) deposition 
velocities are summed up to find the total deposition ve-
locity U of eq. (10) for each sectional group and species in 
each compartment at every time-step. 

3. VALIDATION AGAINST EXPERIMENTAL DATA

3.1 STORM Deposition Test
International Standard Problem Number 40 (ISP-40) 

[3] includes separate effect experiments and code validation 
of the aerosol deposition and resuspension for evaluating 
the radioactive fission product source terms under pos-
tulated severe accident conditions. ISP-40 was proposed 
and adopted in the Principal Working Group(PWG)-4 
Meeting by the Joint Research Center of the European 
Commission (JRC) in 1996. The test, the so-called STORM 
test SR11, was conducted in the STORM facility in April 
1997. It included two distinct phases, the first concentrating 
on aerosol deposition mostly by thermophoresis and 
eddy impaction and the second on aerosol resuspension 
under a stepwise increasing gas flow. In this study, only 
the experimental data on aerosol deposition (Phase 1) 
was utilized for the code validation because the aerosol 
resuspension model of GAMMA-FP has not been fully 
developed at the current stage.

Fig. 2 shows a schematic view of the STORM ex-
perimental facility. The test section was a 5.0055 meter 
long straight pipe with a 63 mm internal diameter, made 
of stainless steel. In the deposition test (Phase 1), the sup-
plied carrier gas and aerosols were mixed in the mixing tank 
and flowed in the test section, the exhaust of which was 
connected to a wash and filter system. The aerosol used 
was tin oxide (SnO2), and the carrier gas was a mixture of ni-
trogen, steam, argon, helium, and air. The mass flow rates 
of each element of the carrier gas mixture for the Phase 
1 test are listed in Table 2. The total mass flow rate of the 
carrier gas was estimated to be constantly 3.5975x10-2 
kg/s during the test run. Tin oxide was selected as the 
aerosol material owing to its tendency to be dry. The 
effective aerosol density and aerosol heat conductivity 
were estimated to be 4,000 kg/m3 and 11.0 W/m/K, re-
spectively. 

The deposition test (Phase 1) was performed for 9,000 

Here, ρp is the aerosol particle density in kg/m3, r is 
the particle diameter in meters, and μ is the carrier gas 
viscosity in kg/m/s. χ is the dynamic shape factor, and 
(grav.) is the gravitational acceleration.

For the deposition owing to the aerosol transport 
between compartments, the particle deposition velocity 
is computed by different correlations depending on the 
Reynolds number of the carrier gas. When the carrier gas 
flow is laminar (Re < 2,300 for pipe flows), the particle 
deposition velocity from diffusion, UD, is expressed by:

Here, Dh is the hydraulic diameter [m], L is the length [m] 
over which the deposition takes place, and Ug is the gas 
speed [m/s]. The empirical coefficient, Ψ, proposed by 
Gormley and Kennedy, is as follows:

Here, H is a ratio of diffusion to convection transport and 
thus H = (2LDB)/(Dh

2Ug). DB is the Brownian diffusivity 
in m2/s.

When the Reynolds number of a carrier gas flow is 
higher than 2,300, the diffusion deposition velocity is ig-
nored and the turbulent deposition velocity UT is again 
classified by the aerosol particle radius. For a turbulent 
deposition, two separate correlations are used: one for 
submicron particles (r < 10-6 m) and the other for super-
micron particles (r > 10-6 m). The turbulent deposition 
velocity of submicron particles was modeled from the 
theoretical model of Davies [16], which is:

Here, ͞ν is friction velocity, which is defined by ͞ν =Ug        . 
In addition, φ =        , where Sc is a non-dimensional Schmidt 
number. f is the Fanning friction factor, which is calculated 
by the iteration correlation of eq. (17) for turbulent flows 
in a smooth pipe. 

k1 k2 k3

Original MAEROS [1] 1.37 0.4 1.1

VICTORIA 2.0 [12] 1.25 0.41 0.88

Table 1.  Comparison of Constants in eq.(12) for Calculating 
Cunningham Slip Correction Factor

(14)

(15)

(16)

(17)

(18)
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3.2 GAMMA-FP Simulation
For the GAMMA-FP simulation of the deposition test, 

the test section was modeled as a fluid block connected 
to the ‘IN’ and ‘OUT’ boundary volumes, as shown in 
Fig. 3. These ‘IN’ and ‘OUT’ boundary volumes represent 
the upstream and downstream sections connected to the 
test section. In the simulation, the working fluid with a 
mass flow rate of 3.5975x10-2 kg/s was a gas mixture of 
48.55% steam, 15.2% nitrogen, 15.9% air, 20.0% argon, 
and 0.33% helium, similar to the experiment. The viscos-
ity and heat transfer coefficient of the gas mixture were 
computed automatically depending on temperature and 
pressure in the GAMMA+ code, considering the gas 
mixture composition. The number of computational cells 
(i.e. compartments) was varied from 5 to 30. 

Simulations were completed by two-step calculations: 
first, steady-state GAMMA+ simulations without any 
aerosol source were performed to produce a similar initial 
condition to the thermal-fluidic condition of the experiment, 
and then transient GAMMA-FP simulations of 9,000 sec-
onds were conducted from the initial condition obtained in 
the first step with proper aerosol source rates at the first 
upstream cell. Figure 4 shows the measured and the simulated 
temperature distributions along the test pipe. To produce 
the best matched temperatures with the measured values, 
the boundary condition of outer wall temperatures was 
applied carefully and the convective heat transfer coefficient 
of the pipe flow was adjusted precisely. In the steady-state 
simulation, the calculated average flow velocity was 
~4.3 m/s and the corresponding Reynolds number was 

seconds. The constant mass flow rate of the SnO2 aero-
sols was 3.83x10-4 kg/s. The parameters of the particle 
size distribution were estimated to be a geometric mean 
diameter of 0.43 μm with a geometric standard deviation 
of 1.7. Figure 4 shows the axial temperature distributions, 
which are the average of the measured temperatures over 
the test run. The temperature differences between the wall 
and carrier gas are important to affect the thermophoretic 
deposition. At the end of the test run, the total mass of 
aerosol deposition in the test pipe during the deposition 
phase test was 162 grams. The measured spatial deposi-
tion after the test run is shown in Fig. 6 along with the 
simulation results. The local fluctuation of the measured 
deposition was caused by the uneven internal surface 
conditions due to the pipe connections and flanges.

Fig. 2. The STORM Experimental Facility (from Castelo, et al. [3])

Gas Mass flow rate [kg/s]

Steam 1.1060 x 10-2

Nitrogen 0.5467 x 10-2

Air 0.5728 x 10-2

Argon 0.7194 x 10-2

Helium 0.0119 x 10-2

Total 3.5975 x 10-2

Table 2.  Mass Flow Rates of the Carrier Gas Mixture in the 
STORM SR-11 Deposition Tests
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cell volume to determine the volumetric aerosol generation 
rates for the input file.

The following section describes the simulation results 
and compares them with the measured experimental data.

3.3 Results
The transient calculation of 9,000 seconds for the 

Phase 1 test was performed on a PC with 3.47GHz Intel 
Xeon X5690 CPU. The total CPU time for the deposition 

~2.8x104. These steady thermal-fluidic conditions were 
used as the initial conditions for the aerosol deposition 
simulation of the next step.

For the transient simulations of the second step ac-
counting for aerosol deposition, the sectional aerosol 
generation rates for each aerosol size section should be 
estimated. Most aerosols found in nature and generated 
in laboratories follow a lognormal size distribution [18]. 
Thus, the number distribution particle size, f(r), becomes :

Here, rg = l͞o͞g͞(͞r) is the geometric mean radius. [log(βg)]2 
= ͞[l͞ o͞g͞(͞r͞)͞ ͞–͞ ͞lo͞g͞(͞r͞g ͞) ͞]2 is the variance of a logarithm of particle 
radius, and thus log(βg) becomes the standard geometric 
deviation. The aerosol source rates in 20 aerosol size bins 
were computed with the parameters of a geometric mean 
diameter of 0.43 μm and a geometric standard deviation 
of 1.7. The maximum and minimum particle diameters 
were 0.01 μm and 20 μm, respectively. Table 3 summarizes 
the particle diameter ranges and the aerosol mass flow 
rates of each section. Since the aerosol source rate should 
be input in the unit of kg/s/m3 in the GAMMA-FP, the 
values of the last column in Table 3 must be divided by the 

Fig. 3. Nodal Setup for Simulating the STORM SR11 Deposition Test

Fig. 4. Gas and wall Temperatures along the Test Pipe

Section Low Diameter 
[m]

High Diameter 
[m]

Aerosol Mass 
Flow Rate 

[kg/s]

1 1.00E-08 1.46E-08 0.00E+00

2 1.46E-08 2.14E-08 5.21E-42

3 2.14E-08 3.13E-08 2.84E-33

4 3.13E-08 4.57E-08 1.02E-25

5 4.57E-08 6.69E-08 2.43E-19

6 6.69E-08 9.78E-08 3.88E-14

7 9.78E-08 1.43E-07 4.26E-10

8 1.43E-07 2.09E-07 3.54E-07

9 2.09E-07 3.06E-07 2.60E-05

10 3.06E-07 4.47E-07 1.92E-04

11 4.47E-07 6.54E-07 1.50E-04

12 6.54E-07 9.56E-07 1.39E-05

13 9.56E-07 1.40E-06 1.37E-07

14 1.40E-06 2.05E-06 1.07E-10

15 2.05E-06 2.99E-06 5.85E-15

16 2.99E-06 4.37E-06 2.13E-20

17 4.37E-06 6.40E-06 5.13E-27

18 6.40E-06 9.35E-06 8.13E-35

19 9.35E-06 1.37E-05 8.55E-44

20 1.37E-05 2.00E-05 0.00E+00

Table 3.  Sectional Aerosol Source Rates

(19)
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rate of the simulation is lower than the measured value for 
the three cases with 10, 20, and 30 cells. Figure 7 shows 
the proportions of the deposition mechanisms along the 
test pipe. The GAMMA-FP calculation predicted ther-
mophoresis to be the dominant deposition mechanism, 
with 98% of the total deposition. As explained earlier, the 
major deposition mechanisms are the depositions owing 
to eddy impaction, thermophoresis, diffusiophoresis, and 
gravitation. Because steam condensation did not occur 
and the gravitational settlings of the ceiling and floor of 
the horizontally installed test pipe cancelled each other 
out, diffusiophoresis and gravitational depositions could 
be ignored.

Figure 8 shows a comparison of the total deposition 
mass from the ISP-40 meeting, quoted from Castelo, et 
al.[3]. This graph shows the institute, the computer software 
used, and the simulated deposition masses along with the 
proportions of the deposition mechanisms. The difference 

transient simulation of the 10-cell case was 88h 47m 32s 
(319,652 seconds). When the coagulation coefficients 
were obtained by interpolation from the four initially 
calculated values at the boundary temperature and pressure 
conditions instead of recalculation at every iteration, the 
total CPU time was reduced to be 1h 36m 12s (5,772 sec-
onds). The deposition masses computed with the different 
calculation options (‘interpolation’ or ‘recalculation’) show 
a discrepancy of about 10%, because the difference in the 
coagulation coefficients between the different calculation 
options affects aerosol particle sizes and then deposited 
aerosol masses. Therefore, the results with the ‘recalculation’ 
option for coagulation coefficients will be presented as 
the final results, since they are thought to be more accurate.

Table 4 summarizes the total deposited masses from 
the simulations and measurement. The total deposition 
mass varied depending on the number of cells in the fluid 
block. As the number of cells increased, the difference 
between the simulated and measured deposited masses 
became smaller. However, the simulation with more than 
40 cells for the test pipe failed owing to increasing errors. 
The mass of the aerosols deposited in the test pipe alone 
during the deposition phase was calculated to be 150.6 
grams for the 30-cell case, which gave the minimum dif-
ference from the measured value of 7.04%.

Figure 5 shows sectional aerosol mass flow rates at 
the outlet, along with those of the inlet. The aerosol mass 
losses due to deposition result in the reduction of aerosol 
mass flow rates at each section. However, the peak location 
of the sectional aerosol mass distribution at the outlet re-
mained about the same as that of the inlet. The parameters 
of the particle size distribution at the outlet were estimated 
to be a geometric mean diameter of 0.44 μm with a geometric 
standard deviation of 1.07. This slight change in the particle 
size distribution while passing through the test pipe was 
caused by particle agglomeration and deposition in the 
test pipe.

The spatial distribution of deposition at 9,000 s is 
shown in Fig. 6. Both the simulated and measured depo-
sition along the test pipe show a tendency of decreasing 
the deposition toward the downstream, but the decreasing 

Fig. 5. Estimated Aerosol Size Distribution at the Inlet and 
Outlet: 30-cell Case

Fig. 6. Aerosol Deposition along the Test Pipe

Case Deposition Mass 
[gram]

Difference from 
the Measurement       

[%]

5 Cell 124.7 23.0

10 Cell 195.1 20.4

20 Cell 175.0 8.02

30 Cell 150.6 7.04

Measurement 162 0.0

Table 4.  Total Deposited Mass
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method. The reasons for these discrepancies are found in 
the following: First, the aerosol deposition models inside 
the MAEROS algorithm of the MELCOR and the GAMMA-
FP codes are different from each other. From the ISP-40 
final comparison report [3], the participants using MEL-
COR reported that they had used version 1.8.3 or version 
1.8.2 of MELCOR. In MELCOR 1.8.3, the Brock model 
[14] for thermophoretic deposition was adopted and no 
model for deposition caused by eddy impaction or flow 
irregularities was implemented. In MELCOR 1.8.3, the 
proposed value ranges and the default values of the thermal 
slip coefficient cs, the thermal accommodation coefficient 
ct, and the momentum accommodation coefficient cm 
were set to 3/4, 1.876~2.48 (default value = 2.25), and 
1.00~1.27 (default value = 1.257), respectively, which 
were proposed by Brock [14]. GAMMA-FP adopted the 
Brock-type thermophoretic deposition model with the 
non-dimensional constants of cs, ct, and cm proposed by 
Talbot [15] as described in section 2.3. Among the ISP-40 
participants using MELCOR, the second trial results by 
Tractebel and the University of Bochum were calculated 
with the constants proposed by Talbot, and all others used 
the default values. From Fig. 8, it is recognized that the 
Brock-type thermophoretic deposition model with the 
dimensionless constant values proposed by Talbot (the 
results titled by ‘Tractebel-2’ and ‘U. Bochum-2’) pro-
duces improved predictions compared to other results of 
the MELCOR user group. Second, other small portions of 
the differences between the GAMMA-FP and the MELCOR 
predictions might be caused by material properties of the 
carrier gas and the aerosol. Some MELCOR users set the 
carrier gas mixture to be air, and the list of aerosol materi-
als in MELCOR 1.8.2 did not include SnO2. Therefore, the 
MELCOR users chose close substitute materials. In the 
GAMMA-FP simulation, the material property data of 
the gas mixture and the aerosol particles were exactly ap-
plied. For this, the gas property data of argon was newly 
implemented in the GAMMA+ code. Third, the participants 
using MELCOR used various numbers of cells for the 
pipe test section and of the aerosol size bins(sections), as 

between the current simulated and measured deposition 
masses is about the same level as those calculated by the 
DeNIRO or the ATHLET-CD codes, which are the most 
well matched results with the experimental data among 
all the simulations in the ISP-40 meeting. Therefore, the 
capability of the GAMMA-FP module for predicting 
aerosol deposition was successfully validated against in-
ternationally recognized experimental data.

GAMMA-FP is based on the MEAROS model which 
is similar to the MELCOR code. Therefore, it is supposed 
that the results should be similar to the ones of the MELCOR 
code. But, the aerosol deposition models by thermophoresis 
and eddy impaction have been improved in GAMMA-FP 
from the original models in MAEROS. From Fig. 8, the 
calculation results obtained by using the MELCOR and 
GAMMA-FP codes show some differences even though 
those two codes adopt the same MAEROS aerosol analysis 

Fig. 7. Deposition Mechanisms along the Test Pipe

Fig. 8. Comparison of Total Deposition Mass for the ISP-40 
Problem

Institute Number of cells Number of size bins

ENEA 5 Not specified.

KINS 10 8

Kurchatov 10 10

Tractebel 5 5

University of 
Bochum 9 10

VEIKI 1 5

Table 5.  Number of Cells and Size Bins used in the MELCOR 
Simulations for ISP-40
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coagulation or deposition models might cause wrongful 
conclusions. Therefore, it was decided to instead generate 
a conceptual problem, assuming that there was neither 
aerosol deposition nor condensation. After comparison 
with the analytical solutions of this conceptual problem, 
it was assured that the aerosol transport model was correctly 
implemented. 

The aerosol deposition model in the GAMMA-FP 
code has been improved except for the gravitational settling 
model. The thermophoretic deposition models have been 
improved with the Brock-type model using the dimen-
sionless constants proposed by Talbot [15], and the tur-
bulent deposition models were improved accounting for 
the Reynolds number and particle size effects. For the 
validation of the improved deposition models, the ISP-
40 (STORM SR-11 deposition test) experimental data 
were utilized, in which thermophoresis is the dominant 
deposition mechanism. In comparison with other results 
obtained by using the MELCOR code, it was found that 
the Brock-type thermophoretic deposition model with 
the dimensionless constants proposed by Talbot [15] 
produced better-matched results than the original Brock 
model. For simulation of the STORM SR-11 deposition 
test, the material property data set of the GAMMA+ code 
was updated. Because the STORM SR-11 deposition test 
simulated combined phenomena of thermophoretic and 
turbulent aerosol depositions, validations against some 
reliable experimental data of each separate phenomenon 
would be necessary. In future studies, various models for 
each deposition mechanism will be implemented and val-
idated against available experimental data for evaluating 
the adequacy of the VHTR system.

Currently, implementation of the aerosol deposition 
models due to flow irregularities is under progress, and 
development of the resuspension and growth models of 
aerosol FPs are in the long-term plan.
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NOMENCLATURE
A area [m2]
D diameter [m]
DB Brownian diffusivity [m2/s]
k  index for aerosol species, depending on chemical 

composition
F volume flow rate of carrier gas [m3/s]
F’ attenuation factor [-]
f Fanning friction factor [-]
L length [m] 
m aerosol mass [kg]
n aerosol particle density [#/m3]
Q aerosol mass concentration [kg/m3]

shown in Table 5. As shown in the sensitivity study of 
cell sizing in this study, using different numbers of cells 
could cause some differences in the prediction results 
from the same analytic tool. Finally, the method in which 
users calculated aerosol size distributions from the given 
geometric mean diameter and geometric standard devia-
tion, as well as the number of aerosol size bins, could af-
fect the simulation results. In the simulation by the KINS 
(Korea Institute of Nuclear Safety), MELCOR 1.8.3 was 
modified so that it would write in the output files the per-
centage of each deposition mechanism [3]. KINS report-
ed that the thermophoresis mechanism was responsible 
for 93% of the total deposition.

4. CONCLUSIONS

In KAERI, the aerosol analysis computer software for 
VHTRs, GAMMA-FP, has been developed as an annex mod-
ule of the thermal-fluidic system analysis code, GAMMA+. The 
aerosol FP module of GAMMA-FP adopts a multi-com-
ponent and multi-sectional aerosol analysis model that has 
been developed based on the MAEROS model, which could 
be one of the most complex models to analyze aerosol 
FPs behavior in Nuclear Power Plants (NPPs). For aerosol 
FP analysis of other types of NPPs, the simpler models 
such as the Moments method in the HAARM-3 [19] code 
or the single-component multi-sectional models in the 
NAUA [20] code can be used. Moreover, one can use the 
simplest method using building attenuation factors for an 
operating BWR or PWR. However, a VHTR is one of 
the next-generation nuclear reactors and typically adopts 
the Vented Low Pressure Containment (VLPC) concept 
which allows release of a relatively small amount of ra-
dioactive FPs into the environment during the blowdown 
phase. For these reasons, we decided to adopt a multi-
component and multi-sectional aerosol model for aerosol 
FP analysis for the first stage. Then, we may try more 
efficient methods in the middle of developing the FP analytic 
tools if there is sufficient safety margin to use more conserva-
tive methods.

The current GAMMA-FP code consists of a gaseous 
FP module and an aerosol FP module. In the previous 
study by Yoo et al. [9], the MAEROS model had been 
implemented into the framework of the GAMMA+ code 
in the C++ computer language and the implemented model 
was validated against the GIST (Gwangju Institute of 
Science and Technology) experimental data. Following 
the previous study, the aerosol transport model for simu-
lating inter-cell aerosol flows was implemented in this 
study. However, aerosol transport phenomena in real or 
experimental situations are usually combined with aerosol 
coagulation and deposition. In section 2.2, the authors 
only wanted to check if the aerosol transport model was 
implemented correctly or not. If some experimental data 
were chosen for this purpose, the errors in the aerosol 
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Re Reynolds number [-]
r radius [m]
S source [#/m3/s or kg/m3/s]
Sc Schmidt number [-]
T local temperature [K]
t time [sec]
U velocity [m/sec]
Vol volume [m3]
v,u  variable characterizing aerosol particle size: particle 

volume, particle mass, or particle diameter
β aerosol coagulation coefficient [m3/s]
δT  thermal boundary layer thickness [m]
μ dynamic viscosity [kg/sec/m]
ρ density [kg/m3]
ν̅ friction velocity [m/s]
χ dynamic shape factor [-]

Subscripts
a aerosol
h hydraulic
f fluid, here carrier gas
g gas
I,J,K cell index
i, j coordinate index
int integrated
k index for aerosol specie
l index for aerosol size section
s solid, here aerosol particle
wall wall
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