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A newly developed computer code, FONS-AERO, is used 
to simulate the flow parameters of a carrier gas and an aero-
sol in an idealized vented containment during a blowdown. 
The code is a transient, multidimensional turbulent flow code 
that can handle gas and aerosol flows simultaneously under 
various flow situations. Complicated boundary conditions 
can also be readily incorporated. Some initial results of aero-
sol distribution in the containment and sensitivity to aerosol 
types are presented. 

INTRODUCTION 

The behavior of nuclear aerosols in a power reactor con-
tainment is of great importance in assessing the radiological 
consequences of a severe accident in a nuclear power plant. 
Nuclear aerosols are encountered in many reactor accident 
scenarios. For example, in a loss-of-coolant accident, high-en-
thalpy coolant discharging into the containment from a rup-
tured pipe results in a high-velocity two-phase jet, which 
contains fine airborne liquid droplets with soluble fission 
products. For Canada deuterium uranium pressurized heavy 
water reactors with horizontal pressure tubes, a postulated ac-
cident scenario involves an end-fitting failure in which fuel 
bundles are ejected from a pressure tube. The fuel is damaged 
upon impact with containment structures and releases fission 
products in aerosol form into the containment atmosphere. 
In this accident scenario, high-enthalpy coolant also dis-
charges from the failed pressure tube, forming a two-phase 
jet. 

Fission products released in an accident are most hazard-
ous while they remain airborne. Therefore, a major task of 
containment analysis is to calculate the behavior of aerosols 
inside the containment. 

Many computer codes are available to predict the behav-
ior of nuclear aerosols in the containment. A number of them 

were discussed and compared in Refs. 1 and 2. The govern-
ing equation solved is inevitably the integro-differential equa-
tion that describes the aerosol size distribution.^ The codes 
differ mainly in the numerical solution technique used, the 
aerosol processes considered, and the detailed modeling of the 
containment. In general, the containment is represented only 
by one-dimensional control volumes and internal structures. 
Since most of the codes are not multidimensional, a detailed 
prediction of localized carrier gas and aerosol behavior is not 
possible. 

A research program was initiated in the Ontario Hydro 
Research Division to develop a new computer code that can 
simultaneously calculate the local carrier gas thermal hydrau-
lics and the aerosol dynamics in a multidimensional contain-
ment. As the thermal hydraulics of a flashing jet and the 
dynamic behavior of the aerosols are both exceedingly com-
plex, it is necessary to approach the problem in phases. The 
first phase forms the basis of this paper. It focuses on the for-
mulation and solution algorithm of the code using simplified 
physical models. Results using an idealized containment are 
also presented. The simplified models will then be refined fur-
ther in subsequent phases. 

MATHEMATICAL FORMULATION 

The FONS-AERO code is a derivative of the FONS se-
ries of computer codes developed in at Ontario Hydro. The 
codes were used to simulate transient, laminar, or turbulent 
mixed and natural-convection problems in simple as well as 
complicated geometries. The formulation is based on the clo-
sure of the time-averaged momentum, mass continuity, and 
energy equations. Turbulence is modeled using a k-e model. 
The flow is assumed to be incompressible, and buoyancy ef-
fects are accounted for by the Boussinesq approximation. 
Previous versions of the codes have been properly veri-
fied.^"' The new version, FONS-AERO, models the trans-
port of aerosols in containment by incorporating into the 
computer code the aerosol concentration and velocity equa-
tions. The set of equations solved in FONS-AERO becomes 
as follows: 
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Mass conservation equation: 

dx dy 
Momentum conservation equations: 

du du du 1-1/ U I) — 
dt 

(1) 

dx dy 

dt ' dx 'dy 

1 dp' 1 a i 
p dx p dx 
1 a I + ' ^ p dy p dx 
1 d 

(u 
2 dk 

P dy 3 dx 
1 dp' 1 a ( 
p dy p dx 
1 a I dv\ + ^ ^ 
P dy p dx 
1 a 2 dk 
p dy 3 dy 

dx 

(2) 

du\ 

+ gMT - Tj,) + g^c(C - Cj,) , 

(3) 
where 

and 
= M l + 

C.p — 

Energy conservation equation: 
dT dT dT d ( dT\ d 
dt 

where 

and 

f ) • -
« £ = « £ + OCT 

= tiL/pPrt + Hr/pPrr 

Pr,= (^lCP 

Turbulent kinetic energy equation: 
dk ^ dk dk \ d / ue dk\ 1 d — + u — + — = l!^ —] + 
dt dx dy p dx \ a/, dx) p dy Ok dy) 

pPrr dy 

-Peg 
ac 

pScr dy 
Turbulent kinetic energy dissipation equation: 

+u — + v— — + - — 
dt dx dy p dx \ a, dx; p dy 

(5) 

dy 

(6) 

where G in Eqs. (5) and (6) is given by 

dx) . (7) 

d 
^Ty 

' dC 
De dy 

The values used for the different empirical constants in the 
turbulence equations are listed in Table I. 

2. Aerosol 
Mass conservation equation: 
dC „ dC dC d dC 
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where 
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R = removal rate 

5 = source term. 
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Equations (9) and (10) were obtained by balancing the 
forces acting on a particle in motion.® The first term on the 
right side is the viscous resistance given by Stokes' law. The 
second term is due to the pressure gradient in the carrier gas 
surrounding the particle. The third term denotes the force re-
quired to accelerate the apparent mass of the particle relative 
to the carrier gas. The last term represents external force 
fields that are considered insignificant in the present phase of 
the development. 

Equations (8), (9), and (10) describe the dynamics of an 
aerosol of a given size. If more than one aerosol group is con-
sidered, the set of equations [Eqs. (8), (9), and (10)] will be 
repeated accordingly. Note that the aerosol is assumed to be 
carried along by and exerts no influence on the continuous 
phase. 

Furthermore, no coagulation of the aerosol is assumed. 

TABLE I 

Values Used for Different Empirical Constants in 
Turbulence Equations 

Ci Q Ck Of Scr P r r 

1.44 1.92 1.0 1.3 0.09 1.0 1.0 



This assumption is true when the aerosol number concentra-
tion is low (on the order of 10® particle/m^ or less). 

NUMERICAL TECHNIQUE 

The set of conservation equations is solved by the finite 
difference method described in detail in Ref. 3. The technique 
uses the primitive parameters, i.e., pressure and velocities, as 
dependent variables instead of vorticity and stream function. 
The finite difference mesh consists of rectangular control vol-
ume cells. A staggered grid is used in which velocities are de-
fined at cell boundaries, whereas other dependent variables 
are defined at cell centers. The solution technique is explicit 
and employs the pressure correction concept. ' The flow ve-
locities are calculated explicitly f rom the momentum equa-
tions, first using previous time step values. The new velocity 
field is then adjusted iteratively to satisfy the mass conserva-
tion equation by adjusting the computation cell pressures. 
When the new converged velocity field is obtained, it is used 
to compute the fluid temperature, turbulence, and aerosol ve-
locities and concentrations. The new set of dependent vari-
ables is then used for the next time step calculations. 

Boundary conditions are applied by imposing appropri-
ate velocities, temperatures, and aerosol properties on the 
boundary cells. For the turbulence quantities, the wall func-
tion method® is used. 

Numerical stability is obtained if the fluid is not permitted 
to cross more than one cell in one time step, i.e., the Cour-
ant number must be <1 . This can be achieved by limiting the 
time step size used. In the PONS codes, the time step size is 
optimized at each time step to ensure stability and efficiency. 

Although the conservation equations are finite differ-
enced and solved in two-dimensional rectangular coordinates 
to save computation time and costs, the code can be easily ex-
tended to model three-dimensional flows. 

Physical Model 

An idealized containment was used to test the computer 
code and to investigate the effects of carrier gas flow on aero-
sol transport. Details of the containment are given in Fig. 1. 
It consists of a two-dimensional rectangular vessel (5 x 2 m) 
with a 0.2-m vent at the top. A blowdown nozzle is located 
0.7 m above the vessel floor and protrudes 0.5 m into the ves-
sel. An impingement plate is used to simulate a wall or other 
obstruction. The distance L between the blowdown nozzle 
and the plate can be varied. 

Calculations were performed with a 32 x 30 mesh. Vari-
able mesh sizes were used to better resolve the flow field near 
the walls, the jet, and the vent. The following assumptions 
were made: 

1. The vessel is well insulated. It is filled with stagnant 
steam at saturation before the blowdown is initiated. 

2. Single-phase steam at saturation is discharged into the 
vessel during blowdown. 

3. A monodisperse spherical aerosol at steam temperature 
is produced by an aerosol generator located on the vessel 
floor directly below the vent line. 

4. The number concentration of aerosols is very low 
( < 1 0 ' particle/m^). 

5. The flow is strictly two-dimensional, i.e., end effects 
are ignored. 

0.2 m 

Containment 
Vessel 

X 

5.0 m 

Fig. 1. Containment model used in simulation. 

As a corollary to the above assumptions, physical pro-
cesses influencing aerosol dynamics such as thermophoresis, 
diffusiophoresis , and coagulation and steam condensa-
tion/evaporation can be ignored. Depletion of aerosols on 
contact with vessel surfaces is also ignored. Therefore, the 
major aerosol processes modeled are convection and dif-
fusion. 

The cases simulated in this study are given in Table II. 
Three separation distances between the nozzle and the im-
pingement plate were used. The aerosol size and density were 
varied to investigate their effects on leakage rate through the 
vent. The aerosol number concentration at the generator was 
set at 10® particle/m^ except in case E where a tenfold in-
crease was used. Cases A, C, and O are reference cases to 
study the dynamics of the steam jet in the vessel. 

RESULTS AND DISCUSSIONS 

The simulations were performed by discharging saturated 
steam into the steam-filled vessel at a constant velocity of 65 
m/s . Adiabatic no-slip conditions were applied to the vessel 
surfaces. Transients up to 10 s were obtained with time steps 



TABLE II 

Summary of Physical Parameters Varied 

Aerosol Aerosol 
Plate Steam Flow Nozzle Particle Particle Initial 

Separation Rate^ Height Radius Density Concentration 
Case (m) (kg/s) (m) (Mm) (kg/m^) (particle/m^) 

A 0.04 0.025 0.065 ___ 
B 0.04 0.025 0.065 5 960 10« 
C 0.37 0.112 0.287 
D 0.37 0.112 0.287 5 960 10^ 
E 0.37 0.112 0.287 5 960 10® 
F 0.37 0.112 0.287 5 650 10® 
G 0.37 0.112 0.287 5 1125 10® 
H 0.37 0.112 0.287 5 2250 10« 
I 0.37 0.112 0.287 5 4500 10^ 
J 0.37 0.112 0.287 5 9000 10« 
K 0.37 0.112 0.287 4 960 10^ 
L 0.37 0.112 0.287 6 960 10® 
M 0.37 0.112 0.287 13 960 10« 
N 0.37 0.112 0.287 50 960 108 
O 1.44 0.112 0.287 
P 1.44 0.112 0.287 5 960 10® 

®Per metre of containment depth. 

<0.5 ms. Note that the flow field inside the vessel is well de-
veloped in 10 s. However, it may take much longer for the 
aerosol concentration to achieve steady state. Therefore, the 
aerosol results presented below are for comparison purposes 
only. The qualitative data trends obtained by varying the 
aerosol size and density are also presented. 

Steam Flow Characteristics 

The flow fields in the vessel due to the steam jet were first 
computed as reference cases. They are shown in Fig. 2 for the 
three impingement plate separation distances used (cases A, 
C, and O in Table I). Details of the flow field are strongly de-
pendent on the location of the impingement plate. In general, 
when the steam jet impacts against the plate, the jet splits into 
two flow streams. The split is more even when the plate is 
closer to the nozzle. The upward deflected jet then moves to-
ward the vent. The flow field in the upper region of the vessel 
is very different for the three cases considered. When the im-
pingement plate is almost directly underneath the vent, the 
upward deflected jet travels almost straight toward the vent 
(Fig. 2b). When the plate is farthest away from the nozzle, 
most of the jet is deflected upward, resulting in a strong recir-
culating vortex (Fig. 2c). 

The downward deflected portion of the jet, on the other 
hand, sets up smaller vortices in front and behind the im-
pingement plate. Details of the flow vortices below the noz-
zle are again dependent on the plate separations. 

Aerosol Flow Characteristics 

The dynamic behavior of an aerosol in the reference case 
flow fields was investigated by introducing an aerosol of spec-
ified radius and density into each of the flow fields. The aero-

sol was introduced by a generator located at the center of the 
vessel floor and was modeled numerically by specifying the 
aerosol number concentration as a boundary condition. 

The aerosol was assumed to be picked up, carried along, 
and distributed by the steam flow. The aerosol velocities are 
thus dependent only on the local steam flow rates and the size 
and density of aerosol [Eqs. (9) and (10)]. 

The effects of the separation distance between the im-
pingement plate and the nozzle on aerosol flows are shown 
in Figs. 3 and 4. The aerosol was assumed to be monodisperse 
and spherical with a 5-;tm diam and a 960 kg/m^ density 
(cases B, D, and P in Table II). The density corresponds to 
that of saturated water at atmospheric pressure. 

Figure 3 gives the aerosol flow fields for the three sepa-
ration distances used. The corresponding steam flow fields 
shown in Fig. 2 are almost identical. The flow velocities, how-
ever, are lower for the aerosol. This is evident by the lower 
velocities used to normalize the velocity vectors in Fig. 3. The 
results are expected because the aerosol was transported by 
the steam flow. The difference between the steam and aero-
sol velocities (slip velocity) was found to increase as the size 
and/or density of the aerosol increased. 

Figure 4 shows the aerosol concentration distribution (iso-
concentration lines) in the vessel for the three impingement 
plate locations. The lines are defined with respect to the aero-
sol generator concentration, which was designated 100%. 
Very different aerosol distributions were obtained. In general, 
when the impingement plate was closer to the nozzle, the 
steam flow along the vessel floor tended to be higher (see 
Fig. 2a); thus, more aerosol was transported by the flow and 
dispersed to the upper region of the vessel. For the largest 
separation distance used (1.44 m), a vortex was formed be-
low the jet and in front of the plate (see Fig. 2c). Since the 
aerosol generator was also located in front of the impingement 
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Fig. 2. Steam flow fields. 
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Fig. 3. Aerosol flow fields. 

plate, the aerosol was trapped by the resulting vortex. Less comparisons are possible. However, it is clear that the loca-
aerosol was thus transported upward by the jet. tion of the impingement plate is important in determining the 

As discussed above, the aerosol distributions given in aerosol flow characteristics and consequently the aerosol leak-
Fig. 4 may not be well developed. Therefore, only qualitative age rate through the vent. 
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Fig. 4. Aerosol concentration distribution. 

Effects of Aerosol Size and Density on Aerosol Distribution 

Tlie effect of aerosol size on the leakage rate through the 
vent (defined as average concentrat ion at vent as percentage 
of source concentration) is shown in Fig. 5. In this figure, the 
plate separation was 0.37 m and the density was held constant 
at 960 kg/m^ (water droplets). The aerosol radius was varied 
f r o m 4 to 50 /im. The figure shows tha t the leakage ra te de-
creases exponentially with increasing aerosol radius. 

The results are expected, because for a given aerosol den-
sity, the resultant force acting on the aerosol by the carrier 
gas is inversely propor t ional to its radius. The ability of the 
steam to t ransport the aerosol to the upper port ions of the 
vessel is thus restricted as the aerosol radius increases. Con-
sequently, the aerosol tends to accumulate more and more 
near the bo t tom of the vessel. 

The effect of aerosol density on leakage rate through the 
vent is shown in Fig. 6. The plate separation was 0.37 m , and 
the aerosol radius was held constant at 5 ixm. Aerosol den-
sity was varied f rom 650 to 9000 kg /m^ . In this case as well, 
the aerosol leakage rate decreases exponentially with increas-
ing density owing to the inability of the steam to transport the 
heavier aerosol to the upper regions of the vessel. 

CONCLUSIONS 

The flow of aerosol in a vented conta inment during a 
blowdown was simulated numerically. An approach in which 
the local carrier gas thermal hydraulics and the aerosol dy-
namics were simultaneously calculated was used. The f low 
behavior in the conta inment was modeled using a grid of 
32 X 30 cells. The numerical technique used was explicit, and 
computa t ion was per formed using a microcomputer . 

The carrier gas and aerosol f low characteristics were in-
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Fig. 5. Graph of average concentration at vent versus aerosol radius. 

vestigated systematically for low aerosol number densities. It 
was found that an obstruction to the jet , which was modeled 
as an impingement plate, strongly affected the flow charac-
teristics and consequently the aerosol distribution in the vessel 
and leakage through the vent. The transportation and disper-
sion of aerosols in the conta inment by the carrier gas were 
found to be strongly dependent on the aerosol size and den-
sity. In general, a smaller and less dense aerosol followed the 
gas flow better . For given carrier gas f low conditions, the 
aerosol concentrat ion at the vent tended to decrease rapidly 
as the aerosol size or density increased. 

Due to the lack of relevant experimental data, no attempt 
has been made to fine tune or verify the computer code in this 
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Fig. 6. Graph of average concentration at vent versus aerosol 
density. 

phase of the work . However , results obtained are consistent 
with physics and physical expectations. The approach used 
in the present study thus appears to be credible. Code veri-
f ication will be pe r fo rmed in the fu tu re when data become 
available f r o m experiments being planned. 

Ef for t s are currently being made to incorporate a second 
aerosol group into the code. Other physical processes such as 
the flashing jet and the thermophoresis, diffusiophoresis, and 
coagulat ion and steam condensa t ion /evapora t ion of water 
droplets or aerosols will also be incorporated at later stages. 

NOMENCLATURE 

C 

C\,C2 
Cp 

= mean concentrat ion (part icle/m^) 

: empirical turbulence model constants 

= specific heat at constant pressure ( J / kg • K) 

: reference concentrat ion (part icle/m^) 

: empirical turbulence model constant 

D I , D T = laminar and turbulent mass diffusivity, respec-
tively (mVs) 

g = acceleration due to gravity (m/s ) 

k = turbulent kinetic energy (mVs^) 

L - distance between nozzle and impingement plate 
(m) 

P r ^ j P r j = laminar and turbulent Prandt l number , respec-
tively (dimensionless) 

p' - f luctuation of mean pressure due to natural con-
vection (kg /m-s^ ) 

R = particle radius (m) 

S C L , SCT = laminar and turbulent Schmidt number , respec-
tively (dimensionless) 

T = mean tempera ture (K) 

T r = reference tempera ture (K) 

t 
u,Up 

v,Vp 

x,y 

Greek 
OIL, OCT 

Pc 

7 

€ 

= t ime (s) 

= mean gas and particle velocity component in a: di-
rection, respectively (m/s ) 

= mean gas and particle velocity component in y di-
rection, respectively (m/s ) 

= coordinate directions (m) 

laminar and turbulent thermal diffusivity, respec-
tively (mVs) 

coefficient of concentrat ion expansion (m^/par-
ticle) 

coefficient of thermal expansion (K~ ' ) 

thermal conductivity ( W / m ^ • K) 

diss ipat ion ra te of t u rbu l en t kinet ic energy 
(mVs^) 

= l aminar and tu rbu len t viscosity, respectively 
( k g / m - s ) 

p, pp = gas and particle density, respectively (kg/m^) 

Ok = Prandtl-Schmidt number for turbulent kinetic en-
ergy (dimensionless) 

ô  = Prandtl-Schmidt number for dissipation rate (di-
mensionless) 
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