PBNC 2016
Beijing, China, April 5-9, 2016

A STUDY OF SPRAY APPLICATION BY A FIRE TRUCK FOR THE MITIGATION OF SEVERE
ACCIDENT OUTSIDE THE NUCLEAR POWER PLANT

JongWook, Go

and Technology (KAIST)
Daejeon, Republic of Korea

Irfan, Younus

Korea Advanced Institute of Science Korea Advanced Institute of Science
and Technology (KAIST)

Daejeon, Republic of Korea

ManSung, Yim
Korea Advanced Institute of Science
and Technology (KAIST)
Daejeon, Republic of Korea

KEYWORDS: Spray, Fire truck, Severe Accident, CFD, Nuclear power plant, Source term reduction

ABSTRACT: When a severe accident occurs, large amounts
of radioactive materials may be released. This possibility also
increases the public’s fear of nuclear power plants (NPPs).
Also, the economic impact of a severe accident can be huge
as shown in the Fukushima accidents. Given these
considerations, technologies to prevent the dispersal of these
materials are desirable. Technologies to capture the
radioactive materials have been studied. One example of such
technology is to use spray. Use of spray inside nuclear power
plant has been developed with the use of alkaline water. In
this study, we propose to use spray technology to collect the
materials released outside the plant. Although there are
various types of liquids that can be used with spray
technology this study investigated water spray as the baseline
technology and because sea and fresh water are readably
available near NPPs. To deploy the spray technology, use of
a fire engine specially equipped with a “boom” that can be
extended to reach higher locations was envisioned in this
study. The capability of the spray technology was analyzed
through Computational Fluid Dynamics (CFD) analysis. By
using a CFD modeling-based simulation, this study
investigated the effectiveness of fire engine mounted sprays
in reducing dispersion of radioactive materials in a severe
accident. In particular the study examined the role of the
distance of the spray nozzle from the containment and nozzle
angle, to improve the effectiveness of the spray.

1. INTRODUCTION

The Fukushima Daiichi nuclear disaster has eroded the
public’s confidence in the use of nuclear power as a safe
source of energy. This is especially true for residents who
live near nuclear power plants (NPPs), because they are
afraid of being exposed to radiation released during a severe
accident. As a result, public acceptance has decreased, and
the regulation of nuclear power has become more restrictive.
To improve the safety of NPPs, technologies that filter
radioactive aerosols, such as Filtered Vented Containment
System (FVCS), have been developed and are currently being

installed at NPPs. Use of spray technology outside NPPs to
prevent dispersion of radioactive substances in a severe
accident situation is also proposed [1].

Spray equipment can be suitable for capturing radioactive
aerosols because it has been successfully applied in a variety
of industrial applications. An important requirement for the
successful use of spray technology is the ability to implement
the technology at a NPP site in a short timeframe. An added
benefit of the quick application of this technology is the
positive effect it can have on the public by providing a
method to reduce the impact of airborne releases from a NPP.
This study is to develop a numerical methodology to
investigate the use of fire truck-mounted and its performance
in capturing the released radioactive materials. The
investigation in this study is limited to a lab-scale
environment. The role of the distance of the spray nozzle
from the containment and nozzle angle was examined in this
study to improve the effectiveness of the spray. To support
the study, the ANSYS CFX code was used and the particle
source term was modeled to analyze the effectiveness of
spray technology in capturing solid particles. This modeled
source term was based on the numerical modeling work for
the analysis of venturi scrubber performance [2,3].

2. Mathematical modeling

Generally the Eulerian method is used to solve behavior of
fluid. However, if particles, such as droplets or solid particles
in fluid flow, are considered, it is better to model the behavior
of these particles using the Lagrangian method.. If the
Eulerian and Lagrangian methods are coupled, particles and
fluid flow can both be analyzed at the same time. As
analyzing the behavior of sprayed water droplets in fluid flow
is important in this study coupling the Lagrangian and Euler
method was undertaken.

2.1 Conservation equations
To calculate flow behavior of fluids, the Eulerian method
is commonly used. In this case, conservation equations (1)



and (2) have to be solved. However, solving these equations
is difficult because of the turbulence effect. Therefore, the
Reynolds Averaged Navier-Stokes (RANS) equations are
proposed to simplify the turbulence problem.

Equation (1) is the continuity equation relative to mass
conservation in incompressible flow and at steady state.
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To solve the momentum conservation equation in
turbulence flow, the following equation (2), which called
RANS equation, is used.
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This research also requires the analysis of the, behavior of
air and dust particles. In this study, the particles were
assumed to be titanium dioxide (TiO;) dust in connection
with future experiments. It was further assumed that the dust
behaves as if it were part of the air. Therefore, the behaviors
of air and TiO, dust can be solved by using the above
equations.

2.2 Turbulence modeling

Turbulent viscosity can be derived using the k-¢ model.
The model calculates turbulence kinetic energy (k) and
dissipation (e). These calculations are based on turbulence
kinetic energy and dissipation differential equations (4) and
(5) respectively. In essence, these two equations make up the
k-g model. [4]
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2.3 Particle transport equation

In the CFD, behavior of sprayed droplets can be calculated
by the following equation (6) using the Lagrangian method.
The forces influencing the behavior of a particle are drag and
buoyancy. The following equation represents these forces on
a single droplet. [5]

du T L3
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where m,, is mass of a water particle, Up is velocity of a
water particle, Cp is drag coefficient, pr is density of fluid
around a particle, Ar is projection area of a water particle, Ug
is velocity of fluid around a particle, is dp is diameter of a
water particle, pp is density of water, and g is gravity
acceleration.

2.4 Droplet breakup model

Droplets can be deformed and broken easily because
droplets are a kind of fluid. To treat deformation and breakup,
mathematical models are needed. The Taylor Analogy
Breakup (TAB) model was proposed by O’Rourke and
Amsden to treat deformation of a sprayed droplet
mathematically. The TAB model uses a one-dimensional
equation (7) to derive this fluid particle distortion. [6]
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where p, is the viscosity of a droplet, r is the radius of a
droplet, and o is surface tension of a droplet.

Because one particle (a parent particle) can break up into
much smaller particles (child droplets), the Cascade
Atomization and Breakup (CAB) model was developed from
the TAB model, and used to determine the size of child
droplets. The following CAB equation is used to calculate
size of child droplets after breakup. [7]
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2.5 Collection efficiency

In this study, a key consideration is the collection of solid
particles. Therefore, it is required to model the capture of
particles. There are three mechanisms to capture solid
particles when using droplets: diffusion, interception, and
impaction. If the size of a solid particle is larger than 5.0 pm,
the effect of diffusion and interception can be neglected
because the dominant mechanism for particle capture is
impaction. [8] In this study, it is assumed that dust particles
are 10 pum. Therefore, the solid particle collection efficiency
of a single droplet can be calculated using the following
equation (12) for the process of impaction proposed by
Calvert. [9]

) 2

w is an inertial impaction parameter defined by equation

(13).
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(13)

where d; is the diameter of a solid particle and p is the
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Fig 1. Mesh for numerical analysis
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(13) and (14) to simulate the quantity of sol

(12),
particles captured. And the total collection efficiency was

calculated using the following equation (15).
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A single droplet can capture multiple solid particles. Th
relationship can be calculated by the following equation (14).
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Fig 3. Capture efficiency of TiO, in flow field

3. Numerical simulation
3.1 Flow state

To consider the effect of turbulence, the widely used k-¢
model was selected. This analysis was performed on an
incompressible flow at steady state. Air and water properties
were assumed to be constant at 25 °C. By coupling the
Eulerian and Lagrangian approaches, we can analyze three
phase flow. Water particles were analyzed using the
Lagrangian approach, while the Eulerian approach was
applied to TiO, dust and air. While TiO, dust was assumed as
part of the air like fluid, the TiO, particle diameter was
assumed to be 10 pm to solve equation (13) and (14).

3.2 Mesh

Fig 1 shows a mesh for this CFD analysis. To construct an
unstructured mesh, ICEM CFD, a software program
specifically designed to construct meshes, was used. This
domain has 2.19 million hexahedron elements and 2.11
million nodes. To efficiently conduct our analysis a smaller
mesh size was used around containment, while a slightly
larger mesh size was used in other areas.

3.3 Boundary Conditions

Fig 2 shows the boundary conditions in this simulation.
For the inlet boundary, the velocity of air was assumed to be
0.5 m/s. On the outlet boundary, the gauge pressure was set at
0 Pa. On the ground, a no slip condition was applied and a
free slip wall condition was applied to the side walls because
the viscous effect is not important on side walls. For the dust
release region, it was assumed that dust is released at 0.001
kg/s and release velocity is 10 m/s. To simulate water spray, a
particle injection model was used. Nozzle angles from the
ground were assumed at 30, 45, and 60° and spray distances
were assumed at 60 and 90 cm from the containment. The
water flow rate was set at 6 liter/min and the sprayed angle
from the nozzle was assumed at 55° at the spray point. Fig 2
(b) identifies the spray plate. On the plate, all of the water
particles can be absorbed. On the containment wall, it is
assumed that water particles can lose all of their momentum
due to inelastic collisions.
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Fig 4. Collection efficiency of sprayed water particles on
plate

3.4 Convergence criteria

To decide convergence finish, the RMS residuals and
imbalances were considered. If the RMS residuals are lower
than 10®, and if imbalances are lower than 5%, it was
assumed that converge was achieved.

4. Results and discussion
4.1 Dust removal efficiency

In a severe accident situation, to minimize damage from
radioactive substances, the aerosols have to be captured.
Therefore, dust removal efficiency has to be evaluated in this
study.

Fig 3 shows the efficiency of TiO, removal by water
particles in this analysis. At 60 cm from the containment and
30° of nozzle angle, removal efficiency is about 40%. And, at
45° of nozzle angle, the efficiency improved to ~44%. At 60°
of nozzle angle, the efficiency dropped to ~35%.

At 90 cm from the containment and 30° of nozzle angle,
the result was a little better than the one estimated at 60 cm
and 30°. However, the efficiency rapidly decreased with the
increase of angle giving much efficiency than at 60 cm. And,
at 90 cm and 30°, the efficiency dropped to a value around
15%.

Results indicate that if spray is close to the containment,
the removal efficiency is larger in general.

4.2 Collection of water particles

If water particles can successfully capture the radioactive
materials released, the spray technology can be considered
effective. However, if some portion of the particles is
dispersed by the wind, it could be said that the technology
has failed to perform the mission. Thus, how well water
particles are collected by the spray should be analyzed.

Fig 4 shows the collection efficiency of water particles on
plate. At 60 cm from the containment, collection efficiencies
are little higher than at 90 cm. And collections efficiencies
decreased with the increase of angle. This is because many of
the water particles go over the top of the containment and are
blown by freestream with increase of nozzle angle.



5. Summary

In this study, the numerical analysis methodology used in
evaluating a venturi scrubber was implemented to evaluate
the use of spray technology for capturing contaminans
released external to the reactor containment. To support the
numerical simulation, ANSYS CFX was selected and the
mesh was constructed by ICEM CFD. By using the proposed
numerical methodology, the efficiency of dust removal and
capturing water particles were calculated and evaluated.
Summary of the findings is listed below:

1) Capture efficiency of TiO, dust by water particles is
the highest at 60 cm from the containment and 45° of
nozzle angle because many of the points have water
particles and TiO, dust. Also, the velocity of water
particles is higher than other cases.

2) Collection efficiency of water particles on plate is the
highest at 60 cm from the containment and 30° of
nozzle angle. This is because most of the water
particles collide the containment surface.

3) If the capture efficiency of TiO, dust and the
collection efficiency of water particles are considered
together, the best case is at 60 cm from the
containment and 30° of nozzle angle.

4) In this study, the numerical modeling, used in
analyzing venturi scrubber, was applied for calculating
dust removal efficiency in an external flow. The
approach seems appropriate to analyze the
performance of a spray system installed on a fire
engine.

Future work is needed to validate the results based on
experimental investigations Additional evaluations need to
perform to analyze the effect of water film when modeling
the behavior of water particles on the wall. Once the
validation work is successful, further analysis is needed to
optimize the use of spray technology mounted on a
specialized fire truck in a severe accident situation.
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