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ABSTRACT

Piping installed in nuclear power plants is affected by various types of degradation mechanisms and may be
ruptured due to gradual thinning. The degradation mechanisms such as flow-accelerated corrosion (FAC), cavi-
tation, liquid droplet impingement erosion (LDIE), etc., can lead to costly outages and repairs and possibly affect
plant reliability. In August 2008, the header pipe in the high pressure feedwater heater vent system leaked at a
Korean nuclear power plant. After cutting the pipe during refueling outage, it was identified that the leak was
due to LDIE. This paper presents the numerical analysis results, using various multi-phase models of ANSYS
FLUENT for the purpose of identifying the cause of the LDIE. The numerical analysis methods which are most
similar to the damage of the pipe are proposed for the comparison of analysis results with each multi-phase
model.
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1. Introduction determined by droplet size, impact velocity, impact fre-
guency, density, viscosity, etc. In this study, we perfor-
med computational fluid dynamic (CFD) analyses using
the FLUENT in order to analyze the LDIE damage and
to prevent accidental damage on similar pipelines.

The numerical analyses were performed using the mul-
ti-phase analysis models provided by FLUENT such as
Lagrangian model, Volume of Fluid model and Eulerian

model. After that, LDIE-effecting factors, local velocity,

Generally, pipe components made of carbon or low alloy
steel placed on secondary system in nuclear power plants
have experienced wall-thinning caused by FAC (Flow
Accelerated Corrosion) or erosion such as cavitation,
flashing, and LDIE (Liquid Droplet Impingement Ero-
sion). FAC is a corrosion phenomenon accelerated by the
high temperature, high velocity water and wet steam cir-

cumstances. To manage the wall-thinning in nuclear po-
wer plants, FAC management programs have developed
and applied for plant utilities [1].

In August 2008, the vent header pipe in a high pres-
sure feedwater heater system of the secondary system
was leaked and repaired at a Korean nuclear power plant.
It is non-safety-related, but it can lead to power decrease
in nuclear power plants. After cutting the pipe during
refueling outage, it was identified that the leak was due
to LDIE. LDIE mainly occurs in pipe flow which is high
quality of two-phase fluid. And the degree of erosion is
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distribution of droplet, impulse, ect., were compared with
the leaked pipe. In the analysis of multi-phase models,
the numerical analysis model is suggested herein as being
the most similar to the damage of the leaked pipe.

2. Characteristic of Design, Operation
and Damage
2.1. Characteristic of Design and Operation

Figure 1 shows a schematic diagram of the header pipe
in the high pressure feedwater heater vent system. Lea-
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kage occurred at the point of the dashed circle in the
Figure, wherein two pipelines are connected to each
feed-water heater. The fluid flows to the condenser
through the 2-inch pipe and the 6-inch header. The feed-
water heater vent system operates continuously during
the normal operation. An orifice and an emergency by-
pass line are installed on each pipeline. The fluid flowing
in the vent line is two-phased, and all pipe components
are made of carbon or low alloy steel [2].

2.2. Characteristic of Damage

Figure 2 shows a damaged header wall on the opposite
side of the 2-inch vent pipe. It was damaged as the shape
of aring. In Figure 2, black magnetite was formed on the
surface of the damaged header. The bright region around
the damaged area is the base metal of pipe. It is conjec-
tured that the damaged area is affected by the droplets
passed through the vent pipe. After droplets were col-
lided with the opposite wall, reflecting high velocity dro-
plets evoked the erosion of magnetite.

3. Model Description and Numerical
Analysis Methods
3.1. Model Description

To analyze the LDIE damage of the header connected to
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Figure 1. System Schematic Diagram.

Figure 2. Configuration of degraded surface.
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the feedwater heater vent pipeline, numerical analyses
was performed by FLUENT. Figure 3 shows the analysis
model of the header with eight vent pipelines.

Orifice was excluded from the model because the ori-
fice is away from the header 20D over. The turbulence
effect generated by orifice can be excluded. The valves
installed in bypass piping excluded from the analysis
model because they are closed during the normal opera-
tion. The mesh type of fluid inside the pipelines is the
mix of the prismatic and tetrahedral grid. The number of
meshes differs by a numerical analysis model.

3.2. VOF (Volume of Fluid) Model

The VOF model can make use of two or more immisci-
ble fluids by solving a single set of momentum equations
and tracking the volume fraction of each of the fluids
throughout the domain. Typical applications of the VOF
model include stratified flows, free-surface flows, filling,
sloshing, the motion of large bubbles in a liquid, the mo-
tion of liquid after a dam break, the prediction of jet
breakup, and the steady or transient tracking of any lig-
uid-gas interface. The interface is given as a function,
which is defined as the volume fraction of one of the
fluids within each cell.

The VOF model can be directly solved in the interface
without defined droplets size but each cell must have the
value of the volume fraction of between zero and one. So
if the size of the droplet is smaller than the size of the
cell, it is difficult to expect an accurate analysis result
[3,4].

Figure 4 shows the mesh configuration of VOF model.
The number of meshes is about 600 million.

3.3. Lagrangian Model

The Lagrangian model performs Lagrangian trajectory
calculations for dispersed phases (particles, droplets, or

Condenser

Figure 3. Analysis model for vent line.
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Figure 4. Mesh configuration of VOF model.

bubbles), including coupling with the continuous phase.
This model follows the Euler-Lagrange approach. The
fluid phase is treated as a continuum by solving the Na-
vier-Stokes equations, while the dispersed phase is sol-
ved by tracking a large number of particles, bubbles, or
droplets through the calculated flow field. The dispersed
phase can exchange momentum, mass, and energy with
the fluid phase. This makes the model appropriate for the
modeling of spray dryers, coal and liquid fuel combus-
tion, and some particle-laden flows, but inappropriate for
the modeling of liquid-liquid mixtures, fluidized beds, or
any application where the volume fraction of the second
phase cannot be neglected [3,4].

3.4. Eulerian Model

The Eulerian multiphase model allows for the modeling
of multiple separate, yet interacting phases. The phases

can be liquids, gases, or solids in nearly any combination.

It solves a set of momentum and continuity equations for
each phase. With the Eulerian multiphase model, the
number of secondary phases is limited only by memory
requirements and convergence behavior. Any number of
secondary phases can be modeled, provided that suffi-
cient memory is available. However, if the size of the
droplets is too large, interphase exchange coefficient is
increased. As a result, there may be a problem of con-
vergence [3,4].

Figure 5 shows the mesh configuration of Lagrangian
model and Eulerian model. The number of meshes is
around 110 million.

3.5. Boundary Conditions

To calculate fluid flow in the pipe, continuity and mo-
mentum equations were used, and turbulence was incor-
porated in the code calculations through the use of stan-
dard k- model.

Figure 6 shows the location of droplets generation in
the case of VOF model. Droplets were generated from
the wall of the vent pipe near the header, and the size of
the droplets was not defined in advance. In the cases of
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Figure 5. Mesh configuration of Lagrangian and Eulerian
models.

Droplets generation region (VOF Model)

roplets generation region (Lagrangian/Euler del)

Figure 6. Location of liquid droplet generation.

Lagrangian model and Eulerian model, the droplets of
uniformly distributed were generated from the inlet of
the vent pipe and the sizes of the droplets were 10 pm,
100 pum, 200 pum, 300 um, and analyses were performed
for each size[5].

Boundary conditions for the analysis were taken from
the heat balance diagram for the secondary side of a nuc-
lear power plant and the NFA (Network Flow Analysis)
result from CHECWORKS program. The boundary con-
ditions for the analyses are given in Table 1.

4. Analytical Results
4.1. VOF (Volume of Fluid) Model

Droplets generated in the form of film on the wall of the
vent pipe connected to the feedwater heater are separated
from the end of the pipe connected to the header. Sepa-
rated droplets from the vent pipe flow into the header
along the steam flow. Some of the droplets move to the
right, downstream along the steam flow and the others hit
the wall of the header across the flow of steam. This
phenomenon can be found in Figure 7. To explain the
wall-thinning effect caused by liquid droplet impinge-
ment erosion as shown in Figure 2, so many meshes are
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needed. However, if computational grids are increased,
the analysis time increases exponentially. The analysis
based on the VOF model was completed at the level of
simulating the dispersion and collision of droplets gener-
ated in the vent pipe wall.

4.2. Lagrangian Model

The movement of droplets was analyzed using a Lagran-
gian model for replicating the symptoms of pipe wall-
thinning more in details.

The droplets flow through the vent pipe and collide
with the wall on the opposite side of the header. The siz-
es of droplets were assumed as 10 ym, 100 pm, 200 pm,
and 300 um to perform numerical analyses. By perform-
ing numerical analyses on the assumption that the drop-
lets have various sizes, it is possible to infer the droplet
sizes of wall-thinning occurrence in the piping of power
plants.

Figure 8 shows the numerical analysis results based
on the Lagrangian model. Each figure shows the impulses
per unit area on the opposite wall of the vent pipe. The
x-axis represents the longitudinal direction of the header,
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Figure 7. Analysis result of VOF model.
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Figure 8. Analysis results of Lagrangian model, (a) Distribution for impulse on the pipe wall (10 pm); (b) Distribution for
impulse on the pipe wall (100 pm); (c) Distribution for impulse on the pipe wall (200 pm); (d) Distribution for impulse on the

pipe wall (300 pm).
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while y-axis indicates the radial direction. In the figures,
pipe leak occurred around zero point of x and y axis.

In the case of the 10 um size droplet, it can be con-
firmed that the magnitude of impulse is small and the
tendency to concentrate on a specific region is weak as
shown in Figure 8(a).

Figure 8(b) shows the analysis result in the case of the
100 pm size of droplet. In this case, the tendencies of
high impulse and concentrating on a specific region were
higher than those of 10 pum, but there were some differ-
ences in the damage pattern of the leaked pipe.

Figures 8(c) and (d) show the analysis results in the
case of the 200 pm and 300 pum size droplets. In these
cases, it can be seen that impulses concentrated on a spe-
cific region were higher than those of 10 pm and 100 um
as shown in the figures.

Figure 9 shows the velocity distribution of vapor in
the central section of the pipe. The velocity distribution
of vapor shows a similar trend as shown in Figure 9. In
the case of the small size droplets, some of the droplets
hit the wall of the header across the flow of vapor and the
others flowed downstream along the vapor flow on the
end of the vent pipe.

Therefore, it is expected that if the size of the droplet
is small, the impact region of the droplets is not centra-
lized on the opposite side wall of the vent pipe but dis-
persed in a large region.

From the analysis result based on the Lagrangian
model, increased size of droplets can increase the possi-
bility of wall-thinning on the opposite side of the vent
pipe. Because the inertial force of droplets increases as
the droplets size increases.

4.3. Eulerian Model

The analysis was performed using the Eulerian model in

Velocity Magnitude [m/s]
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order to compare the results based on the numerical
analysis methods for LDIE. The sizes of droplets, in
common with Lagrangian model, were assumed as 10
pm, 100 pm, 200 pm, and 300 um. The results of the
analysis using the Eulerian model can be reviewed with
the analysis results of the Lagrangian model.

Figure 10 shows numerical analysis results of the Eu-
lerian model. Each figure means the impulse per unit
area acting on the opposite wall of the vent pipe. The
x-axis represents the longitudinal direction of the header.
In the figures, leak occurred around zero point of x axis.

Figures 10(a) and (b) show the analysis results in the
cases of the 10 pum and 100 pum sizes of droplets. In these
cases, it can be confirmed that the magnitude of impulse
was small and the droplets were concentrated on the right
side of zero point. These phenomena were due to the
effect by the inertial force of steam flow in the header
rather than that of small droplet flow in the vent pipe.

Figures 10(c) and (d) show the magnitude of impulse
in the cases of the 200 um and 300 um sizes droplets. In
these cases, it can be seen that impulses concentrated on
the leaked wall of the header were higher than the results
of 10 um and 100 um as shown in the figures. As the
droplet sizes increased, it can be seen that the impulse

Table 1. Boundary conditions.
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Figure 9. Distribution for steam velocity.
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Items Units Values Remarks
Steam velocity in the vent
pipeline of feedwater heaters m/s 30.226 Two-Phase
Aand B
Steam velocity in the vent
pipeline of feedwater heaters m/s 51.9 Two-Phase
CandD
Outlet pressure of Header kPa —-50.59 gauge
pressure
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Figure 10. Analysis result of Eulerian model, (a) Distribution for impulse (10 pm); (b) Distribution for impulse (100 pm); (c)
Distribution for impulse (200 pm); (d) Distribution for impulse (300 pm).

occurred on the various regions, and the various regions
of header were damaged by fluid inflowing from the oth-
er vent pipe. These phenomena can also be identified
from the inspection result with naked eye view on the
leaked pipe.

5. Conclusions

In August 2008, the header pipe in the high pressure
feedwater heater vent system leaked at a Korean nuclear
power plant. After cutting the pipe during refueling out-
age, it was identified that the leak was due to LDIE. In
order to identify the cause of the LDIE, the numerical
analyses were performed by using multi-phase model for
various sizes of droplets.

From the results of numerical analysis, the effect of
the generated droplets from the vent pipe and the cause
of wall-thinning were identified. As a result, LDIE that
occurred in the header was caused by inflowing two-
phase fluid from the vent pipe of the feedwater heater.

In view of numerical analysis methodology, the VOF
model produces analysis results easier for its interpreta-

tion. But many grids are required for the detailed analysis.

But from the numerical analysis results using the Eule-
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rian model and Lagrangian model, it was identified that
the size of the droplets generating erosion in the header is
about 200 pum, and it accurately predicts the actual leak
region by LDIE. In addition, it was able to confirm that
the damage was also progressing to other regions besides
the leaked region. Therefore, these reports may be used
to predict LDIE on the similar pipelines of other power
plants.
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