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ABSTRACT

An operation of nuclear power plant such as Pressurized Water Reactor (PWR) requires a high standard of safety
management. In order to prevent the accidental scenario such as Loss of Coolant Accident (LOCA), the characteristic
of flooding regime during CCFL should be investigated. This present study covers a numerical simulation on the effect
of liquid properties during the inception of flooding or CCFL in a model of 1/30 hot leg PWR. Transient numerical
simulations are performed using ANSYS Fluent 2020 R2 software with the Volume of Fluid (VOF) method to model
a counter-current two-phase flow in the hot leg pipe. The geometry used is the German Konvoi type with a scale of
1/30. The diameter and the length of the hot leg are D = 25.4 mm and L = 455 mm respectively, resulting in a ratio of
L/D = 17.91. The gas fluid used is air while the liquid fluid used is distilled water with the addition of %wt glycerin
40% and 60%. The results showed that the increase in liquid viscosity caused flooding initiation to occur at lower gas
superficial velocities. While a decrease in surface tension causing the flooding to occur at lower gas flow rates.
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1. Introduction

PWR is a type of nuclear reactor that keeps the
working fluid under saturated conditions. In
PWR operation, the \_Nor_kmg fluid temperature
is maintained in the |I(?\l/|,lld phase up to 325°C at
a pressure of 15 Mpa [4!. nder these
conditions, the saturation point of pressure and
temperature is 22.06 Mpa and 374.1 °C. If a
leak occurs in the primary circuit, the reactor
will experience a drastic pressure drop, causing
a v\a)oorlz_atlon phenomenon of coolant in the
RPV. This phenomenon is called LOCA (loss
of coolant accident). If the coolant level is
below the hot Iegi the vapor formed due to the
ressure drop will flow to the steam generator
hrough the hot leg pipe. As a result, there will
be a counter-current two-phase_ flow in_the hot
leg pipe. If the gas flow rate is too high, the
liquid will begin'to stop and the direction will
reverse following the direction of the gas [1].
This phenomenon _is referred to as counter-
current flow limitation (CCFL) or flooding. The
onset of flooding .is defined as the CCFL
stability limit which is indicated by the
maximum air mass flow rate at which the
downward flowing liquid mass flow rate equals
the liquid mass flow rate at the inlet [3].

The CCFL phenomenon has an important role
in the safety sector of nuclear reactor
operations. For this reason, further research is
needed that corresponds to several parameters
that could affect the CCFL phenomenon. From
a number of studies that have been conducted
many studies discuss the physical properties of
fluids in the form of differences in fluid
viscosity, as well as surface tension on flooding
initiation, From these studies, it is found that an
increase in liquid viscosity causes a decrease in
the superficial velocity of gas flooding FS& On
the other hand, Astyanto et al. ]}2] revealed that
the effect of differénces in surface tension did
not significantly affect the characteristics of

! when compared to the effect of
differences in liquid viscosity.

Research on the effect of fluid viscosity on the
onset of roodlr_}% was conducted by Suzuki &
Ueda, [8]. e research was~ conducted
experimentally using vertical Flpes and the
fluids used were wafer, glycerol solution, and
sec.-octyl alcohol solution,” The results showed
that the flooding velocity increased as the pipe
length decreased and as the viscosity increased.,
On_ the other hand, research on the effect of
fluid viscosity was also conducted by Zapke &
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Kroger [9]. From the results of this study,
different” results were found to the research
conducted by Suzuki & Ueda, [8]. The results
of Zapke & Kroger [9] found thatthe thickness
of the I[gu_ld film increases as the VISCO_SIt¥_ of
the liquid increases. The increase in liquid Tilm
thickness can cause an increase in ?as velocity
because the channel cross-secfional area
decreases, thus increasing the drag force. This
can cause the flooding inifiation phenomenon to
occur at smaller gas superficial velocities.

Ousaka et aI.,_(g6] conducted a study using water
and oleic acid sodium solution as_the" liquid
phase and air as the gas phase. The results
showed that surface tension can affect the
characteristics of the beginning of flooding. An
increase in surface tension value can lead to an
increase in %as flooding speed. This is because
the liquid hold-up increases along with the
decrease in the surface to produce a greater dra
force, so that the flooding phenomenon wi
occur at low gas flow rates and at low surface
tension. On the other hand, Pantzali et al. [YiLm
their research, found that surface tension has
less influence than other physical properties.
This is evidenced by observations on channel
geometries with inclination angles of 30°, 45°
and 60°, From the research results, it is stated
that surface tension has a stabilizing effect on
the liquid and gas interface. Low surface
tension causes large fluctuations on the surface
resulting in higher waves. Flooding starts when
the drag force on the standing wave_in the pipe
outlet area becomes larger to resist gravity,
bringing the wave crawling up.

Based on several studies that have been
conducted reﬁardl_ng the physical properties of
fluids to_the flooding Phenomenor] in the PWR
hot leg, it is found that there are still some gaps
between the research results. This is due to
differences in interpretation of experimental
results, where differences in experimental
methods and channel geometry shapes, both
rectangular and circular, also have a significant
influence, In addition, some studies have only
been carried out at certain scales, with the most
research being on the geometry of hot leg PWR
with a scale of 1/15 and 1/3, while at a scale of
1/30 there has not been many numerical
researchs, This research will focus on the
characteristics of the onset of flooding against
the differences in the physical properties of the
liquid used in the form of changes in viscosity
and surface tension. The results of this
numerical simulation research are then used to
enrich the experimental data that has been
carried out by Astyanto et al., [2].

2. Material and Methods
2.1. Numerical Modelling

In this study, transient numerical simulations
are performed on a 3-Dimensional geometry
using a pressure-based solver. The interfacial
distributions are tracked using Volume of Fluid
VOFI)_ method.  The ressure-Velocit
oupling is made using PISO scheme wit
neighbor correction. Spatial discretization of
volume fraction and pressure are made using
the CICSAM scheme and PRESTO scheme
respectively. 2" order upwind scheme is used
for spatial discretization of momentum,
whereas 1% order upwind scheme is used for
SEatlal discretization of turbulent kinetic energy
(k) and specific dissipation rate (m). In this
study, liquid is considered as the primary phase,
whereas gas is the secondary phase.

2.1.1.Governing Equations

Using a fractional scheme to track the free
boundary where the fluid moves through a fixed
computational mesh, the VOF method divides
the computational domain into small cells. In
this method, it is_assumed that the fluids
involved in the flow being modeled are
immiscible, but can_ reside_ within the
computational domain, intersecting each other
on a scale determined by the volumetric size of
the computational mesh. Each cell is assigned a
value between zero and one _indicating the
volume fraction of fluid present in it. This value
will be one if the cell is filled with the gas
phase, zero if it is filled with the liquid phase
and between zero and one if the cell is filled
with the interface. As_a result, this technique
can handle changes in interface topology.

In the VOF method, the density and viscosity of
each cell are calculated using an average that is

affected by the volume fraction distribution
with the following equation:

p=ap +(1—a)p, 2.1
pw=ap+ (1 —-a)u, 2.2

For incompressible and adiabatic two-phase
flow, the density and viscosity of the fluid are
constant. Thus, the continuity and momentum
equations are written in" the following

equations:

V-U=0 2.3
da

SV (al)=0 2.4
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20 1y (pU?) = VP +uV?U + pg + okVa 2.5

where, K is the average curvature of the fluid
interface, and «a is the void fraction.

2.1.2.Meshing

The mesh creation process in this research is
made with a hexahedral mesh type with
complex shapes. For this reason, supporting
ICEM CFD is needed to create a mesh with a
hexahedral pattern. with complex geometry,
where the domain discretization process is done
manually by creating a grid based on the hexa-
blocking method. The™ number of elements
generated is 120,588 elements.

Gas inlet

(me)

Liquid Inlet Outlet
(rw) (P=1atm)

[LLHLIE | Cross-section of hot leg

Figure 1: Hexahedral mesh using ICEM CFD
2.1.3.Boundary Condition

In this study, compressed air from the gas inlet
channel is used to replace water vapor as the gas
phase, while distilled water with a mixture of
lycerin is used to re?lace condensate as the
Iquid phase. To simulate the phenomenon of
liquid-to-gas phase change due to the drastic
pressure drop in_the "RPV under actual
conditions in the PWR primary circuit, this
adiabatic study uses a gradually increasing gas
discharge as a representation of the increasin
liquid-to-gas change. In the numerica
simulation process, the gas discharge was
increased gradually at intervals of 0,35 m/s
every 25 seconds, while the liquid discharge
was kept fixed throughout the process. The gas
phase used is air, while the liquid phase used is

distilled water (DW) with the addition of %wt

glycerin 40% (G40) and 60% (G60). The

ﬁ)_robpigriles of each type of fluid are shown in
a :

Table 1: Fluid Properties at ambient temperature

i Dynamic | Surface

Tl):llpuei(;)f I(Dker}?rl]t% Viscosity | Tension
g (kg/m.s) | (N/m)

Air 1.15| 1.87x10° -

DW 977.34 | 7.97x10* 0.072

G40 1058.13 | 31.67x10* | 0.064

G60 1126.34 | 95.72x10* |  0.058

3. Results and Discussions

3.1 Data Validation

The data validation in this study is based on the
flooding _onset graﬁh displayed in_ the
relationship between the superficial velocity of
as (Jg) and the superficial velocity of liquid
Ju). Figure 2 shows the onset of flooding data
between DW-air, G40-air, and G60-air which is
then compared with the experimental data in
Astyanto's research (2022). From the results of
the "graph, it can be seen that the increase in
numerical simulation results in the DW fluid
type has a similar trend to the experimental
results from_ Astyanto et al. [2]. However, there
are some differences in the data towards the
starting condition point of flooding. This_is
because the difference in flooding initiation
time is only a difference of app_rommatel%/ 5
seconds before the superficial gas increase at 25
second intervals occurs. Thus, at superficial
velocities JL = 0.015 m/s and JL = 0.06 m/s the
flooding initiation in the numerical simulation
is achieved faster. However, the numerical data
is still considered valid because it has a similar
data trend and has an unconsiderable difference
in data results, which is only one interval
difference.

3.2 The Inception of Flooding Characteristics

The flooding initiation characteristics can be
displayed in the relationship between nan
dimensional gas superficial velocity (Jc*)*
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and nQn dimensional liquid superficial velocity
(JL*)”>. From the graph in Figure 3, it can be
seen that the viscosity of the liquid causes
flooding initiation to occur at lower gas
superficial velocities. An increase in liquid
superficial velocity also causes floodin

initiation to occur” at lower gas superficia
velocities. This shows similar results obtained
in Zapke and Kroger [9] and Kinoshita et al. [5].

O DW - Astyanto et al. [1]
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Figure 2: CCFL Characteristics

The inception of flooding can be indicated by a
sudden lnressw[e drop or pressure fluctuation.
These fluctuations are caused by liquids that
begin_to reverse in direction following the
direction of gas flow with a large waveform
(LW) until a'slug formation. The formed slu
will cover the hotleg cross-sectional area an
can cause the gas flow rate to the SGs to be
obstructed.
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Figure 3: Pressure difference between RPVs and SGs
during the inception of flooding at JL = 0.06 m/s
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In_ Figure 3, it can be seen that flooding
initiation occurs at Je = 1.74 m/s for the Air-
DW variation. The pressure difference pattern
after f|0_0dlng|_V\{I||_ experience verly significant
fluctuations. This is because the sfug flow that

occurs_In the hotleg channel initiates a roll
wave. The roll wave flow pattern is then split
into_churn flow with chaotic patterns in the turn
or riser area. When liquid blockage occurs, the

ressure difference will increase drast_lcaIIE/.

onversely, when the roll wave begins to
descend there is a flow gap that opens again so
that the pressure difference will decrease. This
pattern occurs repeatedly resulting in forceful
pressure fluctuations.
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Figure 4: Volumetric flow rate of liquid through RPVs
during the inception of flooding at J_ = 0.06 m/s

Furthermore, at the onset of flooding, the
volumetric flow rate of the I|qIU|d entering the
RPVs will decrease drastically as shown in
Figure 4. This also supports the hypothesis on
the increase in pressure difference between
RPVs and SGs due to the blocking area caused
bﬁ/ slug flow in the _hotlelg channel. Then,
shortly after a decrease in volumetric flow rate,
there “is a drastic surge in liquid discharge
towards RPVs due to the momentum generated
from the liquid wave towards the riser at a time
step of 162 seconds. Thus, it makes the liquid
discharge charge will reverse in direction
towards RPVs with a larger amount.

3.3 Flow Patterns

In the flow pattern shown in Figure 5, when
only liquid is flowed, HJ is observed at the
location of the hot leg end_towards the RPVs.
At Jc = 1.04 m/s, the HJ is observed to shift
towards the liquid inlet. Stratified flow with
relatively similar. characteristics along the
horizontal section is still observed when the gas
flows in the opposite direction to the liquid with
a slight increase in flow rate. Then, at Jc = 1.39
m/s large waves begin to form. At this
condition, the interface along the HJ looks
mcreasmgI]y wavy in the direction of liquid
flow. Slug formation begins to formatJc =1.74
m/s which is the initiafion of flooding with a
significant increase in_ pressure difference.
Then the formed slug initiates the formation of
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roll wave until it reaches the churn flow at the
riser. This churn flow pattern also proves the
Phen_omenon of drastic pressure fluctuations at
he time after flooding and will tend to decrease
until it reaches zero liquid penetration.

Free falling film
JG=0m/s

JG=1.04m/s

Unstable wave
JG=1.39m/s

Large wave

Slug formation
JG=1.74m/s

Liquid blockage
JG=1.74m/s

FPartial delivery
JG=2.09m/s

Figure 5: Volume fraction visualization during the
inception of flooding at J_ = 0.06 m/s

Figure 6 shows the locus of slugging graph_for
DW, G40, and G60 fluid variations. The
ﬁarameter X/L represents the position along the

ot leg channel, where x/L = O is the position of
the horizontal pipe closest to the riser, while x/L
=1 isthe position of the horizontal pipe furthest
from the riser. The data shows that as the
viscosity of the liquid increases, the locus of
slugging shifts closer to_ the riser. This is
because Iqumds with high viscosity will
experience flow slowdown due to the large
friction force on the hot leg wall. On the other
hand, surface tension contributes to slug
formation. In liquids that have low surface
tension, the liquid hold-up will be greater. This
then leads to an increased gas flow rate due to
the narrowing of the ﬂ!pe cross-sectional area.
Thus, liquids with_high viscosity and low
surface tension will create slug formation
earlier and will make flooding inifiation occur
at lower gas flow rates.
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Figure 6: Locus of slugging

4. Conclusion

The influence of the liquid properties effect on
the flooding initiation characteristics has been
investigated using numerical simulation. The
increase in liquid viscosity causes floodin
initiation to occur at lower gas superficia
velocities, where the increase in viscosity
causes an increase in friction force on the hot
Ie_? wall which can_cause the pressure
difference between liquid and gas to increase,
The increase in friction force on'the hot leg wall
also leads the hydraulic jump to shift closer to
the riser. Surface tension affects liquid hold-up
where the lower the surface tension, the liquid
hold-up will increase. The increase in liquid
hold-up corresponds to the available area for
the gas flow to pass through, where at high
liquid hold-up thef?as flow will accelerate and
cause the start of flooding to be achieved at a
lower gas flow rate.
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