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a b s t r a c t

Filtered containment venting system (FCVS) is one of the severe accident mitigation systems designed to
release containment pressurization to maintain its integrity. The thermal-hydraulic behaviors in FCVSs
are important since they affect the operation characteristics of the FCVS. In this study, a representative
FCVS was modeled by RELAP5/Mod3.3 code, and the Station BlackOut (SBO) was chosen as an accident
scenario. The thermal-hydraulic behaviors of an FCVS during long-term operation with two venting
strategies (open-and-close strategy, open-and-non-close strategy) and the sensitivity analysis of
important parameters were investigated. The results show that the FCVS can operate up to 250 h with a
periodic open-and-close strategy during an SBO. Under the combined effects of steam condensation and
water evaporation, the solution inventory in the FCVS increases during the venting phase and decreases
during the intermission phase, showing a periodic pattern. Under this condition, the appropriate initial
water level is 3e4 m; however, it should be adjusted according to the environment temperature. The
FCVS can accommodate a decay heat power of 150e260 kW and may need to feed water for a higher
decay heat power or drain water for a lower decay heat power during the late phase. The FCVS can
function within an opening pressure range from 450 kPa to 500 kPa and a closing pressure range be-
tween 250 kPa and 350 kPa. When the open-and-non-close strategy is adopted, the solution inventory
increases quickly in the early venting phase due to steam condensation and then decreases gradually due
to the evaporation of water; drying-up may occur in the late venting phase. Decreasing the venting pipe
diameter and increasing the initial water level can mitigate the evaporation of the scrubbing solution.
These results are expected to provide useful references for the design and engineering application of
FCVSs.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As one of the severe accident mitigation systems, FCVSs have
been installed in nuclear power plants worldwide. The FCVSs have
received additional attention due to the lessons learned from the
Fukushima Daiichi accident, and several new types of FCVSs have
been developed [1]. These systems can be classified into either dry
systems or wet systems according to the filter methods. The basic
idea of filtered containment venting is to release the high-pressure
gas of containment to the environment by establishing a flow path
with filtration, which ensures the integrity of containment. At
n@gmail.com (J. Yang).

by Elsevier Korea LLC. This is an
present, wet-type FCVSs have already been used in many countries,
such as China and South Korea [1], and other countries have
considered the installation of FCVSs, such as Belgium and Spain [2].

During severe accidents, if other safety systems are out of
operation and cannot be restored in a timelymanner, the long-term
stable operation of FCVS is necessary and it can provide sufficient
time for off-site response. For wet-type FCVSs, thermal-hydraulic
phenomena, such as scrubbing solution behavior, have a signifi-
cant effect on the performance of systems. It is required that the
scrubbing solution will not overflow due to excessive steam
condensation or dry-up due to water evaporation. The thermal-
hydraulic behaviors of FCVSs with open-and-non-close strategy
have been investigated. However, the periodic open-and-close
strategy, which is generally used in practice, has not been
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reported. In addition, it is necessary to conduct a detailed study on
important factors that may have obvious influences on the oper-
ating state of FCVS.

In this study, a typical FCVS is modeled by RELAP5/Mod3.3 code.
The objective is to investigate the thermal-hydraulic characteristics
of the FCVS with an open-and-close strategy, as well as conduct a
sensitivity analysis of the major factors. Furthermore, the scrubbing
solution behavior of the FCVS with an open-and-non-close strategy
is researched, and methods to prolong the operation time are
explored.

2. Physical model and modeling of the FCVS

2.1. Physical model of the FCVS

The Tihange-1 nuclear plant in Belgium, as a reference plant in
this study, was prepared to install a FCVS as a part of measures for
plant life extension [3]. The CCI FCVS [2] is chosen as the target
system, which is a wet type system jointly designed by the Sulzer
company and Paul Scherrer Institute (PSI). The conceptual sche-
matic of the FCVS is shown in Fig. 1.

During the operation process, a high-pressure and high-
temperature gas, mixed with steam and radionuclides, enters the
filter tank through a venting pipe when the containment pressure
reaches the preset value. In the gas-liquid mixing process, heat and
mass transfer occurs between the bubbles and the scrubbing so-
lution. The water pool heats up by the steam condensation and
decay heat as well as water level swells due to gas hold-up. Most
radioactive materials are retained in the scrubbing solution. Af-
terwards, the gas passes through the upper separator to remove the
droplets which might be generated at the water pool surface and
remove the remaining aerosol particles in the gas flow. The
remaining clean gas is vented into the environment through an
exhaust pipe. The filter vessel is a cylindrical tank with a height of
9 m and a diameter of 3.5 m. The diameters of the venting pipe and
exhaust pipe are 0.4 m and 0.5 m, respectively. The lengths of the
venting pipe and exhaust pipe are 64.55 m and 92.12 m, respec-
tively. The elevation of nozzles is chosen as a datum in the study,
and the separator is located at 8 m and the initial water level is set
Fig. 1. Conceptual sche
to 3.25 m.

2.2. RELAP5 model of the FCVS

The thermal-hydraulic code, RELAP5, has been widely used in
two-phase calculation situations [4e6], such as liquid level and gas
hold-up. To investigate the thermal-hydraulic behaviors of the
FCVS during long-term operation, the FCVS was modeled according
to the engineering design by RELAP5/Mod3.3. The nodalization
model is shown in Fig. 2, and the main parts of the model were
simulated by the PIPE and ANNLUS components, as shown in
Table 1. The flow capacity and pressure loss of irregular structures
(e.g., nozzle, mixing elements and separator) were taken into ac-
count by setting the hydraulic diameters and loss coefficients,
referring to the recommended values acquired from PSI's hydraulic
characteristics test. In addition, the node's sensitivity validations of
the important components of the model (mixing elements, nozzle
and vessel) were performed. Hence, the selected nodes not only can
ensure the accuracy of calculation but can also minimize the
computational load.

2.3. Boundary conditions

In this study, we chose two typical sequences of SBO, as shown
in Table 2, suggested by ENGEN [3]. The representative case is a
typical severe accident sequence that can lead to the operation of
the FCVS. The bounding case represents an extended overdesign
condition in which severe accident mitigation measures are not
fully put into operation, which is more challenging to the FCVS's
operation; hence, it can be regarded as an envelope for the severe
accident sequence to verify the FCVS's function. The summary of
the boundary conditions is shown in Table 3.

After the lower head of the reactor pressure vessel (RPV) is
damaged, a large amount of coolant is discharged into the
containment, which leads to a dramatic increase in pressure and
containment gas temperature. Meanwhile, radioactive materials
are released into the containment space. When the containment
pressure reaches 450 kPa, the isolation valves in the venting pipe
are opened manually, and a large amount of gas is vented into the
matic of the FCVS



Fig. 2. Nodalization of the RELAP5 model.

Table 1
Summary of the model components.

Components Amounts Notes

PIPE 8 Pipes (50/100/105), vessel (103), nozzle (200) and mixing elements (101),
downcomer (102), feed-water tank (301)

BRANCH 2 Mixing regions (111/121)
SEPARATOR 1 Separator (109)
ANNULUS 1 Recirculation path (102)
JUNCTION 9 Junctions (34/32/55, etc.)
TIME DEPENDENT VOLUME 4 1. Total pressure (24)

2. Partial pressure and temperature of steam (22)
3. Partial pressure and temperature of NC gas (20)
4. Pressure and temperature of environment (299)

TIME DEPENDENT JUNCTION 3 1. Total mass flow rate (43)
2. Mass flow rate of steam (32)
3. Mass flow rate of NC gas (30)

HEAT STRUCTURE 5 Decay heat power, heat transfer between components, convection heat transfer
boundary between the components and environment

Control Blocks/signal volume 63/21 Water level, residence time/velocity, temperature, etc.
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filter vessel. At the same time, the containment space undergoes a
depressurization process until the pressure drops back to 300 kPa,
then the valves are closed and the pressure starts to increase.
Therefore, the containment pressure changes periodically, as
shown in Fig. 3. Fig. 4 shows the gas mass flow rate vented into the
vessel under different sequences.
3. Thermal-hydraulic behaviors and sensitivity analysis of the
FCVS with the open-and-close strategy

3.1. Thermal-hydraulic behaviors in the FCVS

With the injection of hot and high-pressure gas flow, the



Table 2
Sequences of SBO.

Scenarios Time (hours)

Representative Bounding

Station blackout 1.22 1.22
Steam generator automatic feed water 1.24 e

Steam generators relief valves 18.89 e

Pressurizer relief valves 19.44 1.25
Lower head failed 21.08 1.67
Containment spray 21.11 e

Water injection to cavity 26.11 5.01
FCVS operation 104.84 15.00

Table 3
Summary of the boundary conditions.

Parameters Values

Venting pressure (kPa) 101e450
Venting temperature (K) 319e430
Gas composition Air/steam
Mass flow rate (kg/s) Air: 0e2.13

Steam: 2.77e5
Decay heat power (kW) 200
Environment pressure (kPa) 101.3
Environment temperature (K) 298.15

Fig. 3. Containment pressure under different sequences.

Fig. 4. Mass flow rate under different sequences.
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pressure in the filter vessel increases sharply, and the saturation
temperature of the scrubbing solution rises at the same time, as
shown in Fig. 5. The scrubbing liquid is heated by venting gas and
decay heat, which leads the liquid temperature to approach the
saturation temperature. With the venting stopping, the pressure
and saturation temperature of the scrubbing liquid decrease;
however, the scrubbing liquid is heated continually to the satura-
tion state because of the decay heat, so that the liquid boils during
the intermission. As a visual display, Fig. 6 shows the distribution of
the thermal-hydraulic parameters of the water level, void fraction,
pressure and liquid temperature in the FCVS at the late venting
phase of the representative case (t ¼ 208.3 h).

As shown in Fig. 7, the collapse level represents the net water
level, which can represent the scrubbing solution inventory, the
swell level represents the two-phase mixture level and dH repre-
sents the water level swell increment. At the beginning of venting,
the liquid level swells to a high value owing to the injection of gas.
Meanwhile, the liquid inventory increases dramatically because of
steam condensation. As liquid tends to saturate and the
temperature difference between gas and liquid decreases, the
amount of steam condensation decreases and the evaporation of
scrubbing water increases. As a result, the increment rate of the
scrubbing solution slows down until the venting stops. At the
intermission phase, the swell level drops down to the collapse level.
The liquid starts to boil when it is heated to saturation because of
the decay heat, which leads a mass of steam to that discharges into
the environment and the continuous decline of the water in-
ventory. In the following venting cycles, the scrubbing liquid in-
ventory increases during the venting phase and decreases during
the intermission phase. Fig. 8 shows the estimated heat balance
during the operation, the heat transfer power from venting gases
and its inherent decay heat overcome the heat loss to environment
and the latent heat to vaporize scrubbing water. At the beginning of
venting, a large amount heat is transferred from venting gases to
scrubbing water because of large temperature difference and steam
condensation. During the venting, the scrubbing liquid gradually
reaches to saturation. At the intermissions, part of inherent decay
heat losses to environment, and the rest of heat boils down the
scrubbing water, which leads to the reduction of water inventory.

The two accident sequences are compared as follows. For the
representative case, the venting frequency is smaller, and the
collapse level fluctuates approximately 4 m. The two-phase level
swells to 6e7 m during the venting phase, and the liquid surface is



Fig. 5. Thermal-hydraulic conditions under different sequences in the FCVS.
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far from the bottom of the separator. For the bounding case, there is
much more steam condensation because of the longer venting
time. As a whole, the collapse level shows an increasing tendency,
and the swell level increases to over 7 m so that the water surface is
much closer to the bottom of the separator.

The gas residence time is an important factor that has significant
effects on the retention efficiency. To ensure that the venting gas is
fully washed, the gas residence time should be generally higher
than 5 s, which is recommend in Ref. [7]. Fig. 9 shows the average
gas residence time (sum of the ratio of the length of each cell to the
gas velocity in the cell) in the rising channel under two accident
sequences, which are basically above 4.5 s. Since the time of bubble
recirculation and the coalescence and breakup of bubbles are not
considered, the actual gas residence time might be much longer,
hence, it can be thought to meet the requirement.

In summary, the FCVS can operate periodically for up to 250 h,
and the inventory of scrubbing solution is maintained within an
allowable range, which meets the design requirement [3].
3.2. Sensitivity analysis

During the operation of the FCVS, the scrubbing solution in-
ventory has significant effects on the retention efficiency. The
excessive scrubbing water may result in the water level swelling to
the inlet of the upper separator and even overflowing. In contrast, if
the inventory of scrubbing water is low, then the gas residence time
will be short, and the venting gas may be discharged into the
environment without adequate filtration. Both of these situations
may cause the leakage of radioactive materials. Several parameters
may have significant effects on the FCVS's operation. In this study,
the effects of the initial liquid level, environment temperature,
opening/closing pressure and decay heat power on the scrubbing
solution inventory were studied using the representative case.

3.2.1. Effects of the initial water level
It is important to set an appropriate initial scrubbing liquid level

to ensure that the FCVS can operatewith a normal decontamination
feature for a long operation time. Fig. 10 represents the liquid level
with an initial liquid level L of 4.05, 3.25 and 2.45 m. The higher the
initial liquid level is, the more the steam condenses during the
venting, and the liquid collapse level increases to a higher value.
Overall, the scrubbing liquid inventory fluctuates around a constant
value because water evaporation was basically balanced by the
steam condensation. As the initial liquid level is increased to
4.05m, the swell level is much closer to the bottom of the separator,
and the risk of water overflowing will be higher. When the initial
level is set as 2.45 m, the gas residence time is much lower than 5 s
(Fig. 11), which is not conducive to the retention of radioactive
materials. Therefore, the initial liquid level of 3e4 m is appropriate,
and the recommended value is 3.25 m.

3.2.2. Effects of environment temperature
The environment temperature will vary over a wide range in

different seasons, and it is necessary to verify that the system can
operate effectively with different environment temperatures. In
general, there is a natural convection heat transfer between the
system and the environment. Four different environment temper-
atures (i.e., T¼5, 25, 45, 80 �C) are compared, which represent the
winter, normal temperature, midsummer and hot plant with heat
shield, respectively. We can see from Fig. 12 that the environment
temperature has a significant effect on the liquid inventory in the
system. The lower the environment temperature is, the more the
steamwill condense during the first venting (i.e., the increase of the
collapse level is higher). In addition, the heat transfer from the
system to the environment is higher during the operation (Table 4),
and less heat is used to heat the scrubbing liquid; hence, less water
is evaporated. On the whole, the scrubbing liquid inventory in-
creases gradually, and the swell water level is much closer to the
bottom of the separator, which means that the risk of liquid over-
flowing is higher. Conversely, excessive temperature leads to high
water evaporation, which is larger than the steam condensation, so
that the liquid inventory decreases gradually to the critical level
(the difference in height between the top of the mixing element
and the nozzle). The water circulation in the downcomer stops and
the residence time decreases to a very low value and it's not
conducive to the retention efficiency (Fig. 12)). According to the
results in section 3.2.1, reducing the initial liquid level during the
winter and appropriately increasing the initial liquid level during
the summer or in a hot plant should be considered (see Fig. 13).

3.2.3. Effects of the decay heat power
There are quantities of radioactive materials retained in the

scrubbing solution during the operation, which release consider-
able decay heat. The decay heat power in the vessel will vary from
tens to hundreds of kilowatts according to the accident sequences,
plant types, etc. To research the effects of the decay heat power on
the scrubbing water inventory in the FCVS, a comparative analysis
was performed by setting the decay heat power Q as 100, 200, and
300 kW, which were based on the values predicted in the refer-
ences, as shown in Table 5. The opening and closing pressures were
chosen as 450 kPa and 300 kPa, respectively.

As shown in Fig. 14, when the decay heat power accumulated in



Fig. 6. Contours of the thermal-hydraulic parameters of the FCVS at t ¼ 208.3 h.
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the vessel is as high as 300 kW, the amount of water evaporation is
so high that the increment in the collapse level is much smaller
during the venting phase, and the scrubbing liquid level decreases
rapidly during the interval. At t ¼ 205 h, the scrubbing solution
inventory has dropped to the critical level, the gas residence time
clearly decreases (Fig. 15) and the mixing elements are partially
exposed to the gas space, which may result in a great decline in the
decontamination factor of the FCVS. If no measure is taken, the
scrubbing solution may dry up in approximately 275 h, and venting
gas will directly pass through the filter without filtration. In
contrast, when the decay heat is as small as 100 kW, the scrubbing
water inventory increases considerably after several venting pha-
ses. At t ¼ 205 h, the collapse water level has risen by 2 m, and the
water level has reached the inlet of the separator at the beginning
of the fourth venting, so that the scrubbing solution may be
entrained by the gas and overflows from the separator, which re-
sults in a temporary decrease in the collapse water level. Both of
these situations may cause unexpected leakage of radioactive ma-
terials into the environment. As a consequence, feeding or draining
water may need to be carried out in a timely manner to prevent the
drying-up or overflowing of scrubbing water.

The feed-water tank, filled with scrubbing water, is put into
operation while the scrubbing water inventory is low. When the
decay heat power is so high that the collapse level drops down to
2 m, the valve on the connecting pipe opens manually, and the
supplement of scrubbing water facilitates an immediate increase in
the scrubbing water inventory. The valve closes when the collapse
level increases to the initial value and then the injection stops. As
shown in Fig. 16, the implementation of the feed-water tank
appropriately elevates the swelled level and prevents the mixing



Fig. 7. Water level in the FCVS under different sequences.

Fig. 8. Estimated heat balance during the operation.

Fig. 9. Gas residence time in the FCVS under different sequences.

Fig. 10. The effect of the initial liquid level on the water level.
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Fig. 11. The effect of initial liquid level on gas residence time.

Fig. 12. Effects of the environment temperature on the water level.

Fig. 13. Effects of the environment temperature on the gas residence time.
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elements from exposure to the gas space. Therefore, the operation
time of the FCVS will be prolonged under a high decay heat power
due to the timely water supply.

It is assumed that the isolation valve on the discharge pipe is
opened when the collapse level rises to 5 m at a low decay heat
power, and some of the scrubbing water will be discharged back to
the containment through the discharge line. When the collapse
level drops to 4 m, the isolation valve closes. As shown in Fig. 17,
there is no scrubbing water overflow from the separator during the
fourth venting with draining water, which can effectively avoid the
release of radioactive materials. Hence, the normal operation time
of the FCVS can be extended.

Further, to find a safe operation range of the decay heat power,
water levels under 150 kW and 260 kW were calculated, as shown
in Fig. 18. There is no water overflow during the entire venting time
with a decay heat power of 150 kW, and the water level does not
drop to the critical level at the late venting stage with a decay heat
power of 260 kW. Hence, it might be necessary to take some
measures to control the decay heat power within 150e260 kW.

3.2.4. Effects of the venting pressure
Many studies have investigated the effects of venting opening/

closing pressure on thermal-hydraulic behaviors in containment.
Surip Widodo et al. [11] studied the effects of the opening/closing
pressure on the temperature and two-phase level of a wet well. The
results showed that the venting pressure plays an important role in
containment venting. K. Yuan et al. [12] and Sang-Won Lee et al.
[13] concluded that increasing the opening and closing pressure
was beneficial for aerosol loading and optimizing operation
because the venting was delayed and operation duration was
shorter. Na Rae Lee et al. [9] noted that increasing the vent initiation
pressure could delay the venting, and the discharged decay heat
and mass flow rate will increase as the vent opening pressure in-
creases. Lin Ji-Ming et al. [14] studied the fragility curve based on
the finite element method and noted that it is better to increase the
opening pressure at a low probability of containment failure.
However, only a few references have focused on the FCVS; hence,
this section pays attention to the thermal-hydraulic behaviors in
the FCVS under different opening and closing pressures.

3.2.4.1. Opening pressure. As mentioned, there are several positive
effects of high opening pressures on the mitigation of severe acci-
dents. Hence, it is necessary to research the operating characteristic
of FCVSs under higher venting pressure conditions. In this study,
the opening pressures of 450 kPa and 500 kPa were chosen for
comparison, and the closing pressure was set to 300 kPa. As shown
in Fig. 19, the time of first venting is delayed for approximately 25 h
when the vent opening pressure Po is raised from 450 kPa to
500 kPa, and the duration length of the first venting is increased as
well. At the same time, as shown in Fig. 20, the scrubbing water
inventory increases to a higher level because of more steam
condensation at 500 kPa, and the two-phase level also swells to a
higher value. At the first venting, the two-phase level increases to
more than 7 m and is maintained during the subsequent venting
phase. This finding indicates that the swell level is close to the inlet
of the separator, so there can be a large amount of droplets mixed
with radioactive materials that can enter the separator [15]. Thus,
the risk of the overflowing of the scrubbing solution by entrain-
ment is higher. Fortunately, a higher water level generally means a
longer gas residence time, which can lead to more effective
decontamination.

3.2.4.2. Closing pressure. To research the scrubbing solution be-
haviors under different closing pressures, three cases were
compared when the closing pressure Pc was set to 350, 300 and



Table 4
The evaporation and heat dissipation at different environment temperatures.

Environment temperature T (�C) Evaporation during intermission (kg$s�1) Heat dissipation (kW)

5 0.0628 55.24
25 0.0704 39.56
45 0.0771 25.70
80 0.0862 6.82

Table 5
Decay heat power predicted in the references.

References Decay heat power Q (kW) Accident sequence Power plant

OECD/NEA/CSNI [2] ~10e500 (synthetic) e e

H.Rust [7] ~400 (design) e e

Y.M.Song [8] 200e380 SBO Wolsong
Na Rae Lee [9] �290 SBO/LBLOCA/SBLOCA OPR1000
Luke S.Lebel [10] �250 SBO CANDU-6

Fig. 14. Effect of the decay heat power on the collapse water level.

Fig. 15. The effect of the decay heat power on the gas residence time.

Fig. 16. Feeding water at a high decay heat power.

Fig. 17. Draining water at a low decay heat power.
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250 kPa. Fig. 21 shows the containment pressure response. As the
closing pressure increases, the durations of the venting phase and
intermission phase decrease, so the system opens more frequently
during 150 h of operation. The scrubbing water inventory (collapse
level) and two-phase level under various closing pressures are
shown in Fig. 22. The collapse level remains higher than the initial
value, and the swell level is far from the bottom of the separator
when the closing pressure is chosen between 250 kPa and 300 kPa.
Less steam will enter the vessel and condense as the closing



Fig. 18. Water level at different decay heat powers.

Fig. 19. Containment pressure under various opening pressures.

Fig. 20. Effects of the opening pressure on the water level.

Fig. 21. Containment pressure under various closing pressures.
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pressure is increased because of the shorter venting duration. This
process results in a smaller increment in the liquid inventory and
the two-phase level. Particularly, the results shows a decreasing
trend in the water level when the closing pressure is raised to
350 kPa, and the swell level is significantly lower than that of
300 kPa or 250 kPa. This decrease may lead to a reduction in the gas
residence time and is not conducive to filtration. However, as
mentioned above, increasing the closing pressure helps to reduce
the release of radioactive materials. Hence, it would be necessary to
take these two aspects into consideration to choose the appropriate
closing pressure.
4. Thermal-hydraulic behaviors in the FCVS with an open-
and-non-close strategy

In addition to the periodic open-and-close strategy, the open-
and-non-close strategy is an alternative venting strategy, with
which the isolation valve keeps opening and the containment
pressure maintains a low value during the late period. This effect
has been investigated in some studies, and the thermal-hydraulic
behaviors were different. Gaofeng Huang et al. [16] studied the
feasibility of containment venting for CANDU6 and noted that the
containment integrity can be controlled at high opening pressure
(0.45 MPa) with an open-and-non-close strategy, while the
containment integrity cannot be controlled with open-and-close
strategy. Young Su Na et al. [17] simulated the thermal-hydraulic
behavior of a FCVS under SBO and found that the scrubbing solu-
tion inventory increased sharply during the initial venting stage
and then gradually decreased until it evaporated. Schwarz et al. [18]
simulated an AREVA FCVS for a PWR under MLOCA conditions and
obtained a similar tendency for the liquid inventory. Atsushi Ui
et al. [19] simulated the thermal-hydraulic behavior in a FCVS for
BWR and found that the scrubbing inventory showed different
behaviors with different venting approach (dry well (DW) venting
or wet well (WW) venting). In this section, the authors further
researched the scrubbing solution behavior in the FCVS with an
open-and-non-close strategy and the effects of the opening pres-
sure and the initial water level on the mitigation of evaporation.

The scrubbing solution inventory and temperature above the
mixing elements in the FCVS are shown in Fig. 23. At the beginning
of venting, with the injection of a large amount of high-pressure
gas, the pressure in the vessel increases dramatically, which leads
an increase of the water saturation temperature. Meanwhile, the
water temperature increases dramatically because of the heat
transfer between the gas and liquid. The collapse level increases
sharply owing to the condensation of a large amount of steam. As
the liquid temperature approaches the saturation temperature, the
growth rate of the collapse level decreases gradually, and the
collapse level reaches the highest value when the liquid tempera-
ture equals the saturation temperature. Afterwards, the scrubbing



Fig. 22. Effect of closing pressure on the water level in the FCVS.

Fig. 23. Temperature and collapse of the water level in the FCVS.

Fig. 24. Comparison of the simulation results (a/b/c/d are shown in Table 6).

* In Fig. 24: the “normalized time” means the ratio of time to total calculation
time; the “normalized water inventory” means the ratio of water inventory to
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water evaporates continuously because of the decay heat power
and heat transfer. At approximately 307 h, the collapse level de-
creases to a low value so that the mixing elements are exposed to
the air, and then, the temperature increases dramatically. Hence,
the capacity of the FCVS vessel seems insufficient with an open-
and-non-close strategy during the late period. It is necessary to
maintain an appropriate value for adequate residence time and
create a region for the heat and mass transfer of the gas-liquid. The
predicted results of the scrubbing solution show the same tendency
as those of the references, as shown in Fig. 24 and Table 6*, quali-
tatively proving the rationality of the calculation results. The dif-
ference is mainly caused by the venting approach and the decay
heat estimation in pool including the type of plants, type of FCVS
and accident sequences.

To mitigate water evaporation in FCVSs for long-term operation,
the evaporation time can be prolonged by adjusting the opening
pressure and the initial water level. The opening pressures Po of
400, 450, and 500 kPa were compared, as shown in Fig. 25. The
collapse level increases to a higher value when the opening pres-
sure is increased because more steam is injected into the vessel and
condensed. The venting is delayed at higher venting pressures, but
the high mass flow rate also leads to a higher decrement rate of the
scrubbing solution inventory after the liquid is heated to saturation.
On the whole, the evaporation time is prolonged to some extent.

As section 3.2.1 shows, the appropriate initial water level is
3e4 m. To research the effects of the initial water level on the
scrubbing solution inventory, we compared the initial water levels
of 3.25 m and 4 m, as shown in Fig. 26. Due to higher steam
condensation, the collapse level increment is higher when the
initial water level is increased to 4 m, and the time of the peak
water level is delayed. The peak collapse level of L4 is 1 m higher
than that of L3.25. In the end, the time for that the collapse level to
initial water inventory.



Table 6
Summary of the simulation conditions in the references.

References Nuclear plant Type of FCVS Severe accident Venting strategy Analysis code Calculation time (hours)

a. Young Su Na [17] OPR-1000 Venturi scrubber FCVS SBO Open-and-non-close MELCOR 108
b. Atishi Ui [19] ABWR Venturi scrubber FCVS LBLOCA Open-and-non-close (DW venting) MELCOR 100

Open-and-non-close (WW venting)
c. S.Schwarz [18] GKN-2 Venturi scrubber FCVS MBLOCA Open-and-non-close COCOSYS 240
d. The authors Tihange-1 CCI FCVS SBO Open-and-non-close RELAP5 300

Fig. 25. Effects of the opening pressure on the scrubbing solution inventory in the
FCVS.

Fig. 26. Effects of the initial water level on the scrubbing solution inventory in the
FCVS.
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drop to 1 m is extended by 50 h.
5. Conclusions

The thermal-hydraulic behaviors in the FCVS for long-term
operation were investigated under the SBO scenario with two
venting strategies using RELAP5 code. To find the safety operation
range of several important influence parameters, the sensitivity
analysis is performed. The following results are obtained:

1. In a severe accident caused by an SBO scenario, the operation of
the FCVS can limit containment over pressurization. With a
periodic open-and-close strategy, the scrubbingwater inventory
in the FCVS fluctuates periodically due to steam condensation
and water evaporation. Overall, the water level remains in
acceptable range.

2. With the periodic open-and-close venting strategy and decay
heat power of 200 kW in pool, the FCVS can operate normally for
a long time, even the venting opening pressure is raised to
500 kPa , however, the water level swells to positions close to
the inlet of the separator with the potential to jeopardize the
normal function of the separator. Also, it is feasible that when
the closing pressure is set between 250 kPa and 350 kPa, the
system will open more times with increased closing pressure,
and the scrubbing water inventory may decrease because of the
shorter duration of steam condensation.

3. With the periodic open-and-close venting strategy and decay
heat power of 200 kW in pool, the long-term operation behavior
of the system is optimized when the initial level is chosen in the
range of 3e4m. In addition, the initial level can be appropriately
reduced during the winter time and be increased during the
summer or in a hot plant to ensure the effective operation of the
system.

4. The decay heat power of the radioactive materials retained in
the scrubbing water has significant effects on the scrubbing
water inventory. If the decay heat power is low (less than
100 kW), the scrubbing water inventory will increase exces-
sively, and the liquid may overflow from the separator during
the later period of operation. In contrast, an excessive decay heat
power (300 kW) may cause scrubbing water to dry up after a
certain period of operation. The FCVS can handle radioactive
materials with a decay heat power of 150e260 kW, and draining
or feeding scrubbing water in a timely manner is conducive for
prolonging the normal operation time of the FCVS.

5. With the open-and-non-close strategy, the scrubbing water
inventory increases at the beginning of venting and then de-
creases gradually due to continuous evaporation at the decay
heat power of 200 kW. The liquid was almost evaporated after
250 h from the start of the FCVS, which shows the same trend as
the references. Increasing the opening pressure and initial water
level are conducive to mitigating the evaporation of scrubbing
water.

Because of the limitation of the one-dimensional simulation, the
behavior of the two-phase flow in FCVS cannot be accurately
simulated. To overcome this limitation, it may be necessary to
establish a quasi-two-dimensional model or add two- or three-
dimensional components and develop new models that take the
bubble coalescence and break-up into consideration. Additionally,
further studies regarding accurate models of nozzles, separators
and mixing elements are necessary to precisely simulate the
thermal-hydraulic conditions in the FCVS. Moreover, additional
experimental research is necessary to verify the accuracy of the
simulation results, and both the results of the simulation and ex-
periments are used to provide guidelines for the engineering
design and application of FCVSs.
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Nomenclature

CCI Control Components Inc.
FCVS Filtered Containment Venting System
LBLOCA Large Break Loss-of-Coolant Accident
MBLOCA Middle Break Loss-of-Coolant Accident
SBLOCA Small Break Loss-of-Coolant Accident
SGAFW Steam Generators Auxiliary Feed Water
ABWR Advanced Boiling Water Reactor
CS Containment Spray
PSI Paul Scherrer Institute
PWR Pressurized Water Reactor
RPV Reactor Pressure Vessel
SBO Station Blackout
DW Dry Well
WW Wet Well
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