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During a hypothesized severe accident, a containment building is designed to act as a final barrier to prevent release of fission
products to the environment in nuclear power plants. However, in a bypass scenario of steam generator tube rupture (SGTR),
radioactive nuclides can be released to environment even if the containment is not ruptured. Thus, thorough mitigation strategies
are needed to prevent such unfiltered release of the radioactive nuclides during SGTR accidents. To mitigate the consequence of
the SGTR accident, this study was conducted to devise a conceptual approach of installing In-Containment Relief Valve (ICRV)
from steam generator (SG) to the free space in the containment building and it was simulated by MELCOR code for numerical
analysis. Simulation results show that the radioactive nuclides were not released to the environment in the ICRV case. However,
the containment pressure increased more than the base case, which is a disadvantage of the ICRV. To minimize the negative effects
of the ICRV, the ICRV linked to Reactor Drain Tank (RDT) and cavity flooding was performed. Because the overpressurization of
containment is due to heat of ex-vessel corium, only cavity flooding was effective for depressurization. The conceptual design of
the ICRV is effective in mitigating the SGTR accident.

1. Introduction

Prevention or mitigation of fission product release is very
important to guarantee ultimate safety of nuclear power
plants (NPPs). Faithful to the Defence-in-Depth philosophy,
a containment building is designed and constructed as the
last barrier to prevent the fission product release under
severe accident (SA) scenarios [1]. Many researchers have
studied hazardous factor such as direct containment heating
[2], steam explosion [3], hydrogen combustion [4], and
overpressure [5]. These studies enhance reliability of the
containment building.

However, in a hypothesized scenario of containment
bypass, even if the containment building is not ruptured,
fission products can be released to the environment. Rep-
resentative bypass accidents are interfacing system loss of
coolant accident (ISLOCA) and steam generator tube rupture
(SGTR). ISLOCA is containment bypass accident where a
pipeline connected to the reactor coolant system (RCS) is

broken outside of the containment [6]. SGTR accident can
release fission products to environment without containment
rupture because pressure boundary of the primary system
is not retained due to SGTR [7]. Due to characteristics of
containment bypass accidents, some sensitivity studies of
bypass were conducted [8, 9].

The SGTR accident, especially, can be induced by the
other SAs. Station blackout (SBO) accident such as the
one that occurred in Fukushima can induce SGTR with
failure of turbine-driven auxiliary feed water (TDAFW) [10].
During an extreme situation of SBO transient, steam gener-
ator (SG) U-tube integrity could be threatened by thermally
or pressure-induced creep rupture [11]. The SGTR accident
induced by SBO releases more fission products to environ-
ment because many safety features such as auxiliary feed
water (AFW) are inoperable. Therefore, to fortify the safety
of the NPP during the SGTR accident, a more creative
mitigation strategy needs to be devised.
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Figure 1: MELCOR nodalization of OPR1000.

In this study, a conceptual approach was taken to mit-
igate the consequence of SGTR accident by generating in-
containment relief valve (ICRV). The ICRV is additional
paths from SG to in-containment free space such as upper
dome and reactor drain tank (RDT) for venting steam of
the secondary system. To investigate its effectiveness in Opti-
mized Power Reactor 1000 MWe (OPR1000) consisting of a
major fleet of Korean operating NPPs, numerical simulation
was conducted using MELCOR code.

2. Numerical Methodologies

2.1. MELCOR Code. MELCOR code is a SA analysis code
developed for light water reactors (LWRs). Since 1982, Sandia
National Laboratories have been developed for use in plant
risk assessment and source term analysis for US Nuclear
Regulatory Commission [12]. MELCOR can simulate various
SA phenomena such as thermal-hydraulic response of the
primary RCS, core uncovering, fuel heat-up, cladding oxi-
dation, heat-up of the reactor pressure vessel (RPV) lower
head by themolten core, lower plenumpenetration, hydrogen
production, and fission product release. Because of this
usefulness in analyzing SA, MELCOR is usually used for
uncertainty analysis and sensitivity studies [13]. In addition,
many countries have used MELCOR for the regulation of

LWR [14]. Particularly, the Korean regulatory body has
utilized MELCOR for monitoring and judgement of SAs
[15, 16]. Thus, in this study, MELCOR version 2.1 was used
to investigate effectiveness and adverse effects of the ICRV.

2.2. MELCOR Input Model of OPR1000. The Korean pres-
surized water reactor (PWR) OPR1000 as a reference plant
wasmodelled inMELCOR.OPR1000 nodalization consists of
two loops of nuclear steam supply system and containment.
Figure 1 shows a schematic nodalization of OPR1000 for
the MELCOR simulation. The input model includes a core
(control volume (CV) 170), a downcomer (CV 130), a lower
plenum (CV 150), an upper plenum (CV 260), two hot legs
(CV 310 and 410), four cold legs (CV 380, 390, 480, and
490), and a pressurizer (CV 500). Two SGs are composed
of a primary side inlet (CV 330 and 430), outlet (CV 337
and 437), and secondary sides (CV 600, 700, 610, and 710).
Safety features consist of four safety injection tanks (SITs; CV
382, 392, 482, and 492), high-pressure safety injection (HPSI;
CV 383), and low-pressure safety injection (LPSI; CV 386)
connected refuelling water tank (RWT; CV 388). In addition,
AFW, the safety depressurization system (SDS), containment
spray, the passive autocatalytic recombiner (PAR), pressurizer
safety relief valve (PSRV), main steam safety valve (MSSV),
and atmospheric dump valve (ADV) were also modelled
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Figure 2: MELCOR nodalization for core.

to enable depressurization of the primary and secondary
systems. MSSVs are operated above 8.6 MPa of SG pressure.

The core nodalization for MELCOR calculation included
7 radial rings and 14 axial levels (Figure 2).The lower plenum
(CV 150) extended from the first to the third axial level, the
core region (CV 170) extended from the fourth to thirteenth
axial levels, and the fourteenth axial level of the core cell
represented the upper region of the fuel assembly, fromwhich
the core exit temperature (CET) information was extracted.
The lower plenumallows sevenpenetrations and hemispheric
lower head type is optioned.

The nodalization of containment was based on the com-
partment configuration of the MAAP-CONTAIN analysis
[4]. Figure 3 shows the nodalization of containment. It was
also based on the layout of the containment building in the
Final Safety Analysis Report (FSAR) for Shin Kori NPPUnits
1 and 2 [17]. The 20 CVs were constructed according to the
axial height and function of each compartment. The total
volume of the 20 CVs modelled was 77,420.92 m3, which is
approximately the same as the containment volume specified
in the FSAR.

2.3. Description of the SGTR Accident. The SGTR scenario
was selected as the main accident scenario due to the
bypassed release of radionuclides to the environment unlike
other accident scenarios such as small break loss of coolant
accident (SBLOCA), SBO, and total loss of feed water
(TLOFW) [7]. To investigate effectiveness of a newmitigation
strategy creating an ICRV, very conservative conditions with
the SGTR scenario were applied in this simulation. First,
the accident started with a complete break of one U-tube
in SG, with flow area of 4.49×10−4 m2. Second, the active
safety systems such as HPSI, LPSI, and SDS were assumed to
fail. Finally, AFW was assumed unavailable in the secondary
system. Henceforth, only the passive safety features such
as PSRV, MSSV, and SITs were assumed available in the
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Figure 3: MELCOR nodalization for the OPR1000 containment.

simulation. Between a SG tube (CV330) and SG (CV600),
a flow path was modelled to simulate the SGTR accident.
Figure 4 shows the description of the steam generator tube
rupture modelling.

2.4. Description of In-Containment Relief Valve (ICRV). To
prevent release of the radioactive nuclides through MSSV,
an ICRV was modelled in this study. The ICRV is connected
between SG and in-containment space such as upper dome
and RDT. If a case includes no ICRV (base case), the radionu-
clides contained in steam can be released to the environment
directly via the MSSV. However, cases bearing the ICRV
(ICRV case) do not allow release of radionuclide to the
environment without containment rupture. This study was
conducted with two types of the ICRV cases and a base case
as shown in Figure 5.The base case includesMSSV to prevent
overpressurization of the secondary system. The MSSV is
connected between SG and the environment (Figure 5(a)).
On the other hand, the ICRV cases model the ICRV instead
ofMSSV. One ICRV case has ICRV connected to upper dome
in the containment (CNMT). The other case that has the
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Figure 4: A schematic of the steam generator tube rupture in
MELCOR input model.

Table 1: Comparison ofmajor parameters between FSARvalues and
MELCOR calculation.

Parameter FSAR [17] MELCOR Error (%)
Core thermal power (MWt) 2815 2815 0.00
RCS pressure (MPa) 15.5 15.5 0.00
Core inlet temperature (K) 569 573 0.70
Core outlet temperature (K) 600 603 0.50
Primary flow rate (kg/s) 15,306 15,546 1.33
Secondary side pressure (MPa) 7.37 7.37 0.00
Steam flow rate per SG (kg/s) 800 809 1.13

valve is connected to RDT for heat removal of the steam
using the RDT water. The condensation effect was especially
investigated in the ICRV-RDT case because relatively small
volume of the RDT may not accommodate the substantial
amount of steam release from the SG if effective condensation
of the steam does not occur.The path parameters such as flow
area, length, and open pressurewere determined based on the
specifications of the MSSV.

3. Results and Discussion

3.1. Steady-State Calculation. Using the current MELCOR
simulation, a steady-state calculation was performed to verify
the suitability of the MELCOR nodalization of OPR1000.
Steady-state operating conditions ofOPR1000 from theMEL-
COR calculation were compared with corresponding values
specified by the FSAR [17] and were summarized in Table 1.
It was confirmed that theMELCOR results are in good agree-
ment with the nominal FSAR values. Thus, the input model
used in this study confirmed the suitability of current MEL-
COR nodalization of OPR1000 during the severe accident.

3.2. Base Case Simulation. The base case of SGTR scenario
was simulated usingMELCOR 2.1. Table 2 shows the accident
sequences in base case. When the accident started, the

MSSV

FL 613
FL 713

SG-A
CV 600

SG-B
CV 700

Environment CV 940

(a)

ICRV
(CNMT)

SG-A
CV 600

SG-B
CV 700

Dome 1st- B CV 846Dome 1st- A CV 841

FL 613
FL 713

(b)

ICRV
(RDT)

RDT
CV 780

SG-A
CV 600

SG-B
CV 700

FL 613 FL 713

(c)

Figure 5: Schematic of simulation cases: (a) base case, (b) ICRV-
CNMT case, and (c) ICRV-RDT case.

primary coolant was transported to the secondary system.
It increased the secondary pressure and decreased the RCS
pressure. Then, a reactor trip occurred with MFW trip
and MSIV closure. In this scenario, the AFW was assumed
unavailable in the secondary system. Thus, a large amount
of the steam was released into the environment through
the MSSV. The RCP was stopped by cavitation after the
reactor trip. The core was uncovered and heated because
of loss of the coolant through the MSSV. As the primary
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Table 2: Accident sequences in the base case.

Accident sequence SGTR base (s)
Accident start 0
MFW trip 2,654 (0.74 h)
Reactor trip 2,654 (0.74 h)
MSSV open 2,654 (0.74 h)
RCP trip 2,672 (0.74 h)
Oxidation start 12,437 (3.45 h)
Gap release 12,644 (3.51 h)
Cladding melting 13,872 (3.85 h)
Melt relocation 14,328 (3.98 h)
RPV failure 21,406 (5.94 h)

water was depleted and the core water temperature increased,
zircaloy in the fuel cladding was highly oxidized by the high
temperature steam.During this oxidation process, substantial
amount of oxidation heat was generated, which accelerated
the core damage. Subsequently, the fuels were subjected to
extremely high temperature condition and the reactor core
started to melt down and relocate to the lower plenum of the
RPV. Finally, RPV failure was predicted by the thermal attack
of molten corium in the penetration location.

Figure 6 shows the primary and secondary system
pressure. In the early state of the accident, RCS pressure
decreased by coolant release through the tube rupture.
Without safety injection, coolability of the core was not
maintained. Thus, the core temperature increased and the
RCS pressure increased despite tube rupture. The coolant
was released continuously to the environment through the
MSSV and the system pressure decreased with time. After
RPV failure, the systempressure rapidly decreased by ejection
of the corium and the coolant. The secondary side pressure
reached 8.6 MPa, which is the MSSV open pressure. The
valve was kept open until RPV failure and secondary pressure
rapidly decreased only in broken SG. In the broken SG side,
the coolant was released to the outside of the RCS through
the tube rupture. Thus, the pressure quickly decreased at the
time of RPV failure. However, no mass transfer occurs in the
intact SG side and thus the pressure wasmaintained although
the RPV failed.

The tendency of the accident progress in terms of the
water level of the SGs and reactor core is shown in Figure 7.
Following the SGTR event, the primary system water crossed
over the secondary system and thereby the primary system
water level decreased. Before the reactor trip, the water level
of the broken SG was not decreased because the MFW was
not tripped and theMSIVwas not closed. However, the water
level of the broken and intact SGs rapidly decreased after the
MFW trip and corresponding MSSV open. When the water
level of the broken SG was reached to the SGTR set point,
the residual water in the U-tube and that in hot- and cold-leg
were evaporated together. Therefore, a very gradual decrease
inwater level was observed in the broken SGs between 2.5 to 6
hrs before RPV failure. Although the duration of the gradual
decrease in water level is different, a similar tendency was
reported in Wang et al.’s study, which performed the SGTR
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Figure 7: The water level of the RCS and SGs in the base case.

analysis using RELAP5/MOD3.4 [18]. Following the RPV
failure, the reactor core water level decreased down to 0 m.

As mentioned above, the steam of secondary system was
released to the environment through MSSV. Figure 8 shows
the released steam mass through MSSV in the base case.
After MSSV opening due to overpressure of the secondary
system, both SGs released steam to the environment. In the
intact SG, the most steam was released earlier than in the
broken SG. Because the pressure boundary was not broken
in the intact SG, the water in the SG was dried out earlier
than broken SG. After dryout, increase of the pressure by
boiling did not occur anymore. So, the release of the steam
was almost stopped at the SG dryout. On the other hand,
the steam release through the broken SG continued due to
inflow of the primary coolant through ruptured SG tube.
The primary system was connected to the broken SG by
ruptured SG tube. Thus, the broken SG received sufficient
water from primary system until RPV failure. When the RPV
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in the base case.

failure occurred, a large amount of water and core debris were
ejected outside of primary system. Because the pressure was
quickly decreased at the time of RPV failure (Figure 6), the
steam release through the broken SG was stopped.

In the base case, it was predicted that radionuclides were
released to the environment through the MSSV of the broken
SG side. The pressure of the secondary system reached the
MSSV open pressure at the early stage of accident (0.74 h), at
which the radionuclideswere not released to the environment
because it existed only in fuel before the gap release. After
elapsing gap release time, however, the radionuclides were
released to the coolant and transported to the secondary side.
So, it was predicted that the radionuclides could be released
to the environment after the gap release. But, the release of the
radionuclides stopped at the time of RPV failure. It is because
the primary and secondary system pressure decreased at the
time of RPV failure (Figure 6). So, the MSSV was closed with
lower pressure. This is clearly seen in Figure 9, in which the
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release of the radionuclides to the environment stopped after
RPV failure.

3.3. ICRV-CNMTCase Simulation. The ICRV-CNMT case is
that the steam of the secondary system releases to the upper
dome to prevent the release of the radioactive nuclides to
environment.The specifications of the ICRV such as flow area
are identical to MSSV except exit target. Figure 10 shows the
system pressure of the ICRV-CNMT case. Because activation
pressure of the ICRV is the same as MSSV, the SG pressure
after ICRV opening was kept at 8.6 MPa similar to the base
case. Compared to the base case, only exit location of the relief
valve is different in the ICRV-CNMT case. Thus, the overall
system pressure is similar between the base case and ICRV-
CNMT case. However, the pressure of the pressurizer and
broken SG in the latter period was different between the base
and the ICRV-CNMT case. This is because the steam resided
in the containment in the ICRV-CNMT case. It caused con-
tainment pressure to increase and affected the pressure of the
pressurizer and the broken SG after the time of RPV failure.

The ICRV-CNMT case also retains the secondary pres-
sure through the steam release to the outside of the secondary
system. However, the steam was released to the inner space
of the containment building. Thus, more steam was added
to the containment than the base case. The steam mass
through the ICRV is shown in Figure 11. The overall amount
of the released steam through the ICRV was similar to that
through the MSSV in the base case (Figure 8). The total
released steam mass out of broken SG and intact SG was
200,715 kg and 63,140 kg, respectively. It was almost the
same with the steam mass of the base case, 201,259 kg
and 62,728 kg from broken SG and intact SG, respectively.
There is no significant difference of the steam mass between
MSSV and ICRV because the ICRV was modelled with
reference to the MSSV. The MSSV and ICRV were opened
by pressure difference between the SG and the environment
(MSSV) or containment (ICRV). Unlike the environment,
the containment pressure increases because of the released
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Figure 11: Released steammass through ICRV in the ICRV-CNMT
case.

steam from the ICRV. So the released steam mass was only
slightly different. Because the intact SG does not have fission
product in the SGTR accident, it is no problem that the steam
of the intact SG is released to the environment. In this study,
however, not only broken SG but also intact SG released
steam into the containment for the conservative results.Thus,
in the ICRV-CNMT case, total steam of 263,855 kg was added
to the containment compared to the base case.

In the ICRV-CNMT case, the results of the system pres-
sure and released steam mass from SGs were almost the same
as the base case. However, the released mass of radionuclides
to the environment was different between the base case and
the ICRV-CNMT case. In the ICRV-CNMT case, there is no
release through the MSSV. Thus, the radionuclides were not
released to the environment without containment rupture in
the ICRV-CNMT case.

Although the radioactive nuclides were not released to
the environment in the ICRV-CNMT case, the steam from
the secondary system was released into the containment.
It caused an increase of the containment pressure by the
released steam. To confirm this effect, the containment pres-
sure was calculated and presented in Figure 12. Figure 12(a)
shows the containment pressure in the early stage of the
accident until 18 h. When the ICRV opened, the pressure
increased because of the released steam of the secondary
system. However, the pressure of the base case was not
increased because the steam was released to the environment
until the time of RPV failure. After RPV failure, a large
amount of steam and corium were ejected to the cavity, so
containment pressure was peaked. The MSSV and the ICRV
did not release the steamanymore.However, the containment
pressure increased by boiling off the water in the cavity
until cavity experienced a dryout. Although the water was
completely evaporated, the pressure increased by the molten
corium concrete interaction (MCCI), which, in turn, released
a large amount of the gases such as noncondensible gases,
carbon monoxide, and hydrogen. In addition, the decay heat
of ex-vessel corium increased the containment pressure by

the steam expansion in the containment. Finally, the contain-
ment pressure was calculated by 0.75MPa and 1.2 MPa in the
base case and the ICRV-CNMT case, respectively, at the 72 h.

3.4. ICRV-RDT Case Simulation. Even if the ICRV-CNMT
case did not release the radioactive nuclides to the envi-
ronment, it caused the containment overpressure. For the
effective application of the ICRV, the overpressure needs to
be suppressed. Thus, the heat removal of the released steam
through the ICRV using the RDT was investigated in this
study. The ICRV is connected to the RDT bottom as shown
in Figure 5(c). To condense steam in the water, the model
in MELCOR was used. MELCOR 2.1 has bubble physics
model in the CVH/FL (Control volume hydrodynamics/Flow
path) package [19]. It calculates pool scrubbing with RN
(Radionuclide) package in MELCOR using SPARC90 model
[20]. In this model, condensate steam mass is calculated
using the water depth and subcooling of water. Thus, the
RDTwater volume was changed and simulated in ICRV-RDT
cases. Figure 13 shows that the modelling of the RDT differed
by water volume.

In the ICRV-RDT cases, the secondary system released
steam to the RDT for the heat exchange with the water in
the RDT. It was expected that the RDT water condensates
the released steam through ICRV and reduces the contain-
ment pressure compared to ICRV-CNMT case. However,
the containment pressure of the RDT cases was reduced
lower than the ICRV-CNMT case as shown in Figure 14. On
the contrary, the containment pressure was increased more
than the ICRV-CNMT case. In addition, the effects of the
RDT water volume were not confirmed in the containment
pressure.These results show that the RDTwater alone cannot
remove the heat of the steam released through the ICRV. The
RDTwatermass in each casewas the evidence of these results.

Figure 15 shows the water mass of RDT in each case.
In Figure 15(b), each case of the ICRV-RDT had different
water mass of the RDT. Nevertheless, overall tendency is that
decreased mass was the same in each case. In the ICRV-RDT-
18m3 case, the water mass rapidly decreased in the early stage
unlike the other ICRV-RDT cases. Because the water level
of the RDT reached the flow path location, the water spilled
over.This phenomenon was not seen in the other ICRV-RDT
cases because flow path is far to the surface of water pool.

Compared to the ICRV-CNMT and the base case, the
ICRV-RDT case has much transition in the RDT water mass.
In Figure 15(a), in the base and the ICRV-CNMT case, the
water mass was not changed with time. This is because the
steam from the SG was not released into the RDT and so the
water mass in the RDT was not changed. On the other hand,
the RDT water mass increased slightly after ICRV opened in
the ICRV-RDT case by condensation of the steam. Then the
RDT water mass decreased rapidly after PSRV opened. At
this time, the pressure was reached at the RDT rupture disk
break pressure. So the water in the RDT was released to the
outside of the RDT. After the time of RPV failure, the release
through the PSRV and ICRV was stopped. Thus, the drastic
decrease of the RDT water was almost stopped at this time.
However, thewater of RDTwas boiled by the decay heat of the
ex-vessel corium and it was accelerated after cavity dryout.
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Figure 13: The different water volume in the RDT in each case: (a) 12.5 m3, (b) 15 m3, and (c) 18 m3.

This boiled water of the RDT causes higher pressure in the
ICRV-RDT case than the ICRV-CNMT case. Therefore, the
depressurization strategy using the RDT is ineffective to the
ICRV.

3.5. The Effects of the Cavity Flooding. In the latter period
of accident, the overpressure of the containment was caused
by two reasons, the heat of the ex-vessel corium and gas
generated byMCCI. After the time of RPV failure, the corium
was relocated into the cavity which consists of concrete.Then,
the massive heat of the corium decomposed the concrete as
follows [21, 22].

Dehydration of hydrates (100-850∘C):

3𝐶𝑎𝑂 ⋅ 2𝑆𝑖𝑂2 ⋅ 3𝐻2𝑂 → 2𝐶𝑎𝑂 ⋅ 𝑆𝑖𝑂2 + 𝐶𝑎𝑂 ⋅ 𝑆𝑖𝑂2

+ 3𝐻2𝑂 (g)
(1)

Decomposition of calcium carbonate (600-900∘C):

𝐶𝑎𝐶𝑂3 + 1637 𝑘𝐽/𝑘g → 𝐶𝑎𝑂 + 𝐶𝑂2 (g) (2)

Decomposition of hematite into magnetite (1462∘C):

6𝐹𝑒2𝑂3 + 480 𝑘𝐽/𝑘g → 4𝐹𝑒3𝑂4 +𝑂2 (g) (3)

These gases generated by concrete decomposition interact
with the corium in the cavity. The reactor core consists of
uranium dioxide, zirconium in the cladding, and so on.These
materials can react with the steam of high temperature as
follows [23, 24]:

𝑍𝑟 + 2𝐻2𝑂 → 𝑍𝑟𝑂2 + 6.3 𝑀𝐽/𝑘g + 2𝐻2 (4)

𝐹𝑒 + 𝐻2𝑂 + 3.0 𝑘𝐽/𝑘g → 𝐹𝑒𝑂 +𝐻2 (5)

𝑆𝑖 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 + 2𝐻2 + 15 𝑀𝐽/𝑘g +𝐻2 (6)

2𝐶𝑟 + 3𝐶𝑂2 → 𝐶𝑟2𝑂3 + 3𝐶𝑂 + 2.8𝑀𝐽/𝑘g (7)

𝐹𝑒 + 𝐶𝑂2 + 480𝑘𝐽/𝑘g → 𝐹𝑒𝑂 + 𝐶𝑂 (8)

𝑆𝑖 + 2𝐶𝑂2 → 𝑆𝑖𝑂2 + 2𝐶𝑂 + 14𝑀𝐽/𝑘g (9)

These reactions are oxidation reaction of the metal in the
corium. Finally, these MCCI gases caused the containment
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Figure 14: Comparison of containment pressure with the base case,
the ICRV-CNMT case, and the ICRV-RDT cases.

pressure to be increased. In addition, the decay heat of
the ex-vessel corium increases the containment pressure. In
this study, the decay heat was calculated by ANS model
in the MELCOR [25]. The decay heat of corium expanded
the steam in the containment building, and it caused the
overpressure of the containment. To diminish these causes of
overpressurization, cavity flooding was performed using low-
pressure safety injection (LPSI) in this study.

To confirm the effects of cavity flooding, the containment
pressure was presented in Figure 16. The cavity flooding
was activated from 64,800 s to 72,300 s and the water of
RWT injected almost 425,000 kg. When the cavity flooding
started, the containment pressure decreased by heat removal
of the cavity flooding. The pressure was reincreased by the
ex-vessel corium. Finally, the containment pressure reached
0.53 MPa and 0.8 MPa in the base-cavity flooding case and
the ICRV-CNMT-cavity flooding, respectively. Although it
is not low pressure, ultimate containment failure pressure
of OPR1000 with 5% probability at 95% confidence level
is 1.01 MPa [26]. Therefore, the cavity flooding method is
potentially successful as a depressurization strategy because it
reduced the containment pressure from 1.2 MPa to 0.8 MPa
in the ICRV-CNMT case. Certainly, the depressurization of
the cavity flooding was confirmed. However, the effect of
depressurization was different with the base case and the
ICRV-CNMT case. The pressure was reduced to 0.22 MPa
and 0.4 MPa in the base case and the ICRV-CNMT case,
respectively, by cavity flooding. It was caused by the difference
of the condensate water mass in containment.

Figure 17 shows the steam mass in the containment. In
the ICRV-CNMT cases, the steam mass was increased after
ICRV open. However, the steam mass in the containment
was not the same as released steam mass through ICRV
(Figure 11). It is because the released steam was condensed by
the structure in containment such as containment wall. After
the RPV failure, the steam mass increased by water boiling
in the cavity. The steam production rate was steeper in the
ICRV cases than the base case because the condensed water

before the RPV failure was collected in the cavity in the ICRV
cases. These increases were stopped at the cavity dryout,
but the MCCI occurred and the steam was generated by
concrete decomposition (see (1)). When the cavity flooding
occurs, the steam mass in the containment decreased in the
cavity flooding cases. In the ICRV-CNMT case, more steam
existed in the containment than the base case. Thus, the cavity
flooding can interact with more steam, and it caused more
reduced steam mass. These differences caused the pressure
difference between the base case and the ICRV-CNMT case.

Besides the effect of the decay heat, the MCCI gas affects
the containment pressure. Figure 18 shows the total mass of
gases generated by MCCI. After RPV failure, little gases were
generated by MCCI but the water in the cavity suppressed
MCCI until cavity dryout. Then the MCCI occurred and
the gases were generated by MCCI. After cavity flooding,
the generation of gases was relaxed due to delayed MCCI
by heat removal. Although the MCCI gas mass was reduced
by the cavity flooding, it cannot explain the difference of
the decrement between the base case and the ICRV-CNMT
case. Therefore, the pressure difference between the base
and ICRV-CNMT cases exists because of the steam in the
containment building, not MCCI gas.

After 72 hours of accidents in Figure 18, the mass of
MCCI gas reached approximately 60,000 kg in the base
and the ICRV-CNMT cases. In the MELCOR simulation,
the MCCI gas consists of CO2, CO, H2O, and H2. It is
generated by concrete decomposition reactions ((1) to (3))
or corium oxidation reactions ((2) to (9)). The decay heat of
the corium participates in decomposing the concrete, whose
example is shown in (3). If the heat transferred to the concrete
is totally consumed during chemical reaction of hematite
into magnetite ((3)), the CO2 mass generation rate can be
calculated as follows:

𝑄 − 𝑄𝑠𝑒𝑛
Δ𝐻
= �̇� (𝑄𝑠𝑒𝑛 = 𝑚𝐶𝑝Δ𝑇) (10)

Q is the heat transferred from the corium to the concrete
and Qsen is the sensible heat of the concrete. Δ𝐻 is the
enthalpy of concrete decomposition. �̇� is mass generation
rate of CO2 gas. Cp andm are the specific heat andmass of the
concrete, respectively. Δ𝑇 is temperature difference between
reaction and initial temperature. The decay heat transferred
to the concrete is shown in Figure 19 in the base and ICRV-
CNMT cases. By using (10), CO2 generation is calculated as
39,000 kg for 72 hours. However, this approach yields a rough
estimate of theMCCI gas. If the other chemical reactionswere
considered all together, itmay reach to 60,000 kg of theMCCI
gas in Figure 18. Similar result could be found in MAAP4
calculation [27].

4. Conclusions

The conceptual design of the ICRV was investigated using
the MELCOR code in SGTR scenario. The steam of the
secondary system was released to the upper dome and the
RDT using ICRV. The released mass of the radionuclides
was analyzed, and containment pressure was compared in
the several explored cases. In addition, the cavity flooding
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was performed to reduce the adverse effect of ICRV. Major
findings in this study and future work can be summarized as
follows:

(i) The radionuclides were released to the environment
through MSSV in the base case. On the other hand, the in-
containment relief valve prevents the release of the radionu-
clides to the environment.

(ii) As the adverse effect of ICRV, the release steam
through ICRV increases pressure in containment building.
And it reached 1.2 MPa, which is higher than 0.75MPa of the
base case pressure.

(iii) To reduce the adverse effect of ICRV, depressurization
strategy in which the ICRV was connected to RDT was
conducted. But it was ineffective because the capacity of the
water in the RDT did not satisfy the release steam from steam
generator.
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Figure 17: The steam mass of cavity flooding in containment.

(iv) The overpressure which is adverse effect of the ICRV
can be reduced by cavity flooding. The decay heat removal of
the cavity flooding causes the depressurization with the steam
condensation. The cavity flooding decreased the containment
pressure from 1.2 MPa to 0.8 MPa in the ICRV case.

(v) In the future work, the sensitivity of the specification
of ICRV and effects of other safety features should be
investigated.

Nomenclature

ADV: Atmospheric dump valve
AFW: Auxiliary feed water
CET: Core exit temperature
CNMT: Containment
CVH: Control volume hydrodynamics
FL: Flow path
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FSAR: Final Safety Analysis Report
HPSI: High-pressure safety injection
ICRV: In-containment relief valve
ISLOCA: Interfacing system loss of coolant accident
LPSI: Low-pressure safety injection
LWR: Light water reactor
MCCI: Molten corium concrete interaction
MSSV: Main steam safety valve
NPPs: Nuclear Power Plants
PAR: Passive autocatalytic recombiner
PSRV: Pressurizer safety relief valve
RCS: Reactor coolant system
RDT: Reactor drain tank
RN: Radionuclides
RWT: Refuelling water tank
SBLOCA: Small break loss of coolant accident
SBO: Station blackout

SDS: Safety depressurization system
SG: Steam generator
SGTR: Steam generator tube rupture
SITs: Safety injection tanks
TDAFW: Turbine-driven auxiliary feed water
TLOFW: Total loss of feed water.
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