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Severe accident analysis for Korean OPR1000 with MELCOR 1.8.6 was performed by adapting a mitiga-
tion strategy under different entry conditions of Severe Accident Management Guidance (SAMG). The
analysis was focused on the effectiveness of the mitigation strategy and its adverse effects. Four core exit
temperatures (CETs) were selected as SAMG entry conditions, and Small Break Loss of Coolant Accident
(SBLOCA), Station Blackout (SBO), and Total Loss of Feed Water (TLOFW) were selected as postulated
scenarios that may propagate into severe accidents. In order to delay reactor pressure vessel (RPV) fail-
ure, entering the SAMG when the CET reached 923 K, 923 K, and 753 K resulted in the best results for
SBLOCA, SBO, and TLOFW scenarios, respectively. This implies that using event-based diagnosis for
severe accidents may be more beneficial than using symptom-based diagnosis. There is no significant dif-
ference among selected SAMG entry conditions in light of the operator’s available action time before the
RPYV failure. Potential vulnerability of the RPV due to hydrogen generation was analyzed to investigate
the foreseeable adverse effects that act against the accident mitigation strategies. For the SBLOCA cases,
mitigation cases generated more hydrogen than the base case. However, the amount of hydrogen gener-
ated was similar between the base and mitigation cases for SBO and TLOFW. Hydrogen concentrations of
containment were less than 5% before RPV failure for most cases.

Keywords: accident management; hydrogen production; in-vessel retention; PWR-type reactor; numerical

simulation; severe accident; MELCOR; in-vessel mitigation; RCS depressurization; OPR1000

1. Introduction

Design basis accidents (DBAs) are postulated acci-
dents that may occur in nuclear power plants (NPPs)
including various sub-systems, structures, and compo-
nents under hypothesized accident conditions. To cope
with DBAs, NPPs should be designed and constructed
so as to withstand heavy loads during accident condi-
tions without releasing the radioactive materials to the
outside environment and the public. Without proper ac-
cident management, NPPs may experience severe acci-
dents that lead to partial or complete meltdown of the
reactor core and thereby significant release of fission
products and hydrogen within and external to the con-
tainment building. In terms of hardware, NPPs should
be equipped with well-designed reactor protection and
safety systems associated with various engineered safety
feature signals. In terms of accident management, well-

established emergency operating procedures (EOPs) are
critical for ensuring reactor safety and preventing se-
vere accidents. Although very rare, if major engineer-
ing safety features such as high- and low-pressure safety
injection (HPSI and LPSI) systems are unavailable, the
NPP may proceed to early conditions of a severe acci-
dent, which can be manifested by detection of various
safety signals of core exit temperature (CET), core wa-
ter level, pressurizer pressure, coolant flow rate, reactor
coolant system (RCS) vibration, and steam generator
water level, to mention a few. A representative safety sig-
nal diagnosing the physical state of the accident is the
CET, which is measured by the in-core instrumentation
(ICT) assembly located at the top of the reactor core.
If the CET reaches a certain setpoint judged as the be-
ginning of core degradation, the EOP state is shifted to
the initiation of Severe Accident Management Guidance
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Figure 1. Characteristics for two regimes of accident management.

(SAMG). Figure 1 shows the simplified characteristics in
the regimes of the two types of accident managements.
The SAMG entry conditions differ by reactor. In Korea,
there are currently four major types of pressurized wa-
ter reactors (PWRs) operating: Combustion Engineer-
ing Owners Group (CEOG) PWR, Westinghouse Own-
ers Group (WOG) PWR, Framatome PWR, and Opti-
mized Power Reactor 1000 (OPR1000), which is an evo-
lutionary type of CEOG PWR. The SAMG entry con-
ditions for each reactor are 753 K, 923 K, 923 K, and
973 K for CEOG PWR, WOG PWR, OPR1000, and
Framatome PWR, respectively. Table 1 shows the typ-
ical characteristics of various PWRs operating in Korea
at the time of publication of this paper [1-4].

In our previous study of severe accident analysis for
OPR1000, the effectiveness of the severe accident mit-
igation strategy was investigated with the fixed SAMG

entry condition of CET = 923K [5]. Although OPR 1000
is an evolutionary type of CEOG PWR, the SAMG en-
try condition from the WOG PWR was employed. Thus,
the effects of different CET values of SAMG entry con-
ditions for different reactors are of interest. This is due
to the fact that each reactor retains unique thermal-
hydraulic characteristics owing to diverse features of
the reactor core structure and loop systems. Therefore,
SAMGs are developed by owners groups such as the
Nuclear Energy Agency of Organization for Economic
Co-operation and Development (OECD/NEA), CEOG,
and WOG. In the WOG SAMG, CET = 923 K is set as
the SAMG entry point, which indicates that the reactor
core state is 75% uncovered [6]; therefore, core degrada-
tion is initiated by inappropriate core cooling. However,
the validity of the determination logic has not been fully
elucidated.

Table 1. Typical characteristics of OPR 1000 (Shin Kori units 1 and 2), CEOG PWR (Hanbit units 3 and 4), WOG PWR (Hanbit
units 1 and 2), and Framatome PWR (Hanul units 1 and 2) at nominal operation.

OPR 1000 CEOG PWR WOG PWR Framatome PWR
Thermal power (MWt) 2825 2825 2785 2785
No. of primary loops 2 2 3 3
Primary coolant
Pressure (MPa) 15.5 15.5 15.5 15.5
Inlet temperature (K) 569.0 569.0 564.9 558.6
Outlet temperature (K) 600.5 600.5 600.0 599.5
Core flow rate (kg/s) 15,306 15,306 14,833 12,861
System liquid volume (m?) 287.4* 277.5* 250.1* 272.0%*
Secondary coolant
Pressure (MPa) 7.4 7.4 6.6 5.8
Inlet temperature (K) 505.4 505.4 499.9 492.7
Outlet temperature (K) 562.6 562.6 555.5 546.2
SAMG entry CET (K) 923 753 923 973

Note: *except pressurizer; **including pressurizer pressure water at maximum guaranteed power.
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As stated earlier, OPR1000 is an evolutionary reac-
tor of CEOG PWR, and its SAMG employs CET =
923 K, which is the SAMG entry condition of WOG
PWR. In addition, applying a unified CET value as the
SAMG entry condition has been considered for all se-
vere accidents that have not undergone more system-
atic accident analyses. Such an approach to accident re-
sponse is based on a symptom-based diagnosis, which is
considered appropriate for severe accidents. In general,
an event-based diagnosis is used for DBAs under very
limited conditions. However, it is questionable whether
applying the unified SAMG entry condition (symptom-
based diagnosis) for all accident scenarios is reasonable.
A general thought is that accident sequences are strongly
dependent on the thermal-hydraulic conditions, which
differ with type of accident. For example, Small Break
Loss of Coolant Accident (SBLOCA), Station Blackout
(SBO), and Total Loss of Feed Water (TLOFW) will re-
sult in different behaviors of the RCS pressure, temper-
ature, and water level. This suggests that mitigation ac-
tions may necessitate different SAMG entry conditions
to produce more effective mitigation results. Most of
all, a substantial gap exists between beliefs and practi-
cal data validating these beliefs related to the validity of
the SAMG entry condition. Therefore, it is imperative to
perform a more detailed analysis using systematic codes
of Probabilistic Safety Assessment (PSA) Level 2. More-
over, this may further suggest the feasibility of using
event-based diagnosis for severe accidents with proper
and detailed analyses.

Typical PSA Level 2 analysis code includes the
MELCOR, SCDAP/RELAPS, and MAAP, and some
analyses of the effects of mitigation strategies in case of
severe accidents using these codes are reported in the lit-
erature. Carbajo investigated sensitivity studies of SBO
using MELCOR for a Peach Bottom PWR [7]. Park
et al. analyzed several scenarios of severe accidents us-
ing MELCOR 1.8.5 for the purpose of regulation [8].
In addition, Wang et al. compared the simulation re-
sults of large break loss of coolant accident (LBLOCA)
and SBO using SCDAP/RELAPS, MAAP, and MEL-
COR for Kuosheng NPP [9]. Also, Vierow et al. studied
the TMLB accident at the Zion NPP with various codes
of the MELCOR, MAAP4, and SCDAP/RELAPS [10].
Ahn et al. researched sensitivity analyses of the loss of
coolant accident (LOCA) for APR1400 with MELCOR
1.8.4 [11]. Lee et al. studied the effectiveness of mitiga-
tion strategies for OPR1000 using MAAP4 [12]. Huang
et al. investigated the effectiveness of the RCS bleed-
and-feed strategy for Kuosheng BWR using MELCOR
1.8.5 [13]. Birchley et al. analyzed the loss of RHR for
a Westinghouse two-loop PWR [14]. Park et al. evalu-
ated the effectiveness of the RCS depressurization strat-
egy of the SBLOCA and TLOFW for OPR1000 [15,16]
and APR 1400 [17]. Huh et al. studied the optimum area
of the flow path of RCS depressurization for severe acci-
dent mitigation with the MELCOR for the Ulchin unit
1 PWR [18]. Haste et al. analyzed the accident manage-

ment of LOCA with MELCOR for a Westinghouse two-
loop PWR [19]. Park and Hong investigated available ac-
tion time for severe accidents with the SCDAP/RELAPS
for OPR1000 [20]. In Korea, there has been a growing
demand for severe accident analyses using the MEL-
COR code, although not much research has been con-
ducted. In particular, studies on the SAMG entry condi-
tion and its adverse effects have been extremely limited.

Therefore, this study focuses on the analysis of the
effects of the CET as the SAMG entry condition on
the effectiveness of severe accident management of Ko-
rean OPR1000 using the severe accident analysis code
MELCOR 1.8.6. Given the important accident scenar-
ios based on PSA Level 1 analysis, major accident sce-
narios could be selected to include SBLOCA, SBO,
and TLOFW [21]. Using these scenarios, the important
objectives of this study are first to investigate the ap-
plication of mitigation strategy at various SAMG en-
try conditions for postulated accident scenarios in view
of reactor pressure vessel (RPV) failure and to ana-
lyze the effectiveness and adverse effects of the mitiga-
tion strategies. This work will provide insight into us-
ing event-based diagnosis for severe accidents because
unified SAMG entry conditions might not produce the
most effective results for every accident.

2. Simulation descriptions

2.1. MELCOR description and input model
of OPR1000

MELCOR is the severe accident analysis code for
the light water reactor NPP developed by Sandia Na-
tional Laboratory for the US Nuclear Regulatory Com-
mission. PSA Level 2 analyses, the development and val-
idation of severe accident management strategies, are
conducted using MELCOR. MELCOR can simulate
thermal-hydraulic response of the primary RCS, core
uncovering, fuel heat-up, cladding oxidation, fuel degra-
dation (geometry change), heat-up of the RPV lower
head by the molten core, lower plenum penetration, hy-
drogen production, fission product release, etc. [22]. Nu-
merous states have used MELCOR for the regulation
of LWR [8,23,24]. In particular, the Korean regulatory
body has utilized MELCOR for monitoring and diag-
nosis of severe accidents [25,26].

Figure 2 shows the overall nodalization of the tar-
get plant OPR1000 for the MELCOR simulation. The
Korean PWR OPR1000 is an evolved design of CEOG
PWR. It consists of two loops of nuclear steam supply
system and has 1000 MW of electrical output. The in-
put model consists of a core (control volume (CV) 170);
a CET monitoring volume (CV 190); a downcomer (CV
130); a lower and a upper plenum (CV 150 and 260); four
cold legs (CV 380, 390, 480, and 490); two hot legs (CV
310 and 410); a pressurizer (CV 500); two steam genera-
tors composed of a primary side inlet (CV 330 and 430),
outlet (CV 337 and 437), and secondary sides (CV 600,
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Figure 2.  MELCOR nodalization of OPR1000.

700, 610, and 710); and four safety injection tanks (SITs;
CV 382,392,482, and 492). The dedicated upper plenum
volume for collecting CET information (CV 190) is allo-
cated to the top of the core. The SITs are activated when
RCS pressure decreases to 4.3 MPa. The pressurizer has
two safety depressurization system (SDS) valves and a
pressure safety relief valve (PSRV) that are all connected
to the containment (CV 820). The SDS is operated as a
mitigation strategy under a high-pressure sequence for
direct RCS depressurization. Set pressures of the PSRV
are 17.24 MPa and 14.1 MPa for open and close, respec-
tively. Each steam generator is equipped with two atmo-
spheric dump valves (ADVs) and four condenser dump
valves (CDVs). Main steam isolation valves (MSIVs)
and main steam safety valves (MSSVs) are included in
the secondary sides. Figure 3 shows the core nodaliza-
tion of the OPR1000 MELCOR. The core consists of 7
radial rings and 14 axial levels. The active fuel region is
from the 4th to the 13th axial level. The first to the third
axial levels are dedicated to the lower plenum, and the
14th axial level is for assembly of the upper region.

2.2. Simulation matrix and mitigation strategy
Sfor accidents

Table 2 summarizes a matrix for simulations investi-
gated in this work. The CEOG, WOG, Framatome, and
EDF PWR implement CETs of 753 K, 923 K, 973 K,
and 1373 K for SAMG entry conditions, respectively.
For OPR 1000, transition to the SAMG is initiated when

the CET reaches 923 K, which is the same entry condi-
tion adopted for the WOG PWR. Among these condi-
tions, the CEOG, WOG, and Framatome CET values
are selected. In addition, an arithmetic average CET be-
tween the standards of the CEOG PWR and OPR 1000,
i.e,, CET = 838 K, is added to fill the gap between the
CEOG and OPR1000. In order to investigate the effects
of various SAMG entry conditions, three cases of initi-
ating events are selected: SBLOCA, SBO, and TLOFW.
Table 3 shows initiating events that have a high prob-
ability of transition to a severe accident based on the
PSA Level 1 analysis [21]. For the SBLOCA, a 1.35-inch
break on a cold leg is assumed, and loss of all offsite
power and all secondary feed water are assumed for the
SBO and TLOFW, respectively. Mitigation-02 is con-
ducted by opening one ADV for the SBLOCA and open-
ing one SDS for the SBO and TLOFW.

If core damage is noted, a transition in accident
management from the EOP to the SAMG is imple-
mented by the technical support center (TSC) in order
to mitigate an accident based on strategies described in
the SAMG. In contrast to the prediction of a preventive
regime, some uncertainties in diagnosing plant status
and consequences of mitigation actions may occur
when predicting the mitigation regime. As such, the
sequence of action based on the SAMG may result in
both positive and negative effects. For these reasons,
mitigation strategies with positive and negative effects
should be included in the SAMG [27]. Each mitiga-
tion strategy is conducted by monitoring plant safety



Figure 3.

Journal of Nuclear Science and Technology, Volume 52, No. 5, May 2015 699

114

214

314

414

] Assembly

514 Upper Region

614| 714

113

213

313

413

513|613 | 713

112

212

312

412

512| 612|712

111

211

311

41

511|611 711

110

210

310

410

510| 610| 710

109

209

309

409

509| 609|709

Active Fuel

108

208

408

Region

508| 608 | 708

107

207

407

507 | 607 | 707

106

§

706

105

&

405

705

104

g

704

103

8

-
703

102

202

402

Lower Plenum

502 | 602| 702| 802

101

201

301

401

501| 601|701 | 801

MELCOR nodalization for core.

parameters: steam generator level, RCS pressure, and
CET, to mention a few. The equipment and parameter
measurements needed to conduct a mitigation strategy
are also implemented in the SAMG.

The SAMG of OPR 1000 was developed by quantita-
tive risk analysis through individual plant examination
(IPE) and PSA analysis, based on the WOG SAMG [28].
A transition from the EOP to the SAMG is introduced
when the CET = 923 K. Figure 4 shows a flowchart of
SAMG applicable for OPR1000 [29]. When the SAMG
isinitiated by the TSC under a severe accident condition,
plant safety parameters are monitored, and Mitigations-
01 through 07 are performed according to the flow chart.
If conditions of Monitoring-01 are satisfied, the SAMG
is terminated successfully. The setpoints of monitoring

parameters for conducting mitigation strategies are de-
termined through IPE because vulnerability toward se-
vere accidents is different for various plants [28]. For
instance, the judgment for hydrogen threat might be
considered with hydrogen concentration of four, five, or
other numbers of percentage, which depends on avail-
ability of hydrogen control instrumentation such as ig-
niter or passive autocatalytic recombiner. For OPR 1000,
the mitigation strategy for hydrogen threat is conducted
when the hydrogen concentration of the containment
is over 5%. Table 4 shows the detailed objectives and
equipment for the SAMG of OPR1000. Mitigations-
01 to 03 are concerned with in-vessel phenomena, and
Mitigations-05 to 07 are focused on the ex-vessel scope,
which aims to maintain the integrity of containment and

Table 2. Summary of the simulation matrix.

Event Mitigation CET (SAMG entry condition) Simulation tag
SBLOCA OFF N/A SBLOCA-Base
SBLOCA ADV 753, 838, 923, and 973 K SBLOCA-CET K
SBO OFF N/A SBO-Base

SBO SDS 753, 838, 923, and 973 K SBO-CET K
TLOFW OFF N/A TLOFW-Base
TLOFW SDS 753, 838, 923, and 973 K TLOFW-CET K
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Table 3. Probability of transition from initiating events to se- prevent release of radionuclides. Mitigation-04 is related
vere accidents for OPR1000. to both in-vessel and ex-vessel scopes.
Initiating event Probability (%) In order to adopt mitigation strategie; gccgrding
to the SAMG flow chart of OPR1000, Mitigation-02
SBLOCA without safety injection 22.4 is applied for the postulated initiating events. In the
SBO 14.4 case of the SBLOCA, opening the ADV facilitates heat
TLOFW 13.8 : .
SGTR 13.8 transfer through secondary side feed-and-bleed, which
LBLOCA without safety injection 12.7 depressurizes the RCS. For the SBO and TLOFW,
MBLOCA without safety injection 7.7 direct RCS depressurization by opening one SDS of the

pressurizer is adopted as a proper mitigation mean. In
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Figure 4. Flowchart of SAMG of OPR1000.



Journal of Nuclear Science and Technology, Volume 52, No. 5, May 2015 701

Table 4. Severe accident mitiygation strategies of SAMG.

Strategy No.

Objectives

Equipment

Mitigation-01

Mitigation-02

Mitigation-03

Mitigation-04

e Establish heat removal source

e Maintain integrity of steam generators

e Prevent direct containment heating by
high-pressure melt ejection

e Establish core cooling

e Establish core cooling

e Prevent reactor pressure vessel failure

e Decrease radionuclide release into containment

e Establish core cooling

e Prevent reactor pressure vessel failure

e Prevent molten core concrete interaction

e Decrease radionuclide release into containment

Auxiliary feed water

e Safety depressurization valve

e Atmospheric dump valve

e Condenser dump valve

e High- and low-pressure safety injection pumps
e Charging pump

e Spray pump
e Refueling water tank

Mitigation-05
Mitigation-06

Reduce fission product release
e Maintain containment integrity
e Reduce fission product release

Mitigation-07 Prevent hydrogen explosion

Spray, ventilation system
Spray, fan cooler, containment purge

Hydrogen PAR, igniter

the case of the SBO, it is assumed that emergency power
(emergency diesel generators or DC power) for opening
SDS is available. In addition, to be conservative, both
HPSI and LPSI are assumed to be unavailable for the
TLOFW. Borated water from four SITs with a capacity
of 218 m? is injected into cold legs for all three postu-
lated initiating events if the RCS pressure decreases to
4.3 MPa. The SITs are of passive injection type and are
identical to the cold leg accumulators of WOG PWR.

3. Results and discussion

Using MELCOR, severe accident sequences were
simulated with the OPR 1000 plant model, given the se-
lected accident scenarios of the SBLOCA, SBO, and
TLOFW while adopting various CETs as the SAMG
entry condition. First, steady-state and transient calcu-
lations were performed to verify an input model, and
the results are discussed in Section 3.1. Second, three
base cases including SBLOCA, SBO, and TLOFW were
simulated to establish references for the respective ac-
cident scenarios. These base cases refer to the simula-
tions in which no mitigation actions were taken. De-
tailed accident sequences and the validity of the simula-
tion are discussed in Section 3.2. Finally, 12 additional
cases of SBLOCA, SBO, and TLOFW were simulated
with introduction of the RCS depressurization strat-
egy of Mitigation-02 embedded in the Korean SAMG.
Mitigation-02 was conducted as soon as CET reached
the selected SAMG entry condition. Analysis of the ef-
fectiveness and adverse effects of the mitigation strate-
gies is discussed in detail in Section 3.2.

3.1. Verification of nodalization

Using the current MELCOR simulation, a steady-
state calculation was performed to verify the suitabil-
ity of the nodalization of OPR1000. Nominal operating
conditions of OPR1000 are available in the final safety
analysis report (FSAR) [4]. Table 5 shows a comparison
of the operating conditions and steady-state calculation
results of OPR1000. The MELCOR results are in good

agreement with the nominal FSAR values, which con-
firms the suitability of current MELCOR nodalization.

In addition, a simple transient calculation was con-
ducted in order to verify whether nodalization was suit-
able in the case of transient. In the case of transient,
the SAMG of OPR1000 is initiated when CET reached
923 K, which indicated the core uncovery is about 75%
[6]. Figure 5 shows the comparison between CET and
core water level. Core water levels of three initiating
events were near —4 m, which indicates 75% of core un-
covery. Therefore, it could be stated that the nodalization
of OPR1000 is suitable for transient analysis.

3.2. Base cases

A timeline of significant events without mitigation
strategies of the base cases is summarized in Table 6.
All accidents started at time = 0 s, and the reactor was
tripped by receiving a signal from the pressurizer for
the case of SBLOCA, a power loss signal for the SBO,
and a steam generator low water level signal for the
TLOFW. Also, the reactor coolant pump tripped due
to cavitation for the SBLOCA and TLOFW and power
loss for the SBO. For SBO, it was assumed that all off-
site powers were cut and therefore reactor trip and RCP
trip occurred simultaneously at 0.00 h. However, in the
case of SBLOCA and TLOFW), offsite power was alive.
Therefore, an RCP trip was not triggered until the pump

Table 5. Design value and steady-state conditions of
OPR1000.

Parameter FSAR MELCOR
Core thermal power (MW?t) 2815 2815
RCS pressure (MPa) 15.5 15.5
Core inlet temperature (K) 569 573
Core outlet temperature (K) 601 603
Primary flow rate (kg/s) 15,306 15,546
Secondary side pressure (MPa) 7.37 7.37
Steam flow per SG (kg/s) 800 809
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Figure 5. Core water level dependent on CET of base cases.

received a trip signal, which is actuated by pump cavita-
tion. For all three base cases, decay and oxidation heat
with insufficient core cooling caused the core to be un-
covered, heated, and degraded to a molten state. As the
core was heated, the CET also increased with a similar
rate of increase. As the insufficient cooling continued,
the molten core was relocated to the lower plenum. Fi-
nally, RPV failure occurred through lower head pene-
tration for the SBLOCA and by creep rupture for the
SBO and TLOFW. The RPV failure times of each ini-
tiating event were calculated as 5.29, 3.81, and 2.40 h
for the SBLOCA, SBO, and TLOFW), respectively. For
the SBLOCA, SITs were activated after relocation to the
lower plenum because the RCS pressure was decreased
to the setpoint of the SIT injection. However, for SBO
and TLOFW, injection of the SITs was not actuated be-
cause high-pressure sequences continued.

Figure 6 shows the RCS pressures of the base cases.
For SBLOCA, the RCS pressure rapidly decreased, and
the reactor trip signal transmitted at 0.04 h. After the re-
actor coolant pump tripped at 0.06 h, the RCS pressure
reached a peak value of approximately 14 MPa due to
lack of heat removal. Then, the pressure decreased be-
cause of the break flow. At approximately 1.75 h, the

Table 6. Sequences of base cases.

Accident sequence SBLOCA (h) SBO (h) TLOFW (h)
Accident start 0.00 0.00 0.00
Reactor trip 0.04 0.00 0.01
RCP trip 0.06 0.00 0.42
PSRV open N/A 1.36 0.40
Time to reach 2.36 2.27 1.00
CET =923 K
Cladding melting 2.63 2.66 1.28
Relocation to 2.87 2.82 1.48
lower head
SIT injection 3.63 N/A N/A
SIT exhaust 5.37 N/A N/A
RPV failure 5.29 3.81 2.40
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Figure 6. RCS pressure of base cases.

initiating of boiling in the core caused the RCS pres-
sure to increase slowly. However, continuous loss of
coolant from the break allowed the pressure to decrease.
At 3.63 h, the SITs were injected, which increased the
RCS pressure due to the vaporization of injected wa-
ter from the SITs. Increased RCS pressure driven by
the vaporization of core water deactivated the SIT in-
jection. Very rapid increase of RCS pressure was hin-
dered after vaporization because of increased discharg-
ing flow rate through the small break. This sequence was
repeated several times, and then RPV failure occurred
at 5.29 h. An interesting result is that not all the SIT
inventory was used at the time of RPV failure. In the
case of the SBO, the reactor and the RCP tripped at 0
time. The core was cooled slowly by natural circulation,
and the RCS pressure was maintained at approximately
11 MPa. However, after steam generator dry-out, va-
porization occurred in the core, and the RCS pressure
started to increase. The PSRV opened and closed repeat-
edly, corresponding to set pressures of 17.24 and 14.1
MPa, respectively. Additional injection for cooling was
unavailable because the high pressure sequence contin-
ued; as a result, RPV failure occurred. In the case of the
TLOFW, the overall behaviors of the RCS pressure were
very similar to that of SBO. However, the RCP pressure
increased earlier than in the SBO case due to the delayed
RCP trip. When main and auxiliary feed water were un-
available, forced convection was enacted by the RCP un-
til the time of RCP trip, and this made it more diffi-
cult to cool the core due to acceleration of vaporization.
As a result, pressure increased rather rapidly, and the
PSRV opened and closed repeatedly at the set pressures.
Finally, RPV failure occurred without proper depressur-
ization or cooling injection.

3.3. SAMG entry condition effect on in-vessel
mitigation
As observed in the simulation results of the base
cases, RPV failure occurred within 6 h for all accidents
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Figure 7. Two types of calculated time for RPV failure.

not employing feasible mitigation strategies such as ac-
tuation of the SDS and ADV. However, by implementing
the mitigation strategies, RPV failure time was delayed
significantly compared to the base cases. In case of the
SBLOCA, one ADV was opened to promote RCS cool-
ing through the steam generator. In cases of the SBO
and TLOFW, one SDS was opened to directly reduce
the RCS pressure. Unless the RCS pressure decreases,
the SITs, which are the only cooling source, cannot be
injected for SBO and TLOFW cases. Our previous study
reported general trends of the RCS pressure, water level
of the core, CET, relocated debris mass, and accumu-
lated oxidation energy during hypothesized severe acci-
dents of the SBLOCA, SBO, and TLOFW [5]. For the
SBLOCA, the same mitigation strategy of opening the
ADV was applied. However, the initiating SAMG with
a delay time of 5 min after reaching the CET = 923 K
showed a slight difference. Likewise, opening the SDS
was adopted as the mitigation strategy, and a delay of
5 min was applied. In this study, since the focus is the ef-
fect of the CET setpoints and SAMG entry conditions
on RPV failure time, many of the details about the acci-
dent sequences can be found in our previous study and
are therefore not discussed in detail here, allowing us to
focus on the effectiveness and adverse effects of the CET
setpoints.

3.3.1. Effectiveness of CET setpoints as SAMG entry

condition on RPV failure time

The effect of SAMG entry conditions on the RPV
failure time was analyzed in terms of the operator’s avail-
able action time and delayed RPYV failure time. In addi-
tion, mass balance among the core water inventory, in-
jected water, and discharged water was analyzed to in-
vestigate the effect of SIT injection on the delay of RPV
failure. Figure 7 shows the conceptual diagrams of two
types of measured time. Operator’s available action time
was calculated as the differential time between the time
the CET reached the hypothesized SAMG entry condi-
tions and the RPYV failure time of the base cases. Delayed
RPYV failure time was measured as the time between the
onset of RPV failure of the base case and that of mitiga-
tion cases.

Table 7 shows the operator’s available action time.
There are differences in operator’s available action time

RPV failure time
of base case

RPV failure time of
mitigation case

among the selected SAMG entry conditions, with differ-
ences as large as to 648 s. Considering the shortest opera-
tor’s available action time was 1.38 h (~5400 s), securing
an additional 648 s might not be considered a significant
result. Therefore, sensitivity on operator’s available ac-
tion time is not deemed a considerable factor affecting
the effectiveness of the severe accident mitigation strate-
gies. However, it should be noted that, if operator action
is delayed for a long time, undesirable results might ap-
pear such as hydrogen generation and oxidation.

Table 8 shows delayed RPV failure time compared
to base cases. For the SBLOCA, opening one ADV
as a mitigation strategy significantly delayed RPV
failure time by about 24 h. This is attributed to effective
cooling through secondary sides. The most delayed
RPV failure time occurred when a mitigation strategy
was conducted at CET = 923 K, which is the current
SAMG entry condition of OPR1000. For the SBO and
TLOFW, opening SDS as a mitigation strategy delayed
RPV failure time by about 2.4 and 13 h, respectively.
Since cooling through the secondary side was very
inefficient, RPV failure time occurred relatively earlier
than the SBLOCA mitigation cases. The most delayed
RPYV failure time took place when a mitigation strategy
was conducted at CET = 923 K for the SBO and at
CET = 753 K for the TLOFW. No consistent trend of

Table 7. Operator’s available action time.

CET as

SAMG entry

condition (K) SBLOCA (h) SBO (h) TLOFW (h)
753 3.07 1.69 1.51

838 2.98 1.62 1.45
923 293 1.54 1.39
973 291 1.50 1.38

Table 8. Delayed RPV failure time by mitigation strategy.
CET as

SAMG entry

condition (K) SBLOCA (h) SBO (h) TLOFW (h)
753 19.54 2.24 12.97
838 19.78 1.98 6.03
923 23.57 2.89 6.05
973 16.43 2.40 12.30
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the relationship between SAMG entry condition and
RPV failure time was observed. In general, accident
sequences of SBO and TLOFW are known to be similar
to each other. However, the trip signals initiating the
respective event are different. Since the TLOFW was
initiated with the steam generator low-level signal, its ac-
cident sequences were progressed in a more unfavorable
fashion without a mitigation action. With the delayed
trip signal, earlier application of the mitigation strategy
resulted in a better mitigation. Nonetheless, it should
be noted that earlier operator action or current SAMG
entry conditions might not always yield the best result.

As presented in Table 8, a current, unified SAMG
entry condition might not produce the most desirable
result in terms of delaying RPV failure. This is because
the diagnosis of a severe accident is based on the symp-
toms of the plant. The symptom-based diagnosis is sim-
ply conducted by monitoring plant safety parameters
such as CET, pressurizer pressure, SG water level, and
relevant parameters to the plant safety. Therefore, the
symptom-based diagnosis bears advantages compared
to an event-based diagnosis in terms of the availability
of an operator’s quick response. Most IAEA member
states prefer to use the symptom-based diagnosis for se-
vere accidents because severe accidents have characteris-
tics of limited availability of monitoring parameters and
accompany a dramatic and rapid change in phenom-
ena such as core degradation, oxidation, and hydrogen
generation [30]. However, if symptom-based diagnosis
might not produce the desirable result, it is necessary
to consider use of event-based diagnosis for severe ac-
cidents. Most of all, it should be noted that MELCOR
implements numerous correlations and empirical mod-
els, which tend to yield some uncertainty. Nonetheless,
this study suggests that use of event-based accident man-
agement will be beneficial if early diagnosis is successful.

Mass balance analysis for RCS has been performed
to investigate the effect of SIT injection on the delayed
RPV failure time associated with the CET of SAMG
entry points. The pressures of the pressurizer and SIT
were calculated, and cumulative mass injected to and
from the RCS was also calculated. For all three acci-
dent scenarios, injection to the RCS originates from the
SIT, but the ejection path has multiple possibilities. For
the SBLOCA, the break in the cold leg is the only path
for water ejection. In the cases of the SBO and TLOFW,
however, the paths for water ejection are PSRV and SDS.
Figures 8, 9 and 10 show the detailed pressure and cor-
responding mass balance of the SBLOCA-923K, SBO-
923K, and TLOFW-753K, respectively.

Through the analysis, it was found that SIT injection
played an important role in delaying the RPV failure.
Thus, the timing and duration of the SIT injection were
investigated thoroughly, from which an average SIT in-
jection rate was estimated to explain its effect on the de-
layed RPV failure time. The average SIT injection rate
is defined as the total mass of SIT injected over the ac-
tual duration of the SIT injection and is given in Equa-
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Figure 8. Pressure behavior and cumulative water mass in-
jected and ejected regarding RCS for SBLOCA-923K, the
most delayed RPV failure time case.

tion (1). Figure 11 shows the relationship between av-
erage SIT injection rate and delayed RPV failure time.
The lower injection rate of the SIT under 20 kg/s of in-
jection region resulted in a dramatic delaying of the RPV
failure time. Note that the amount of borated water in
the SIT inventory is fixed, and exhaust of the SITs dif-
fers with the accident scenario and is particularly depen-
dent on the RCS pressure. Therefore, operator cannot
control the injection rate of SIT. In cases of SBLOCA
with the explored SAMG entry conditions, injection rate
varied from approximately 5 to 80 kg/s. The SBLOCA-
923K, which showed the lowest SIT injection rate, re-
sulted in the most delayed RPV failure time. As the SIT
injection rate increased, the delayed RPV failure time
decreased at an injection rate of 18 kg/s and slightly in-
creased at an injection rate of approximately 80 kg/s. In
cases of the SBO with the selected CET setpoints, the
best mitigation result was obtained with CET = 923 K.
A corresponding SIT injection rate was evaluated to be
approximately 20 kg/s. Especially, for the two cases of

3

iA'
W

©
a
= 10
e
3
@ 5 1
4 :
o \44{&%\& A
0 i
0 2 4 6 8 i 10
RPV Failure
400000 -
300000
200000 o
=) : —3
o f
é’ 100000 -JJ —&— Water Injected from SIT
7] —e— Water Ejected from PSRV
@ 0 ater sos
2 oo Hﬁ P\\N —v— njected-Elected
M
-200000 \\/ i i
0 2 4 6 8 10
Time (hr)

Figure 9. Pressure behavior and cumulative water mass in-
jected and ejected regarding RCS for SBO-923K, the least de-
layed RPV failure time case.
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Figure 10. Pressure behavior and cumulative water mass in-
jected and ejected regarding RCS for TLOFW-753 K, the most
delayed RPV failure time case.

SBLOCA-923 K and SBLOCA-973 K, the injection rate
of SIT was significantly lower than the other two cases.
This was because of initiation of SIT at more severe ther-
mal state of the core for two cases. However, it should be
noticed that the initiation of SIT at the later phase of ac-
cident might not always bring better result because the
RPV failure might occur before the full depletion of SIT.
Interestingly, the best mitigation result for the TLOFW
was obtained when the CET was set to 753 K, which is
the CET used for the CEOG SAMG entry point. The
corresponding SIT injection rate recorded the lowest
value of 5 kg/s. It should be noted that SIT injection rate
was not controlled in the current study as the main inter-
est was the effect of the CET and the resulting influence
of the SIT injection rate. Thus, the SIT injection rate was
investigated to support the CET effect from the analysis.
From this analysis, a general trend was observed that a
lower injection rate tended to provide a more effective
cooling considering the fixed borated water mass in the
SIT. Also, it is important to use all the borated water
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Figure 11. Delayed RPV failure time as a function of the
average SIT injection rate.

mass during accident management even though the cur-
rent OPR1000 does not include control of the injection
rate. As shown clearly in Figures 8 and 10, SIT was in-
jected in a stepwise fashion due to vaporization of the
core.
Average SIT injection rate
Total injected water mass from SIT (kg)

¢y

Actual duration of SIT injection (s)

3.3.2.  Adverse effect of mitigation strategy

Execution of severe accident mitigation strategies of-
ten results in adverse effects on the safety of the nuclear
systems. For example, opening ADV may cause steam
generator tube rupture, and RCP restart may cause an
additional LOCA by breaking a seal in the RCP. The
worst adverse effect may be acceleration of the oxidation
of the reactor core, which generates exothermic energy
and hydrogen gas. Since the current study investigates
the Mitigation-02 of RCS depressurization, plausible
adverse effects are the generation of hydrogen gas and
oxidation energy and pressurization of the containment
building. In the case of a severe hydrogen-generating ac-
cident, the TSC monitors the concentration of hydrogen
in the containment because hydrogen is explosive in high
concentration. In the SAMG of OPR 1000, Mitigation-
07 is considered for activation when hydrogen concen-
tration is greater than 5% [29].

The hydrogen generation and the concentration of
hydrogen in containment for base and mitigation cases
are analyzed in the current section. The calculation of
concentration was conducted until the time of RPV fail-
ure for each case. Therefore, the analysis of hydrogen
generation is focused on comparison of the hydrogen
threat between base and mitigation cases before RPV
failure.

Figures 12-14 show the hydrogen generation for all
15 cases, evaluated as a cumulative quantity until the
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Figure 12. Amount of hydrogen generation for SBLOCA
cases.
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time of the RPV failure. The amount of hydrogen gener-
ation is related to the amount of reaction between water
and core materials such as zirconium, stainless steel, and
uranium. For the SBLOCA, mitigation cases caused
more hydrogen generation. In Figure 12, it is shown
that hydrogen generation was delayed significantly
with the mitigation strategies. With SAMG entry at
CET =923 K, which was the best mitigation case, accu-
mulation was delayed longer than in the other cases. For
the SBO, the tendency toward hydrogen generation of
the base case was similar to that in the mitigation cases.
As seen in Figure 13, the largest amount of hydrogen
was generated for SBO-923 K. However, with adoption
of CET = 838 K, accumulation of hydrogen was the
lowest among the investigated cases. Figure 14 shows
accumulation of hydrogen for TLOFW, with TLOFW-
753 K and TLOFW-923 K showing comparatively large
amounts of hydrogen generation compared to the other
cases because of the prolonged SIT injection. The slower
injection rate of SIT for TLOFW-753 K and TLOFW-
923 K than the other cases might induce more chances of
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Figure 14. Amount of hydrogen generation for TLOFW
cases.
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Figure 15. Hydrogen concentration of SBLOCA cases.

exothermic reactions between water and core materials,
which resulted in a significant hydrogen generation.
The results of hydrogen concentration in contain-
ment are shown in Figures 15-17. Hydrogen generation
before RPV failure was mostly due to in-vessel phenom-
ena such as the reaction between zirconium and wa-
ter or oxygen during core melting. The hydrogen gen-
eration was limited, below 1000 kg, because the zirco-
nium inventory of the core was limited. However, hy-
drogen generation after RPV failure was due to various
ex-vessel phenomena such as direct containment heat-
ing, fuel-coolant interaction, and molten core—concrete
interaction [31]. For this reason, for all 15 cases, hydro-
gen concentration increased after RPV failure. Figure 15
shows the hydrogen concentration of the SBLOCA base
case and mitigation cases. The start of hydrogen genera-
tion occurred in the order of SAMG entry condition of
CET =973 K, 838 K, 753 K, and 923 K. The starting
time of hydrogen generation is closely related to the de-
gree of core cooling. If the hydrogen generation started
earlier, it could be a result of insufficient core cooling.
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Figure 16. Hydrogen concentration of SBO cases.
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For all initiating events, this insufficient core cooling was
due to rapid depletion of the SIT. In the base case of
the SBLOCA, the hydrogen concentration was less than
5% until the time of RPV failure, and thus Mitigation-
07 was not considered. In the mitigation cases of the
SBLOCA, 753 K and 838 K cases showed a hydrogen
concentration greater than 5% before RPV failure, thus
requiring Mitigation-07. The hydrogen concentration
for SBLOCA-923 K was close to but not in excess of 5%,
and the concentration for SBLOCA-973 K was approx-
imately 4%. Figures 16 and 17 show the hydrogen con-
centrations of all SBO and TLOFW cases, respectively.
In the base case of the SBO and TLOFW, the hydro-
gen concentration was approximately 4%, and thus did
not necessitate Mitigation-07. For SBO mitigation cases,
the concentration was between about 4% and 4.5%, and,
again, execution of Mitigation-07 was not required. Sim-
ilarly, the TLOFW mitigation cases showed a concen-
tration between about 3.5% and 4.5%, not requiring
Mitigation-07. In addition, a decrease in the hydrogen
concentration was observed in the SBLOCA-base and
TLOFW mitigation cases. This was not due to the elim-
ination of hydrogen but due to containment pressuriza-
tion caused by water from the RCS break (small break of
SBLOCA and opened SDS of TLOFW). The decrease in
hydrogen concentration was not observed in SBO mit-
igation cases due to relatively early RPV failure com-
pared to TLOFW mitigation cases.

4. Conclusion

The effectiveness of SAMG entry conditions for
postulated scenarios was analyzed with the MELCOR
1.8.6. First, SBLOCA, SBO, and TLOFW with miti-
gation strategies were investigated in terms of delaying
RPYV failure. Second, the evaluation of in-vessel hydro-
gen generation was performed to investigate the adverse
effects of mitigation strategies. Major findings can be
summarized as follows:

(1) The performance of mitigation strategies with
four SAMG entry conditions (the time when
CET = 753 K, 838 K, 923 K, and 973 K) was
analyzed. The most delayed RPV failure time
occurred with different SAMG entry conditions
for different scenarios. Therefore, it is advisable
to consider using event-based diagnosis for se-
vere accidents in further detailed studies.

(2) Lower injection rate of SIT resulted in more de-
layed RPV failure time. In particular, SIT in-
jection rates lower than 20 kg/s dramatically in-
creased the delay in RPV failure time.

(3) Hydrogen threats when applying Mitigation-02
were investigated. For most cases, Mitigation-07
for hydrogen control was not needed until the
RPV failure. The amount of hydrogen genera-
tion for the base case was generally less than
those in the mitigation cases.
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