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%SARTICLE INFO ABSTRACT
Article history: An analysis of thermohydraulic response during a station blackout (SBO) accident
Received 10 September 2023 for the APR 1400 nuclear power plant is performed using MELCOR version 1.8.6.
Received in revised form 16 August 2024 MELCOR 1.8.6 results for the SBO scenario are benchmarked with MELCOR 2.1.
Accepted 30 August 2024 The simulation of the SBO accident with MELCOR 2.1 was done by the APR
Keywords: 1400 reactor designer company (KEPCO). This research consists of two parts; the

first part is related to the results of MELCOR 1.8.6, and the thermo-hydraulic
analysis of MELCORZ1.8.6 has been done. Analysis of thermohydraulic response is
focused on investigating thermohydraulic parameters, such as core pressure, fuel
clad temperature, water mass flow rate in the core, time of fuel clad failure, time of

Severe accident
Station blackout

’(\:AoEnI;aci:r(\)rEent failure lower head failure, and time of containment failure. In the second part, the results
of MELCOR version 1.86 have been benchmarked with the results of MELCOR
APR1400 ) . . .
2.1. The results of the analysis of containment pressure changes in version 1.8.6
showed that the effect of pressure increase in containment is mostly due to the
increase in carbon dioxide mass, but in version 2.1, the increase in pressure is
more due to water vapor.
© 2024 Atom Indonesia. All rights reserved
20INTRODUCTION sadischarges into the cavity and radionuclides are
. - . ssreleased into the containment during the molten
21 The Fukushima-Daiichi accident showed g

secorium-concrete  interaction.  Fission  products
s7and radionuclide materials are then transferred into
ssthe containment [3]. Simultaneously with the
sotransfer of fission products into the containment and
somolten corium-concrete interaction, containment
a1pressure increases until the pressure inside the
a2containment exceeds the designed pressure and the
s3containment fails, and radioactive materials are
aareleased into the environment. The magnitude of the
ssSevere accident source terms depends on the plant
s6design and the accident scenarios. NUREG-1150 [2]
a7estimated the source terms for five nuclear power
agplants in the USA. The type of concrete in the
. , agcavity, the core debris composition, temperature,
Corresponding author.

E-mail address: reza.gh93@yahoo.com soand water in the cavity affect ex-vessel release.
DOI:

2othat severe accidents like station blackout (SBO)
2scould occur even at a plant in a shutdown condition.
2aAn SBO accident leads to core damage and
2ssubsequent release of radioactive materials into the
seenvironment. [1] After the core was damaged,
27fission products are released in the reactor pressure
2svessel (RPV), and molten fuel debris starts moving
20in the RPV lower head. The in-vessel release is from
sothe damaged fuel in the RPV during fuel degradation
siand depends strongly on the scenarios of core
s2melt progression [2]. The ex-vessel phase starts
sswhen the RPV lower head fails and molten corium
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s1tA  containment spray system, IRWST pool, 101 The pressurizer is connected to the hot leg of
seand aerosol filter can perform the removal ofio2loop A. One pilot-operated safety relief valve
ssradioactive materials in the containment. In 2017, 103(POSRV) is located on top of the pressurizer
saThi Huong Vo & Jin Ho Song [4] performed a104(CV 500) and is designed for controlling RCS
ssstation  blackout accident scenario by usingiospressure. POSRV fully opens at a high pressure of
ssMELCOR 2.1. The analysis results show that the 10617.51 MPa and closes when the RCS pressure is
szcontainment failure occurs at about 84.14 h [4]. 1o7reduced to a blowdown set point of 17.50 MPa.

58 Before the failure of the reactor vessel, 108 Core and lower plenum nodalization are
sothe  containment  pressure increases  slowly. 1ooshown in Fig. 1(b). The whole core is divided
soThen, a rapid increase of the containmentiiointo 4 control volumes. These control volumes are
sLpressure occurs when a large amount of hotiiithe core channel, downcomer channel, bypass
szmolten corium is discharged from the reactor 112channel, and lower head plenum. The core is
sapressure vessel to the cavity. The molten corium- 11sradially divided into 5 rings and axially divided into
saconcrete interaction (MCCI) is activated when 11416 levels. Three rings are in the active core region.
sswater is flooded over a molten corium in the cavity 115Ring 4 is located in the bypass control volume
ss[5]. The boiling of water in the cavity causes a rapid 126channel and ring 5 is located in the downcomer
e7increase in the containment pressure. During the 117control ~ volume channel. For axial levels
ssearly phase of the accident, a large amount of steam 11snodalization [5,10,11,12], six levels are located in
sois condensed inside the containment due to the1i9the lower head plenum and 10 levels are inactive
7opresence of the heat structures. This results in a12ocore and bypass and downcomer channels. A failure
7imitigation of a containment pressure increase. 12:0f the lower head will occur if any of the following
72During the late phase, the containment pressure :22Criteria are satisfied [6]: (1) the temperature of
7sincreases gradually due to the addition of steam and t23the penetration or innermost node of the lower
7sgases from MCCI and water evaporation. It was12«head reaches a failure temperature (TFAIL);
7sfound that two-thirds of the total mass of steam and 125(2) @ creep-rupture failure of a lower head segment
76gases in the containment is from MCCI and one- 1260CCUrS; OF (3) the differential pressure between
77third from water evaporation [4]. In this study,127the lower plenum and reactor cavity reaches
7sa simulation of the station blackout accident for 12sthe failure pressure (PFAIL). Pressure failure
7othe APR1400 is performed using MELCOR version 12ofor this study is 20.0 MPa and TFAIL is taken
501.8.6 [6]. Analysis of thermohydraulic response0as the default value in MELCOR (1273.15 K).
siis  focused on investigating thermohydrau“ClSlThe failure of the lower head due to creep rupture
soparameters, such as core pressure, fuel clad 1320ccurs when the plastic strain in the vessel’s
sstemperature, water mass flow rate in the core, time 1s2lower head node reaches 18 % [6]. APR 1400
s20f fuel clad failure, time of lower head failure, and 1s4containment is shown in Fig. 1(c). Containment is
sstime of containment failure. The calculated results in 12subdivided into 12 control  volumes.  [7].

ssthis research are benchmarked with the results of 13sContainment control volumes consist of cavity
s7previous research [5] which was done by the 137(CV801), chamber room (CV802), RPV Annulus
ssMELCOR 2.1 code. 138(CV803), refueling room (CV 804), two steam

139generator components (CV 805 & CV 806),
o 1sopressurizer component (CV 807), upper component

: 141(CV808), containment dome (CV 809), annular
»1APR 1400 MELCOR modeling 12component (CV 810), hold up volume tank
92 APR 1400 [5] is a 1400 MWe two-loop PWR. 143(CV 811), and IRWST tank (CV 812) [4].
93A schematic diagram of the reactor coolanti44The environment is modeled by CV 813. FL 848
sasystem (RCS) nodalization for MELCOR 1.8.6 isissvalve is used to model containment failure.
ssshown in Fig. 1(a) [7,8,9]. Each RCS loop has 11 146This valve is a connection between containment and
sscontrol volumes; a hot leg, a steam generator147the environment [7]. It is only opened when the
ozinlet plenum, three control volumes for the SGisscontainment failure occurs. It is assumed that
9sU-tube hot side, one control volume for the SG i49the containment will fail when the containment
9oU-tube cold side, an SG outlet plenum, isopressure reaches 1.027 MPa [7]. The flow area
w0two  intermediate legs, and two cold legs. 1s1for FL848 is 0.065 m? [4].
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Fig. 1. (a) APR 1400 RCS MELCOR nodalization; (b) Core nodalization schemati;
(c) APR 1400 containment model for MELCOR.
162

1e3Station blackout accident analysis L

1godecreases due to the failure of pumps and reactor
164 An SBO is initiated by a loss of AC power, 1s1shutdowns. The RCS pressure starts to increase again
1e5at this moment reactor trips occur, and all mainis2when the steam generator dries out. Then POSRVS
166c00lant pumps and emergency safety system main is3starts to open and close. POSRVS starts to discharge
167Steam isolation valves are disabled. It is assumed that 1satwo-phase water into the IRWST. Because the RCS
1esthe loss of DC power occurs at the same time as the 1sspressure remains at a pressure higher than the IRWST
160SBO accident. In this study, Auxiliary Feedwater isspressure the water inventory in the reactor core
170System (AFWS) is unavailable [13]. The leakage 1s7cannot be recovered. Consequently, the fuel rod
171from the main coolant pumps is not considered 1sstemperature increases until the temperature of the fuel
172because there is uncertainty about seal timing and 1serods reaches the melting temperature and the fuel rod
173size.  All  emergency core cooling systems are19omelts downward and molten corium moves to the
17aunavailable. SBO is applied at a time of 500 seconds. 191lower head, and finally, lower head failure occurs.
175Before that reactor works at full power. The reactor 192Figure 2(a) shows events that occur in RCS after SBO
176shuts down immediately after pumps fail due to DC 193is applied to the simulation. After reactor trips occur,
177power cuts off. Decay heat is still generated in the 19score fission power decreases rapidly from 4023 MW
17score after the reactor shutdown. The RCS pressure 195to 311 KW. Figure 2(a) shows that the pressure inside
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196the  reactor core was 15.2 MPa up to 500 seconds 2sschanges during SBO accidents could be divided
1o7before the SBO accident. At the moment of the 2ssinto two phases [15].

198SBO accident (time = 500 seconds), a scram signal is 255

190issued to shut down the reactor. Four seconds after NaaTEEEEeEaEn e e
200the scram signal is sent, the pressure inside the reactor 4e09i 1T T [ APR1400 Core fission power |I 1|
201core reaches 18.34 MPa [14]. The reason for this 354001 i
202increase in pressure inside the reactor core is that it i e 0
20stakes a few seconds from the time the scram signal is phinnaaaama iy
204sent to the control rods entering the core and the
cosreactor shuts down [15]. During this time range
206(between 500 and 504 seconds), because the pumps
207have failed the mass of water in the reactor core has
20sdecreased and the reactor is still operating at full Se+08 R i
2090power, the water temperature suddenly rises, and the e+ ¢ + &« s o ™
210pressure inside the reactor core increases at the time Time (hrs)

2110f 504 seconds. At this moment, control rods drops (@)

212into the reactor core and the reactor shuts down.259
213Then, the reactor core pressure drops to 9.5 MPa. 200 M
214The pressure inside the reactor core starts to increase o
215at 8 hours. The increase in pressure is caused by the oo — APR 1400 cooling circuit pressure
216rise in the temperature of the fuel rod and the water

217inside the reactor [16]. At this time, the interaction of
2iswater and metal begins, and hydrogen gas is
219produced. By producing hydrogen and constantly
220increasing the temperature of the fuel rods and water,
221the  pressure inside the  reactor increases 60M
2228imultaneously at the time of 8.55 hours. At identical ao0M
223time, the POSRV valve opens, injecting gas 20m
224and steam from the reactor core into the IRWST 00
225and controlling the pressure inside the reactor. Time (re)
226 At 9.33 hours, the temperature of the fuel rod reaches 26 (b)
2272030 °C, and the fuel rod begins to melt. Before the >

22slower head is destroyed, a leak will occur in it.,6,  Fig. 2. (a) APR 1400 core pressured at 12 hours after the
220 The start time of this leak is at 9.67 hours, where the 265 accident; (b) Core fission power response 12 hours
2zowater and hydrogen (H,) start leaking into the cavity. 266 after the accident.

231At 9.67 hours, the pressure inside the reactor 67

232229 core suddenly drops sharply causing lower head 5. The first phase starts from the beginning of
233230 failure to occur and molten material enters the ,esthe accident until RPV failure occurs, and phase two
2aacavity (Fig. 3(a) and Fig. 3(b)) [17]. An amount of ;s from the time of RPV failure until containment
235148,657 kg of corium was released into the cavity as ,:failure occurs. In phase 1, before RPV failure
2ssshown in Fig. 6. The reactor power behavior curve is ;7,0ccurs at the time of 9.57 hours, the pressure inside
237shown in Fig. 2(b) in a logarithmic scale. After the ;7sthe containment building does not change because
23sreactor is tripped, the power of the reactor core,uthe steam from the POSRV valves is directly
230decreases from 4.230e+9 W to 560e+8 W. At the ,;stransferred to the IRWST tank, and the steam is
2s0moment when failure of the lower head occurs, »snot transferred inside the containment building.
2a1molten corium ejects from the reactor pressure vessel, ,77As shown in Fig. 9, before RPV fails, there are
2a2and the amount of heat production due to decay heat 7sthree peaks on the containment pressure curve.
243inside the reactor core reaches zero. 279During this period, the saturation temperature of
244 For considering high-pressure melt ejection ,sothe steam inside the containment building will
2a5effects on containment pressure, the HPME model in giincrease at 3 points, and the pressure increases
2a6the FDI package is activated in this study, and Direct .s;momentarily. Then due to the existence of leakage in
247Containment Heat (DCH) is considered. DCH [18,11] 2ssthe RPV reactor and hydrogen gas leakage in the
24818 important because core melt ejection occurs at high 2sscontainment, the pressure increases. Lower head
249pressure and there are heat transfers from ejected 2ssfailure occurs at a time of 9.57h. The burning
2soparticulate debris to the cavity pool, containment heat 2sspackage in the MELCOR code shows that in a time
2s15tructures, and atmosphere. The containment pressure 2s70f 9.57 hours as Fig. 5 shows, hydrogen combustion
2s2change is shown in  Fig. 4(a). Containment pressure 2ssoccurs in the control volume of 802, and 3.56 kg of
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2sohydroge gas is burned. As a result of this
290combustion, the pressure and saturation temperature
291inside  the  containment  building  increase
292momentarily (Fig. 4(b) and Fig. 4(c)). In phase 2,
293a huge volume of molten corium and hydrogen gas
204entered into the cavity, and water discharged from
20sIRWST to the cavity for cooling ejected molten
206debris [19]. A substantial amount of corium is
297€jected into the cavity, as can be seen in Fig. 3(a).
20sRCS pressure drops quickly to set point pressure of
209lRWST of 101 KPa. After the lower head failure,
soothe cavity package in the MELCOR code shows that
so1after 9.57 hours, the production of carbon monoxide,
so2hydrogen, water vapor, and carbon dioxide begins.
s0sAt first, the production of carbon monoxide and
soshydrogen gas is larger than other gases. As a result,
sosthe pressure inside the containment building
sosincreases again. At 14.37 hours, the burning package
sozshows that the combustion of hydrogen and carbon
sosmonoxide gases occurs and the pressure increases
soomomentarily. Then, after the second combustion,
31088 shown in Fig. 4(a), due to the continuous
suiproduction of steam and carbon dioxide gas,
siothe pressure inside the containment building
sisincreases. Finally, the containment building will be
s14destroyed in 77.5 hours and radioactive materials
31sWill release into the environment.
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Fig. 3. (a) Total debris mass ejected through vessel breach;
(b) Leakage of water and hydrogen before
RPV destruction.
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Fig. 7. (a) The amount of gas and steam production
in the reactor cavity during the accident; (b) Gas accumulation
in the containment building of the reactor.

373as shown in Fig. 8. Also, MELCOR code calculations
s7ashowed that the amount of steam increases continues
srswhen containment failure occurs (Fig. 7(b)). At this
s7etime, the pressure inside the containment is
srzimmediately reduced due to the crack formation,
srsand this leads to the water evaporation in the heat

37ostructures in the containment building.
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3s7BENCHMARK

388 In this section, some results of two versions of
ssothe MELCOR code are benchmarked. An analysis of
3oothe thermohydraulic responses of the containment for
391an APR 1400 nuclear power plant was conducted using
392MELCOR version 1.8.6. The results show that without
393any containment heat removal and/or a venting system,
s9aand ECCS the containment integrity is maintained for
s9smore than three days (77.57 h) after the initiation of an
396SBO. The results of this study are benchmarked with
so7the results of the study conducted by Vo et al. [4].
398They modeled the station blackout scenario for
399APR 1400 by using MELCOR 2.1. Containment
aoonodalization for that study is shown in Fig. 9.
so1Containment in the previous study is subdivided into
a02two control volumes, but in this study, containment is
s03subdivided into twelve control volumes as shown in
a04Fig. 3. First, in the first 12 hours of the SBO accident,
aosboth versions of the MELCOR code are examined.
a0sln the first 12 hours of the accident, melting of the
ao7reactor core, failure of the RPV, and leakage of the
soscorium into the cavity occur. First, the pressure
aoochanges in the reactor cooling circuit are examined
410[20], which is shown in Fig. 10. The change in cooling
a11circuit pressure in MELCOR version 2.1 is such that
a12the circuit pressure decreases when the pumps stop

Fig. 8. Gas accumulation in the containment building
of the reactor.

After the second combustion, the pressure inside ,13working. The water temperature rises due to the heat
se7the containment building starts to increase steadily. a1aproduced in the core of the reactor and turns into
ses This increase in pressure is caused by the accumulation 4;ssteam. This steam is transferred to the containment
3600f carbon dioxide gas (Fig. 7(a)), which accumulates s16space through the POSRV. This steam transfer by the

the

containment

building  over

time. 417safety valves causes fluctuating pressure changes that

371 The contribution of the accumulation of hydrogen sisoccur in MELCOR version 2.1 between 2 and 6 hours
372gases in the increase in pressure is insignificant, z19and version 1.8.6 between 8 and 10 hours (Fig. 10).
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420By reducing the height of the water level, SIT tanks41MELCOR 2.1 (Fig. 11(c)), the time is approximately
a21inject water into the core of the reactor and increase 46235 minutes and the amount of 2.1e+5 kg of corium
422the pressure and water level in the core of the reactor, ss3enters the reactor cavity. In version 1.8.6, the SIT tank
a23in the MELCOR 1.8.6 model, these tanks transfer ssainjects water directly into the reactor cavity [21,22,23],
a2awater to the reactor cavity. In the cooling circuitssbut in version 2.1, this tank injects water directly into
a2spressure curve of MELCOR 1.8.6, it can be seenasssthe RPV and a higher volume of water from the RPV
azethat the circuit pressure suddenly increases in 8 hours ss7side enters the reactor cavity. The amount of gaon
427(Fig. 10). MELCOR calculations show that the bottom sssin the two versions is quite different. In version 2.1,
azsfailure of the RPV lower head occurs in 6.02 hours in 4ssthe amount of 344542 kg of gas has been produced in
azoversion 2.1 and 9.57 hours in version 1.8.6. Fig. 11(a) 47096 hours, while in version 1.8.6, the amount of 186705

430shows the pressure changes in the reactor containment 47:kg has been calculated (Fig. 12(a)).

s31building. In the MELCOR code version 2.1,
a32the destruction of the containment building takes
szsplace in 84.4 hours, but in the MELCOR 1.8.6,
434the destruction time is 77.56 hours. This difference in
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454 Figures 11(b) and 11(c) show the release of L N R S R ST TR
asscorium and water into the reactor cavity. Almost in 733 Time (hrs)
aseterms of both codes, they are similar. In MELCOR 4s3 ()
484

4571.8.6 (Fig. 11(b), it takes approximately 19 minutes

4ssfrom the moment a crack is created in the RPV body to 10

asothe complete failure of the body, and an amount of
4601.51e+5 kg of corium enters the reactor cavity, but in

486
487
488

Fig. 11. (a) APR 1400 pressure change during SBO scenario;
(b) Mass of corium and water through vessel breach to the
cavity by MELCOR 1.8.6; (c) Mass of corium and water
through vessel breach to the cavity by MELCOR 2.1.[4].
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400000 s19in the containment building, 1816 kg of water
350000 —— MELCOR18 scoevaporates quickly and the amount of steam
200000 soisuddenly increases and is released into the

s22€nvironment.
523

250000

MASS (KG)

200000 524
150000 525CONCLUSION
100000 526 An analysis of the thermal-hydraulic

sorresponses of the containment for an APR1400
senuclear power plant was conducted using MELCOR
490 % 20 40 60 80 100 120 s29version 1.8.6. The modeling results with MELCOR
491 TIME(HRS) 5301.8.6 code have been benchmarked with MELCOR
492 (a) 5312.1. The simulation of the SBO accident for the
493 s532APR 1400 reactor was carried out using
35008+ 533MELCOR 2.1 code by KEPCO. In this research,
: — e 1 s34as indicated in Table No. 1, the time of the accident
00 (= srow] 1 s3sis 500 seconds. However, in Vo et al. [5], the start
2500 - < ssetime of the accident is from time zero, and this
E 1 ssrdifference of 500 seconds is part of the reason for
s3sthe time differences in comparing the results of both
ssostudies. The results show that without any
saocontainment heat removal and/or a venting system,
sa1the containment integrity is maintained for more
E sa2than three days (77.56 h) after the initiation of an
0 20 30 a0 o e 0 an 543SBO. Before RPV fails, steam from the core
498 Time (hrs) sutransfers into the IRWST poolside, and steam
496 (b) sascondensate prevents pressure increases inside the
497 _ _ sascontainment  building. A rapid increase in
408 Fig. 12. (a) masses of gases and steam from the cavity -\ containment pressure occurs when the lower head
499 during an SBO accident; (b) The amount of water vapor f . S
s480f the vessel fails. This is due to the ejection of a

50000

Mass (kg)

= N
a =}
o s}
s] s}
T
1

1000 [-

500 |~

500 in the containment building of the APR 1400 reactor .
501 during the SBO accident. saglarge amount of corium as well as water and steam
502 ssofrom the RPV to the cavity. Selecting the small
503 Table 1. Comparison of calculated values of ssicontrol volumes directly affects the duration of
204 MELCOR 1.8.6 and 2.1. sszcontainment  integrity against pressure increase.
Parameter Unit MELCOR186 MELCOR21 553During 14.37 hours, the pressure of the containment
nitiation of SBO  second — 00 ssabuilding increases momentarily due to the
RPV failure hour 057 5 63 ssscombustion of hydrogen and carbon monoxide.
Start of gas sselt  mitigates the sharp increase in containment
generation inthe  hour 10.0 6.00 ss7pressure. During the later phase of an accident, the
cavity ssscontainment pressure increases gradually due to the
Start of SIT .
injection hour 10.0 6.00 ssogeneration of steam and non-condensable gases and
fCQIntamment hour 757 84.14 sowater evaporation. The total mass of steam and
arfure se1gases in the containment from these processes is
506 H
. . secabout 209,768 kg. The calculation results of
507 Figure 12(b) shows the amount of steam in the «sMELCOR code 186 were benchmarked with

soscontainment building from the time of the SBO
soeaccident to the destruction of the containment
siobuilding. It can be seen that during the destruction of
si1the RPV, that is, in 9.57 hours, an amount of 3118
s12kg of steam enters the containment building. Its

seaversion 2.1. The comparison of the results is given in
se5 Table 1. The results show that the two versions have
seea large difference in calculating the time of
se7zphenomena. For example, the failure time of the

td icklv b ¢ of the st s6sRPV, which took 9.57 hours to be destroyed in
s1samount decreases quickly because part of the steam . .o o 1,86, but in version 2.1, this value is

514turrg§ 'rt‘to I'?u'd do'? thfhheat sylrug;[ures ?ndl thel Other 596 hours. Between these two versions of the
sispart is transferred to other available control volumes. " \\c) ~OR code, there is a time difference of

516AlS0, during the demolition of the containment, .. imately 3.5 hours in the calculation of the

si7building, bthe amoq;;[ ﬂ?f v;j/atetr_ va;;otrh suddenly __qestruction time of the reactor's metallic RPV.
sisincreases because with the reduction of the pressure | tiic ™ itterence can be caused by the way
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s7scontainment is divided in both research. In thisezs
s7eresearch, the containment building is divided into s29
57712 control volumes, and in each of these control e30
s7svolumes, steam and gas released from the accidentss:
sreare spread and the pressure inside the containment, 3
ssotakes a longer time to reach the breaking point.
se1This difference in the time of destruction of the
sszmetal RPV can be caused by the nodalization of the
sssreactor core and the newer update in the MELCOR
s842.1 code. It can also be seen in version 1.8.6 that the 636
sgsreason for the increase in pressure in the building is 37
ss6t0 control the accumulation of carbon dioxide gas, 638
ss7but in version 2.1, the accumulation of steam is ..,
sssthe main reason for the increase in pressure.,,
ssoThe calculations related to the amount of corium,,
soomass in the two versions of MELCOR are,,,
so1significantly different, around 41 %. As can be seen,,
s92in Table 1, the calculated mass of corium entering
sesthe reactor cavity is 148,000 kg in MELCOR 1.8.664410.
sosand 210,000 kg in MELCOR 2.1. This difference 64
s95can be caused by the volume of the reactor core and 4,511,
sosthe modifications made in the reactor core model in,,
so7MELCOR 2.1. According to the updates made in
s50sMELCOR 2.1, it is recommended to use this version 22‘212'

s99t0 perform accident simulations.
600 65013.
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