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ABSTRACT 

A MELCOR model of the Fukushima Daiichi unit 2 accident was created in order to get 

a better understanding of the event and to improve severe accident modeling methods. The 

measured pressure and water level could be reproduced relatively well with the calculation. 

This required adjusting the RCIC system flow rates and containment leak area so that a good 

match to the measurements is achieved. Modeling of gradual flooding of the torus room with 

water that originated from the tsunami was necessary for a satisfactory reproduction of the 

measured containment pressure. The reactor lower head did not fail in this calculation, and all 

the fuel remained in the RPV. 13 % of the fuel was relocated from the core area, and all the 

fuel rods lost their integrity, releasing at least some volatile radionuclides. 

According to the calculation, about 90 % of noble gas inventory and about 0.08 % of 

cesium inventory was released to the environment. The release started 78 h after the 

earthquake, and a second release peak came at 90 h. Uncertainties in the calculation are very 

large because there is scarce public data available about the Fukushima power plant and 

because it is not yet possible to inspect the status of the reactor and the containment. 

Uncertainty in the calculated cesium release is larger than factor of ten. 

1 INTRODUCTION 

A severe accident occurred at Fukushima Daiichi nuclear power plant units 1, 2 and 3 in 

2011. The events started with an earthquake at 14:46 Japanese time on March 11, causing a 

loss of offsite power. About 55 minutes later a tsunami inundated the site, submerging the 

emergency diesel generators and much of the emergency power distribution systems, causing 

a total station blackout. 

The Fukushima accident was the world’s first severe accident in a BWR. Even though 

unfortunate, the accident offers a unique opportunity for learning. Current understanding of 

severe accident phenomena, especially related to BWRs, is based on small-scale experiments. 

With the help of information from the Fukushima accident, computer models of severe 

accidents can be tested, improved and validated. 

Chapter 2 of this paper describes the first version of VTT’s MELCOR [1] model of the 

Fukushima Daiichi unit 2 accident. The unit 1 accident has been calculated earlier [2]. The 

model is based on information that was publicly available in May 2013. It is intended to 

update the model when more plant data becomes available. Chapter 3 presents results of the 

calculation. The calculated water level and pressure are compared with the measurements. All 

pressure values in this paper are absolute pressure, unless otherwise mentioned. 
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2 MELCOR MODEL 

This chapter describes general aspects of the MELCOR model. Plant data for the model 

was collected from publicly available documents. The most important data source was the 

Fukushima information portal [3] and the links to the investigation reports provided there. 

Much plant data was found in TEPCO publications [4]. Missing pieces of plant data were 

taken mainly from the Peach Bottom plant in the United States [5]. While similar to the 

Fukushima plant, Peach Bottom is larger: its electric power is 1 112 MW, compared with 

784 MW at Fukushima unit 2. Therefore the Peach Bottom data could not be used directly, 

but it required some scaling, which inevitably increases uncertainties. 

The average sea level was set as elevation zero in the model, and all elevations in this 

paper are referenced to that. The ground level at the plant site is +10 m, and the bottom of the 

reactor pressure vessel (RPV) is at +14.32 m. The MELCOR best modeling practices [6] were 

mostly followed. The most significant deviation from the best practices is that the 17th 

radionuclide class Cs2MoO4 was not used. The cesium molybdate class is not yet part of 

MELCOR’s default settings, and using it would require considerable amount of manual work. 

Further, the importance of the Cs2MoO4 in severe accidents is still being debated. The 16 

default radionuclide classes were used, with combination of Cs and I to CsI upon release. 

2.1 Reactor 

15 axial levels and 5 radial rings were used in the core model. The nodalization is 

illustrated in Figure 2 in chapter 3. The active core is located at axial levels 6 to 14. Non-

uniform nodalization with thinner levels at the top and bottom of the active core was used 

because the axial decay power distribution changes steeply at the bottom and top parts of the 

core but is quite stable at the central part. This allows more accurate modeling of the power 

distribution with only 9 axial levels in the active core. The active core was divided into four 

radial rings. The first three rings contain 144 fuel assemblies each. The rest 116 assemblies at 

the periphery of the core, which have very small decay heat power, were modeled as the 

fourth ring. The fifth ring represents the region below the downcomer. The decay heat power 

was taken from TEPCO’s Origen calculation [7]. 

The mass of UO2 in the core was 106 600 kg. The total zirconium mass in the core 

model was 48 410 kg. This was calculated from the geometry of the cladding and the fuel 

assembly channel boxes, using MELCOR’s default zirconium density, 6 500 kg/m
3
. The 

uncertainty in the zirconium mass is significant because dimensions of the Fukushima channel 

boxes were not found in any public documents. The Peach Bottom channel box dimensions 

[5] had to be used as an approximation. 

The volume inside the RPV was modeled with 11 control volumes. Each of the four 

rings in the active core was modeled as a single control volume, and the core bypass formed 

one control volume. Dimensions of several components in the RPV were not found in any 

public documents. Therefore many of the dimensions had to be estimated based on the Peach 

Bottom reactor [5]. The total modeled fluid volume in the RPV is 418.7 m
3
. This number has 

some uncertainty due to lack of Fukushima plant data. In addition to the 11 volumes in the 

RPV, the two recirculation lines were modeled with two control volumes in each and the four 

steam lines were modeled as two control volumes. 

2.2 Containment and Reactor Building 

Gas volume of the containment was 7 400 m
3
, and the wetwell water volume was 

2 980 m
3
. The containment was modeled with six control volumes (Figure 1). Stratification of 



404.3 

the wetwell water is expected when steam is discharged to the pool. Modeling of the 

stratification is difficult with a lumped parameter code. A simplified approach was used in 

this model. The wetwell was divided into two control volumes, bottom and top. These 

volumes were connected with a vertical flow path. This model alone would cause complete 

stratification. To avoid this, an imaginary horizontal heat structure was placed between the 

bottom and top parts of the wetwell. The code calculates convection heat transfer from the top 

volume to the heat structure and further from the structure to the bottom volume. This 

modeling approach has not been validated with experimental data, but it gives a reasonable 

intermediate between complete mixing and complete stratification and requires only two 

control volumes. Submergence depth of the safety relief valve (SRV) exhaust pipe is 

unknown. In the model it was placed to the same elevation as the RCIC (Reactor Core 

Isolation Cooling) exhaust pipe. This uncertainty has an effect on the stratification and on the 

scrubbing of fission products in the wetwell water. 

 
Figure 1: Nodalization of the containment and reactor building. 
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The reactor building was modeled with four control volumes. Decay heat in the spent 

fuel pool, 620 kW, was added as an enthalpy source in the water. The environment was 

modeled as a time-independent control volume at 0.1013 MPa and 5 °C. 

It was assumed that containment leakage location is at the drywell head, so that the 

leaking gases flow to the reactor hall. It is possible that there was some leakage through 

containment penetrations to lower parts of the reactor building, but such leaks were not 

included in this first version of the model. Since contaminated water has been observed in the 

lowest parts of the reactor building and turbine building, it is possible that some of the water 

injected into the reactor may have leaked to the reactor building. Location and timing of such 

water leaks is unknown, and hence they were not included in this first version of the model. 

During the first 90 h the containment leak area was modeled as increasing linearly as a 

function of pressure. The area was defined so that it gives a typical leak rate of 0.5 % of 

containment free volume per day at the design pressure of 0.48 MPa. The measured pressure 

stabilized at slightly over 0.7 MPa for a long time, which indicates that the containment 

leakage increased at this pressure level. In the model the leak area was increased steeply when 

the pressure exceeded 0.71 MPa. At around 90 h the measured containment pressure started to 

decrease. This was interpreted as increased leakage from the containment, and it was modeled 

by using a constant leak area of 20 cm
2
 after 90 h. 

The plant workers have reported water flooding next to the torus room during the 

accident. This water probably came from the tsunami, entered the basement of the turbine 

building and gradually flooded the torus room through narrow flow paths. Water entering the 

torus room can remove heat from the wetwell by conduction through the wetwell wall. 

If the accident is modeled with a dry torus room and 0.5 %/d leakage at design pressure, 

the containment pressure is overestimated very significantly. Assuming a dry torus room and 

a large leak from the containment, the pressure until 80 h could be reproduced well, but then 

the pressure increase after 80 h would be underestimated. For a satisfactory match between 

the calculated and measured containment pressure, it was necessary to model flooding of the 

torus room. A relatively good match to the measured pressure was obtained by using torus 

room flooding rate of 8 L/s, starting at 10 h and ending at 75 h. 

Leak paths between the reactor building and the environment are unknown, but in the 

model two 10 cm
2
 flow paths were used, one from the first floor and one from the reactor hall. 

During the accident the blowout panel at the wall of the reactor hall opened. This was 

modeled as an additional 1 m
2
 flow path from the reactor hall to the environment. 

2.3 Water Injection to the Reactor 

The RCIC system provided cooling for the reactor for about 66 h. The RCIC turbine is 

driven by steam coming from the steam line. The exhaust steam is discharged to the wetwell. 

The turbine drives a pump that pumped water first from the condensate storage tank (CST) 

and later from the wetwell to the reactor downcomer. In the model the flow velocities of the 

RCIC system were controlled with tabular functions so that a good match to the measured 

reactor pressure was achieved. Enthalpy loss of steam in the RCIC turbine and enthalpy gain 

of water in the RCIC pump were taken into account. 

After the loss of DC power the RCIC system was operating without control. It is 

assumed that the water level in the reactor reached the steam line elevation and caused 

flooding of the RCIC turbine. The two-phase flow through the turbine probably reduced the 

pumping power of the system, so that it self-regulated the flow rate and kept the reactor water 

level at the steam line elevation. There is no test data about operation of the RCIC system 
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under two-phase flow, so its mechanistic modeling is not possible. Therefore the model was 

tuned so that it keeps the reactor water level at the steam line elevation and gives a good 

match to the measured reactor pressure. 

The seawater injection to the reactor started through the core spray system 77 h 8 min 

after the earthquake. The specified discharge pressure of the fire engine was dpmax = 

0.85 MPagauge and the specified maximum discharge rate was 2.8 m
3
/min = 47 L/s [8]. The 

same fire truck was pumping into both units 2 and 3. It is unknown, how the simultaneous 

injection into two units affects the pump curve, but in the model it was taken into account by 

halving the maximum discharge rate to Vpzero = 23.5 L/s. The pressure head dp of the pump as 

a function of volumetric flow rate Vdot was modeled with the parabolic curve: 

        √  
    

      
. (1) 

Pressure losses in the injection line are unknown. In the model they were calculated 

based on the assumption that the length of the injection line is 100 m and inner diameter 

10 cm. Temperature of the seawater was assumed to be 10 °C. The start of the flow path was 

placed to elevation 10 m because the fire truck was standing at ground level. The end of the 

flow path was placed to elevation 24 m, just above the core. The pressure head caused by the 

elevation difference is 0.14 MPa. 

3 RESULTS 

The calculations were made with MELCOR 2.1 revision 4803. Timing of major events 

in the calculated accident progression is shown in Table 1. 

Table 1: Accident timeline. 

Date and time
Time after 

earthquake
Event

11 March, 14:46 0
Earthquake, reactor scram, loss of offsite power, closure of main 

steam isolation valves, start of emergency diesel generators

Intermittent RCIC operation to cool the core

11 March, 15:41 55 min Tsunami, loss of AC and DC power

RCIC operating without control

12 March, 4:40 13 h 54 min Switch RCIC pump suction from CST to wetwell

12 March, 15:36 24 h 50 min Assumed opening of reactor building blowout panel

14 March, 9:00 66 h 14 min RCIC pump stop

14 March, 17:30 74 h 44 min Water level below top of active fuel

14 March, 18:00 75 h 14 min SRV opened

14 March, 18:24 75 h 38 min Water level below bottom of active fuel

14 March, 19:25 76 h 39 min Cladding temperature 900 °C in core ring 1, gap release

14 March, 19:43 76 h 57 min Control rods start to collapse

14 March, 19:54 77 h 8 min Start of seawater injection

14 March, 20:11 77 h 25 min Channel boxes start to fail

14 March, 20:32 77 h 46 min SRV closed

14 March, 21:18 78 h 32 min SRV opened

14 March, 22:22 79 h 36 min Fuel rods start to collapse

15 March, 0:05 81 h 19 min SRV closed

15 March, 1:06 82 h 20 min SRV opened

15 March, 8:46 90 h Major leak from drywell assumed

15 March, 13:08 94 h 22 min Water level above top of active fuel

16 March, 5:46 111 h End of MELCOR calculation  
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State of the reactor at three instants of time is illustrated in Figure 2. In the first picture 

fuel rods in five levels in the first ring have collapsed. In the second picture the debris is at the 

bottom of the RPV and the water level is at its lowest value. In the third picture the core has 

been reflooded. According to this calculation, most of the fuel rods are still standing and only 

13 500 kg of UO2 has relocated from the core area. This is 13 % of the total fuel mass. The 

calculation gives 980 kg hydrogen generated during the accident. 43 % of zirconium mass 

was oxidized. The calculated hydrogen concentration in the reactor building exceeded the 

flammability limit, but the steam concentration was much above 55 %, preventing 

combustion. Unit 2 was the only one of the Fukushima Daiichi units that did not suffer a 

hydrogen explosion in the reactor building. 

     
Figure 2: State of the reactor at three instants of time: 79 h 38 min, 90 h and 95 h. 

The calculated water level in the reactor is compared with the measurement in Figure 3. 

The measurement system had been calibrated for different pressure and temperature than 

those that prevailed during the accident. The figure shows the data corrected by TEPCO [3], 

taking into account the actual pressure and temperature conditions during the accident. Until 

68 h the measured water level is at the elevation of the reference leg that is used for 

measuring the water level, even though there is no mechanism to maintain the water at this 

level. The measurement system is not able to measure the water level above the reference leg 

elevation. Therefore the actual water level was probably higher than measured during this 

period. When the water level reaches the steam line elevation, it flows to the RCIC turbine. 

Therefore it is probable that the water level remained at the steam line elevation when the 

measured level was at the reference leg elevation. This is indicated in the figure by the error 

bars that extend to the steam line elevation. The data in the figure ends at 78 h. There are 

some scattered measurement points after this time, but they are considered unreliable due to 

reference leg boiling. 

The RCIC pump was stopped at 66 h 14 min in the calculation, and this gave a very 

good match to the measured water level decrease. The seawater injection started at 

77 h 8 min, but little water was injected because the reactor pressure was too high. The water 

level started to increase rapidly after 90 h when a major leak from the drywell was assumed, 

in accordance with the decrease of containment pressure. The decreasing pressure in the 

reactor allowed increased sea water injection rate with the fire engine. The core was at least 
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partly uncovered for a period of about 20 h. After 98 h the water level stabilized at the steam 

line elevation, and the injected water flowed from the steam line through the SRV to the 

wetwell. There may have been leaks in the reactor coolant system at this time, but they were 

not modeled because existence and location of such leaks is unknown. 

 
Figure 3: Water level in the reactor. 

The calculated reactor pressure is compared with the measurement [3] in Figure 4. The 

good match during the RCIC operation is a result of manual adjustment of the RCIC turbine 

flow rate in the model. At 75 h 14 min the operators opened a SRV and depressurized the 

reactor. After this there are some fluctuations in the pressure, probably related to SRV closing 

and reopening, dropping of hot debris into water, and reflooding of an overheated core. 

 
Figure 4: Reactor pressure. 
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The calculated drywell pressure is compared with the measurement [3] in Figure 5. The 

good match is the result of manual adjustment of the containment leak area and the flooding 

rate of the torus room with seawater from the tsunami. The calculated containment pressure 

increases at 75 h 14 min when the reactor was depressurized. For some reason the measured 

pressure begins to increase several hours later. Some of the measurement points during this 

period may be erroneous, considering that the measured reactor pressure was much higher 

than the containment pressure between 75 and 78 h, even though the SRV was open. 

 
Figure 5: Pressure in the containment drywell. 

The fission product release to the environment started 78 h after the earthquake, when 

the calculated containment pressure reached high values and the leak rate increased. Another 

release peak came at 90 h, when the containment pressure started to decrease, probably due to 

increased leakage. According to the calculation, about 90 % of noble gas inventory and about 

0.08 % of cesium inventory was released to the environment. Uncertainty in the cesium 

release is estimated to be larger than factor of ten. 

4 CONCLUSIONS 

A MELCOR model of the Fukushima Daiichi unit 2 accident was created. The model is 

based on plant data that was publicly available in May 2013. This is the first version of VTT’s 

unit 2 MELCOR model. Due to missing pieces of plant data, uncertainties in the calculation 

are very large. It is intended to update the model when more data becomes available. 

The measured containment pressure during the RCIC operation is much lower than 

expected. Reproducing the measured pressure behavior requires additional assumptions: 

either a large leak from the containment, or flooding of the torus room with water that is 

supposed to be originated from the tsunami. The large leakage assumption would seriously 

underestimate the containment pressure after 80 h. A much better match between the 

calculation and the measurement was obtained by assuming that the wetwell wall was cooled 

from the outside by seawater. This assumption is supported by worker reports that flooding 

was observed next to the torus room during the accident. 
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The measured pressure and water level could be reproduced relatively well with the 

MELCOR model. This required adjusting the torus room flooding rate, containment leak area 

and RCIC system flow rates so that a good match is obtained. The RPV lower head did not 

fail in this calculation, and all the fuel remained in the RPV. Only 13 % of the fuel mass was 

relocated from the core area, but all the fuel rods lost their integrity, releasing at least some 

volatile radionuclides. It is not yet possible to verify this result because TEPCO has not been 

able insert a camera into the reactor. According to the calculation, about 90 % of noble gas 

inventory and about 0.08 % of cesium inventory was released to the environment.  
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