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ABSTRACT 

Core debris behaviour in the Nordic BWR lower head was investigated 
numerically using MELCOR and MAAP4 codes. Lower head failure due to 
penetration failure was studied with more detailed PASULA code taking 
thermal boundary conditions from MELCOR calculations. Creep rupture 
failure mode was examined with the two integral codes. Also, the 
possibility to prevent vessel failure by late reflooding was assessed in 
this study. 

1 INTRODUCTION 

The objective of this study is to investigate numerically how and when 
core melt migrates into the pressure vessel lower head, what is the 
temperature and the chemical composition of the melt and in what form 
(melt pool/ rubble bed) does the corium reside in the lower head. 
Furthermore, this investigation addressed the coolability of the debris 
in the lower head by reflooding and, finally, if the debris was not 
predicted to be coolable, what would be the failure mechanism of the 
lower head. 

2 TECHNICAL APPROACH 

The issue was investigated by performing plant calculations for typical 
ABB Atom type of BWR with MAAP4 and MELCOR1.B.3 computer codes. The more 
detailed Lower Plenum Debris Bed model (i.e. BH package) was activated in 
MELCOR code. The thermal response of lower head penetration~were further 
assessed by performing separate thermal analyses with PASULA code using 
MELCOR results for debris bed composition and thermal history as boundary 
condi tions [1]. 

PASULA is a common name for the group of heat conduction and structural 
analysis programs developed at VTT Energy. Heat conduction and convection 
analysis codes for two- and three-dimensional cases are based on the 
finite difference and control volume method. The codes are non-linear and 
take into account phase changes and latent heat. A new model for 
calculation of the effective heat conductivity in a porous or granular 
material was developed for the PASULA. 

The base accident scenarios were station blackout with (low pressure 
case) or without (high pressure case) successful depressurization of the 
reactor coolant system. A number of sensitivity runs were performed with 
MELCOR and MAAP4, varying e.g. debris particle diameter and initial 
debris porosity. Reflooding and coolabili ty of a dry debris bed was 
investigated by varying the timing of reflood and the water injection 
rate. The reactor pressure vessel failure was studied both in case of 
instrument tube failure and in case of lower head failure by creep 
rupture. 

Table 1. Parameter variations for MELeOR and MAAP analyses 
PARTICLE SIZE POROSITY START OF REFLOODING REFLOOD CAPACITY 
[MM] [KG/S] 

MELCOR 2.0, 5.0, 10.0 0.3, 0.45 1 min 136 min after lower head 45.0, 340.0 
dryout 

MAAP 0.9, 1.8, 3.6 0.3, 0.4 6 33 min after lower head dryout 45.0 
34-44 min after lower head dryout 485.0 

1 VTT Energy, P.O.Box 1604, FIN-02044 VTT, Finland 
Vattenfall Energisystem AB, P.O. Box 528, S-16216 Stockholm, Sweden 
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3 RESULTS 

In the MAAP4 analyses only creep rupture was considered since the MAAP4 
model on instrument penetration ejection is not valid for the ABB 
penetrations. In general MELCOR/ BH model predicted considerably longer 
time to creep rupture than MAAP4 and the failure location in MAAP4 
analyses was near the bottom center of the lower head, whereas MELCOR/BH 
model predicted the creep rupture to occur closer to the junction of the 
cylindrical and hemispherical parts of the lower head. The major reason 
to the differences is the different assumed layering of core material in 
the two codes, MAAP4 assumes oxides at the bottom and the BH model 
assumes oxides or mixture on the top. . 

3.1 Lower Head Penetration Failure 

The core debris was only cooled, not quenched, during migration through 
the lower plenum water pool in the low pressure cases. The debris to 
coolant mass ratio was smaller in the high pressure cases and thus better 
quenching was achieved during fall down of material from the support 
plate. The BH package model is based on an assumption that debris is 
fragmented during relocation from the core region into the lower head. 
Due to this model all MELCOR and PASULA investigations address. the 
thermal behaviour of structures in a granular debris bed. 

The BH model in MELCOR is initiated after the lower head dryout. The 
particulate debris bed is arranged into three debris layers (two bottom 
most are depicted in Fig. 1). The heights of the debris layers vary with 
time. 

If none of the lower head failure modes (instrument tube Iailure, wall 
ablation or creep rupture) was precluded in MELCOR/BH model, the lower 
head failure occurred by instrument tube failure in multiple locations in 
the middle of the debris bed. MELCOR predicted that the instrument tubes 
will fail due to melting 780 s after lower head dryout in the base low 
pressure case and 4600 s after lower head dryout in the base high 
pressure case. 

The reduction of debris porosity in MELeOR accelerated the debris 
temperature escalation and the instrument tube failure occurred earlier 
in the high pressure cases. However, the reduction of debris bed porosity 
delayed the instrument tube failure in the low pressure cases. The main 
reason for this was that in case of lower porosity only part of the core 
material relocated into lower head prior to the lower head dryout and 
thus the debris bed was better cooled at the initiation of BH model. The 
initial conditions of the lower head model are sensitive to melt 
progression in the core region and especially to the controlling 
parameters of the support plate failure. 

The particle size affected also the instrument tube failure time. With 
the larger particles (1 cm) the time gap from lower head dryout to 
instrument tube failure was doubled in comparison to the case with 5 rom 
particles. 

Reflooding of lower head debris bed after lower head dryout and 
initiation of BH model could not prevent the failure of instrument tubes, 
on the contrary it made the instrument tubes fail earlier than -in the dry 
bases cases. The reason for fast temperature rise in the debris bed was 
Zr oxidation. Augmentation of reflooding capacity from 45 kg/s to 340 
kg/s enhanced the oxidation and caused· an even earlier instrument tube 
failure. The oxidation was efficient independent of the selected particle 
size. 
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A thermal analysis of the instrument tubes was also carried out with 
PASULA code for low pressure case. Both instrument tube and'control rod 
penetrations were investigated. The thermal history of the bulk debris 
was taken from MELeOR and given as input to PASULA. The composition and 
temperature dependent debris material properties and porosities 
calculated by MELeOR were translated to be functions of time for PASULA 
input. PASULA code calculated the thermal behaviour of the penetration 
structures and the heat transfer processes in the narrow -interfacial" 
porous debris layer surrounding a penetration. The heat transfer from the 
interface layer to the tube structure was defined by a calculated 
effective heat transfer coefficient taking into account radiation between 
the particles and steam conductivity in the interstitial space between 
the debris particles. A small contact area of the particles was also 
taken into account. 

The PASULA calculations were performed for instrument tubes and control 
rod guide tubes residing at three different locations in the lower head 
(Fig. 1). According toPASULA calculations, the lower head failure would 
occur most likely due to instrument tube weld failure at the outer ring 
(2,4) of the lower head about 4000 s after lower head dryout. The 
supporting welds of the instrument tubes in the centre of the lower head 
(2,1) would fail due melting in about 5000 s at an elevation of about 1 m 
from the bottom wall. However, it is likely, that the debris pouring into 
the flow channel freezes and blocks the channel before discharging out of 
the vessel. The control rod nozzles would also lose strength at about 
4000 s after lower head dryout near the periphery of the lower head. The 
control rod guide tubes are supported from outside the vessel by a common 
tie plate, and the simultaneous failure of a few control rod tubes would 
not lead to tube ejections and debris discharge out of the vessel. 

t 
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Fig. 1. Lower head nodalisation in MELeOR and three locations for 
analysed penetrations. 

3.2 Lower Head Creep Rupture Failure 

Both MELeOR and MAAP4 codes were applied to investigate the creep rupture
failure of the lower head. The instrument tube failure was precluded by 
setting of an input parameter. The key results of the creep rupture 
failure studies are summarized in Table 2. 
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Table 2. Key results of MELeOR and MAAP4 calculations with only creep 

rupture failure mode enabled. 

Case Low pressure case Low pressure case High pressure High pressure case 

No reflooding Reflooding case Reflooding 
No refloodinl;l 

MELCOR MAAP4 MELCOR MAAP4 MELCOR MAAP4 MELCOR MAAP4 

Particle size 
(nun) 5 3.6 5 1 5 3.6 5 3.6 

Porosity 0.45 0.4 0.45 0.4 0.45 0.4 0.45 0.4 

Support plate 
failure (min) 326 84 326 84 177 101 177 101 

Lower head 
dryout (min) 348 158 348 133 199 167 199 167 

Start of 358, 139, 233, 211, 

reflooding (min) - - 45 kg/s 485 kg/s - - 45 kg/s 45 kg/s 

RPV creep 
rup_ture (min) 676 274 585 - 394 221 366 223 

Time between LH 
dryout and creep 5.5 h 109h 4.0 h - 3.2 h 54 min 2.8 h 50 min 

rupture 
Zr oxidation 
fraction 16.6 % 16.4 % 67.5 % 15.6 % 56 % 22.9 % 88 % 22.9 % 

In the MELCOR calculation the debris bed resumed the heat up after the 

lower head dryout. Steel components in the debris bed melted and moved 

downwards reducing porosity of the bottom layer. Temperatures of the 

lower head wall and the baffle plate structures increased leading to 

melting and relocation of the shroud structures. In the base case the 

reactor pressure vessel was predicted to fail 5.5 h after .lower head 

dryout due to creep rupture in wall node 16 at the average nodal wall 

temperature of 1696 K. The debris bed temperatures and porosities just 

before local creep rupture are shown in Figure 2. 

For MAAP4 the first relocated debris batch from the core region was 

assumed to fragment. The following material batches did not experience 

total fragmentation and the melt formed crusts on the equipment and on 

the RPV wall instead. About 50 minutes later steel structures melted and 

formed a metal layer on top of the upper crust of the·ceramic melt pool. 

The particulate debris bed resides on top of the metal layer. At 1.9 

hours after LH dryout the RPV wall failed by creep rupture in the 

lowermost node. The temperatures in the lower plenum at the time of 

vessel failure are shown in Figure 3. 

For the high pressure cases the creep rupture occurred earlier and the 

MELCOR and MAAP4 predictions agreed better in general. The debris 

temperature was lower and the porosities were higher at the time of creep 

rupture. Figs 4 and 5 illustrate the debris temperatures predicted by 

MELCOR and MAAP4, respectively, prior to the creep rupture. 

According 
head does 
occurred. 
injection 

to the MELCOR model, the reflooding (with HPCI system) of lower 

not prevent creep rupture, if a lower head dryout has once 

The maximum debris temperature increased inspi te of coolant 

in low pressure case (Fig.6). 

In the case of late reflooding the porosities of MELCOR layers 1 and 2 

were almost zero and water could not sufficiently penetrate the debris 

bed to cool the corium. In the case with early lower head reflooding the 

porosities of the debris bed were high enough for water to penetrate the 

porous bed, but the evaporation driven oxidation in the debris bed (800 

kg of hydrogen was produced in 18 minutes) released more heat than was 

transferred to coolant. Again material mel ted and porosities in the 

layers 1 and 2 were reduced to zero and entrainment of water was stopped. 

The only case, where MELCOR predicted coolability was in high pressure 

case if the water injection was initiated 1 minute after the dryout, when 

the debris temperature was well below the starting temperature of the 

rapid oxidation (Fig. 7). 
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Fig.2. Lower head temperatures at 
creep rupture. Wall temperature is at 
the inner surface. MELCOR 
calculation. Olkiluoto low pressure 
case. 
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Fig.4. Lower plenum temperatures 
in Olkiluoto high pressure case at 
creep rupture. MELCOR calculation. 
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ODS! Lengths and thicknesses not 
proportional! 

PARTICLE BED 1723 

Fig.3. Lower head temperature at 
creep rupture. MAAP4 calculation. 
Forsmark 3 low pressure case. 

Temperatures in Kelvin [K] 

OBS! Lengths and thicknesses not proportional! 

PARTICLE BED 1832 

Fig.S. Lower plenum temperatures in 
F3 high pressure case at creep 
rupture. MAAP4 calculation. 



Q" 
WI 

g ... 
~ 
i-:! 
w 

~ 

3 • 2 WAXIIoCUM DEBRIS T[WPERA ME IN LOWER HEAD 

3.0 

2.8 

2.6 

2.-4 

2.2 

2.0 

1.8 

1.6 

'1.-4 
a 

Creep rupture 

,," - - - - - - - - - - - - - ," Creep 

i "", rupue 

I "" 
I " 
I " 
I -' 

I 
I 
I 
I 
I 
I 
I 
I 
I 

-- No .. flood 

----- Roflood at U& min 

- - - Reflood at 11 min 

50 100 150 200 250 300 350 

nt.IE FROM LH DRYOUT. (mfn) 

TVO low presswe Casl, no penetrations 
Portlcle slze= 5 mm, poroslty=O.45 

Fig. 6. Maximum debris temperature 

in the lower head. MELCOR calculation. 

Olkiluotolow pressure case. 

hlAXlhlUt.4 DEBRIS TEt.4PERA TURE IN LOWER I£AD' 

3.25 r.=~==~=i==~~~~~~-r--r--. 

3.00 

2.75 

2.50 

:1 2.25 
$i! 

:; 2.00 

~ 
~ 1.75 

~ 1.50 

1. 25 

1.00 

-- No .. flood 

----- R.flood at I min 

- - - R.flood CIt 34 min 

, , 
J 

, 
0.75 \~, 

\_------- .~-- .... ---~~!.~---o . 5 0 '---'--:--'---'_.....L-_..L----'_ ......... _.L--'-'-~ 

o 40 80 120 160 200 

TIW£ F"ROIoI LH DRYOUT (min) 

TVO hIgh pressure case, no pll'letrotiol'l$ 
Particle sl%l= 5 mm, poroslty=O.4S 

Fig. 7. Maximum debris temperature 

in the lower head. MELCOR calculation. 

Olkiluoto high pressure case. 

In the respective MAAP4 calculations for Forsmark 3 the reflooding mass 

flow rate was higher, 485 kg/s, compared to MELCOR calculations 

(45 kg/s). The debris configuration was easily coolable according to 

MAAP4, because the refloodingwater could cool both the lower debris and 

the RPV wall due to the assumed gap between the lower debris crust and 

the RPV wall. 

4 DISCUSSION OF RESULTS 

The experimental data and also the performed code calculations suggest 

that the debris is, to significant extent,. fragmented and cooled during 

the fall down from the support plate to the lower head. Large differences 

between the code models exist in the formation of the lower head debris 

bed. The order in which the different materials relocate from the support 

plate determines the composition of the debris bed. 

The instrument tube failure seems to be the first option for the failure 

of an ABB Atom reactor vessel bottom head. The time for penetration 

failure after lower head dryout is around 1 hour in case of particulate 

debris. If a large mass of melt pours rapidly into the lower head with 

enough super heat to make a smooth contact with the penetration tube, the 

expected failure time would be reduced by factor of ten [2]. 

The creep rupture failure times of the lower head for the MAAP4 and 

MELCOR calculations are very different. The lower head debris bed has 

different composition and state of material in the two codes. Major 

differences were encountered in the models of debris coolability. MAAP4 

model is based on an assumption that in presence of water a narrow gap 

forms between the lower crust and the RPV wall. Coolant is assumed to 

penetrate into the gap and provide an efficient cooling mechanism for the 

debris bed. MELCOR does not take credit of a gap cooling model. Another 

important model difference is that MAAP does not account for any 

oxidation in the lower head debris bed, while in MELCOR calculations the 

oxidation of particulate debris during reflooding seemed to be the major 

driving mechanism for further heatup. 
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Rempe et al. estimate in their comprehensive late phase melt progression 
study [3] that the lower head pool boiloff time would be -1-6 hours in 
BWRs. MELCOR calculations for Olkiluoto resulted in boiloff times of 21 -
47 minutes and MAAP4 calculations for Forsmark 3 predicted boiloff times 
of 36 min -' 1.7 h. They also conclude that peak vessel temperatures in 
uniform metallic or ceramic debris beds occur at the bottom, near the 
debris/vessel wall surface. In stratified debris beds the locations of 
peak vessel temperatures vary during the transient and tend to occur 
higher at the debris/wall interface, near the point where the skirt 
attaches to the vessel. This result agrees with the MAAP4 and MELCOR 
predictions. 

The BWR high pressure scenario analysed in [3] resulted in creep rupture 
after 3.7 hours, when wall internal temperature was 1210 K. The result of 
MELCOR/BH calculation of Olkiluoto high pressure scenario (without tube 
failure) is in rather good agreement with it (creep rupture at 3.3 h, 
internal wall temperature 1060 K). In the respective MAAP4 calculation 
the creep rupture occurred significantly earlier , in 54 minutes at the 
wall temperature - 1300 K. 

The key uncertainties identified in the presented analyses are: 

1.Initial quenching fraction of debris, when slumping into lower head 
water pool. 

2.Corium flow from the reactor pressure vessel through a failed 
instrument tube. Formation of a blocking crust is highly dependent 
on the flow characteristics and the initial hole size. 

3.Coolability of particulate debris bed in the lower head by 
reflooding. There is scarce information about the oxidation' in a 
rubble bed and its effects on thermal response of lower head. Also 
the gap formation between the debris bed and the lower head wall and 
its cooling capacity still needs further demqnstration. 

5 SUMMARY AND CONCLUSIONS 

Debris bed behaviour and thermal response of structures in the reactor 
vessel lower head was studied in case of Olkiluoto and Forsmark BWRs. 
Both low and high pressure scenarios were analysed with sensitivity 
studies addressing the effects of debris bed porosity, debris particle 
size and reflooding of dry debris bed. Lower head failure'mechanisms and 
timing were examined. The plant analyses were performed with MELCOR/BH 
and MAAP4 computer codes. A detailed thermal analysis was performed for 
instrument tube penetrations with PASULA code. 

In low pressure cases the debris was partially quenched during the 
ini tial down fall from the core region. If the lower head penetration 
model was active, the lower head failed by instrument tube melting in 
mUltiple radial locations above 60 cm from the bottom of the vessel 13-50 
minutes after lower head dryout. PASULA calculations taking thermal 
boundary conditions from MELCOR suggest that lower head would fail due to 
instrument penetration weld failure about one hour after the lower head 
dryout. If the instrument tube failure was precluded, the lower head 
failed due to creep rupture. MAAP4 and MELCOR predictions for the lower 
head creep rupture differed substantially. MELCOR predicted that the 
rupture occurs 5.5 hours and MAAP4 1.9 h after lower head dryout. 

In high pressure cases the debris was initially quenched in the lower 
head water pool. According to MELCOR the lower head failed due to 
instrument tube melting at 55 min -lh 17 min after the lower head dryout. 
If penetration failure was precluded the lower head failed due, to creep 
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rupture, according to MELCOR about 3.3 hours and according to MAAP4 about 
1 h after the lower head dryout. 

Reflooding of dry lower head debris bed prevented the (creep rupture) 
failure of the lower head in MELCOR calculations only if reflooding was 
started immediately (1 min) after lower head dryout. MAAP4 predicted a 
larger time marginal for th~ start of reflooding. A coolable state was 
reached if reflooding was initiated at least 20 min before calculated 
creep rupture time. 

The studies suggest that the instrument tube welds fail first in the 
Nordic BWRs. Even if the failure of an instrument tube occurs, large 
uncertainties exist in the debris discharge rate to the containment, 
which is dependent on the debris composition and melt fraction. If only 
creep rupture failure is considered, the calculated lower head creep 
rupture times in high pressure cases are in agreement with the work 
performed earlier by Rempe et al. However, large differences exist in the 
creep rupture times under low pressure conditions. 
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