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ABSTRACT 

In-vessel debris coolability experiments were 
performed in ALPHA program at JAERl. Molten 
aluminum oxide (Ah03) was poured into a pool of 
water in a lower head experimental vessel. Post-test 
observation and measurement using an ultrasonic 
technique indicated the formation of the interfacial 
gap between the solidified Ah03 and the vessel wall. 
Thermal responses of the vessel walJ implied that 
the interfacial gap acted initially as a thermal 
resistance and water subsequently penetrated into 
the interfacial gap. The maximum heat flux at th~ 
inner surface of the vessel facing to the solidified 
Ah03 was roughly evaluated to be ranged from 320 
kW/m2 to 600 kW/m2

• A post-test analysis was 
conducted with CAMP code. The influence of the 
interfacial gap on thermal behavior of Ab03 and 
the vessel wall was examined. 

1. INTRODUCTION 

Severe damages of the reactor core followed by the 
molten debris relocation into the lower plenum 
were realized in the Three Mile Island Unit 2 
(TMI-2) accident[1]. It was identified through the 
activities in the OECD TMI-2 Vessel Investigation 
Project (TMI -VIP) that approximately 19 tons of 
the debris was accumulated on the reactor pressure 
vessel lower head[2,3J. The results obtained from 
metallurgical examinations[ 4 J showed that 
temperature of the lower head was locally elevated 
up to approximately 1100 °c and this temperature 
was sustained for approximately 30 minutes. It was 
also evaluated that the locally heated area was 
cooled down with a temperature reduction rate of 
10 KtS to 100 Kt$, resulting in the retention of the 
debris in the reactor pressure vessel. 

The evaluation of the possibility of the in-vessel 
debris retention by the internal water of a reactor 
pressure vessel is crucial for the further 
clarification of a severe accident progression and 
the establishment of accident management 
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measures to terminate the severe accident within the 
reactor pressure vessel. Related research is quite 
limited although this mode of the in-vessel debris 
retention was realized in the TMI-2 accident. 

A possible inherent debris cooling mechanism 
within the lower plenum was proposed by Henry 
and Dube[5] in case that the sufficient water is 
available in the reactor pressure vessel. The creep 
deformation of a lower head at an elevated 
temperature and the penetration of water into a gap 
formed between the solidified debris and the lower 
head plays an important role in the hypothesized 
mechanism. The Korean program, SONATA-IV, 
was recently initiated[6], and several experiments 
have been performed in the international program 
organized by Fauske and Associates, Inc.[7] in 
order to clearly identify debris cooling 
mechanisms within the water filled lower plenum. 

An experimental investigation on the in -vessel 
debris coolability by the reactor pressure vessel 
internal water was initiated in 1995 in ALPHA 
(Assessment of Loads and Performance of 
Containment in Hypothetical Accident) program 
conducted at JAERI (Japan Atomic· Energy 
Research Institute)[8,9]. The phenomenological 
understanding on the in-vessel debris coolability 
and the identification of debris cooling 
mechanisms in a water-filled lower plenum are the 
primary objectives of the in-vessel debris 
coolability experiments. In parallel with the 
experiments, the development of CAMP 
(Coolability Assessment for Melt Pool) code is iIi 
progress for the detailed analysis on thermo
fluiddynamics of the molten debris associated with 
the in-vessel debris retention. 

2. EXPERIMENTS 

2.1 Experimental Apparatus and Procedures 

A conceptual diagram of the in-vessel debris 
coolability experiments is shown in Fig. 1. The 



experiments were performed in a model 
containment vessel of the ALPHA facility, which 
had an inner diameter of 4 m, a height of 5 m and 
an inner volume of approximately 50 m3. The 
experimental apparatus was mainly composed of a 
thermite melt generator, a lower head experimental 
vessel and water and nitrogen supply systems. The 
model containment vessel was pressurized during 
the experiments and nearly saturated water was 
used to suppress the occurrence of steam 
explosions. 

Model Containment Vessel 

Water Supply System 

Thermite Melt Generator 

Lower Head Experimental Vessel 

~ Nitrogen Supply System 
~ (Pressurization) 

1'""'· ... t-------~4m,------~~~1 

E 
U') 
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Fig. 1 Conceptual Diagram of In-Vessel Debris 
Coolability Experiments in ALPHA 
Program 

Only Ah03 part produced by a thermite reaction of 
aluminum with iron oxides was used as a molten 
debris simulant. The thermite melt was produced in 
the thermite melt generator. The entrance of a melt 
delivery nozzle of the thermite melt generator, 
whose diameter was 0.11 m, was plugged with a 
layer of thick papers to assure the desired period of 
time (approximately 45 seconds) for separation 
between Ah03 at the top and iron at the bottom of a 
thermite melt layer due to the density difference. 
After ablation or burning out of the paper layer, the 
molten Ah03 was gravitationally introduced into 
the lower head experimertal vessel. The vertical 
distance between the exit of the melt delivery 
nozzle and the bottom of the vessel was 0.65 m. 

The lower head experimental vessel was composed 
of hemispherical and cylindrical parts with an inner 
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radius of 0.25 m mainly fabricated by carbon steel. 
The inner surface of the hemispherical part was 
covered with a 2 mm thick stainless steel liner. 
Structure and the major dimensions of the vessel 
are shown in Fig. 2. A layer of thermal insulator 
was provided on the outer surface of the vessel for 
the minimization of heat loss to the surrounding 
atmosphere. The temperatures of Ah03, a water 
layer and the vessel wall were measured by 
tungstenlrhenium (WIRe) or chromel/alumel (CIA) 
thermocouples. The locations of CIA 
thermocouples on the vessel outer surface are also 
shown in Fig. 2. Additional two CIA thermocouples 
were embedded in the vessel wall on the same radial 
axes with TV2 and TV3. Both thermocouples were 
located at 10 mm from the outer surface. 

Waler 
Supply 
Nozzle 

Drain Nozzle 

(1) Top View 

(2) Side View 

A 

TV3 

(3) TC loca1iOn (A-A) 

TV3 

(4) TC localion (B-B) 

Fig. 2 Structure of Lower Head Experimental 
Vessel and Outer Surface Location of 
Thermocouples 

2.2 Experimental Conditions 

The major conditions of two experiments 
designated by IDC001 and IDC002 are listed in 
Table 1. The initial temperature and depth of a 
water layer in the lower head experimental vessel, 
and the ambient pressure in the model containment 
vessel at Al20 3 entry were similar in both 
experiments. These were approximately 450 K, 0.3 
m and 1.3 MPa, respectively. Approximately 30 kg 
of Al20 3 in IDCOOI and 50 kg in' IDC002 were 
poured into the vessel. The temperature of the 
thermite melt was measured with a pyrometer in a 
separate test, resulting in approximately 2700 Kat 
the Al20 3 surface immediately after the completion 
of the thermite reaction[10]. 



Table 1 Major Conditions of In-Vessel Debris 
Cool ability Experiments 

A12 0 3 Mass Initial Water Initial Water Ambient 

(kg) Depth Temperature Pressure 

(m) (K) (MPa) 

mcoOl -30 0.3 445 1.3 

me002 -50 0.3 450 1.3 

2.3 Experimental Results and Discussions 

2.3.1 Post-Test Observations 

Post-test visual observations indicated that Ah03 
particl~s with smooth surfaces rested on the top of a 
continuous layer of the sol idified Ah03. The size of 
the Ab03 particles was ranged from several 
millimeters to several centimeters. The mass of the 
particles was approximately 2.0. kg for mCDD1 and 
2.6. kg for IDCDD2, corresponding to 
approximately 7 % and 5 % to the total amount of 
Ah03 poured into the lower head experimental 
vessel, respectively. It was not possible to judge 
whether those were formed by the thermal 
interaction between the molten Ah03 and the water, 
or by quick solidification of molten Ab03 droplets 
following the main stream of the molten A1z0 3. 

It was observed that the rough upper surfaces of the 
continuous layer of the solidified Ab03 were 
fonned in both experiments. This surface 
roughness resulted in the augmentation of surface 
area, which could have promoted heat transfer 
from the solidified Ah03 to the overlying water 
layer. The formation of several cracks was also 
found over the upper surface of the solidified Ah03 
layer. The number of the cracks was fewer than 
expected, and each crack had a long horizontal 
length over the surface. These characteristics on the 
crack formation may suggest that once several 
incipient cracks were formed at weaker,locations, 
the growth of those cracks was promoted due to the 
stress concentration. 

As described earlier, the water penetration into a 
gap between a solidified debris and a lower head 
wa11 was proposed as a candidate of debris cooling 
mechanisms in a lower plenum region. The post
test visual observations indicated that a gap seemed 
to exist along the inner surface of the lower head 
experimental vessel near the upper surface of the 
solidified Ab03. Attempts using an ultrasonic 
device were made to identify the existence and the 
spatial distribution of the gap between the 
solidified A1Z0 3 and the vessel wa1] for IDCDD2. 
Prior to the post-test measurement for the 
interfacial gaps, the applicability of the ultrasonic 
technique was confirmed with water-filled narrow 
gaps ranging from 0..3 mm to 1.0. mm formed by 
two parallel steel plates. Using ultrasonic waves with 
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a frequency of 10. MHz or 15 MHz, the gap width 
was measured within an accuracy of :d5%. 

In the post-test gap measurement with the 
ultrasonic technique, the signals to show the 
reflection of the ultrasonic, wave at the solidified 
AlZ03 surface were detected at several spots on the 
lower head experimental vessel waH. The width of 
the gap in these spots was ranged from 1.0. mm to 
2.0. mm using the detected time interval of reflected 
waves and a sonic velocity in water of lS{)O-mfi:;. 
However, no signal was detected at some spots on 
the vessel wall, implying that surface of the 
solidified Alz03 was not preferable to the ultrasonic 
wave reflection, the width of the interfacial gap was 
narrowed, or the solidified A1Z0 3 adhered with the 
vessel wall at the corresponding spots. 

The continuous layer of the solidified Ah03 was 
removed from the lower head experimental vessel 
for IDCD0.1. The bottom surface was generaHy 
smooth, being accompanied with several hollows, 
channels and crevices. The solidified Alz0 3 layer 
~s very brittle and easily broken. Through the 
Visual observation of the broken solidified A120 3 
layer, it was found that a thin porous layer was 
formed between the core region and the outer shell 
layer. The outer sheH layer with a thickness of 
approximately 5 mm through 10. mm was easily 
removed. Possible mechanisms to for~ the porous 
layer could be the quick generation. of 
non condensable gases dissolved in an effectively 
quenched part .. of the molten A1Z0 3 and the 
ingres,sion of water or steam through defects of the 
solidified A1Z0 3 layer. It is considered that this 
porous layer might have acted as a thermal 
resistance during the experiment. No remarkable 
thermal damage was found on the inner surface of 
the vessel used in IDCDD1. 

2.3.2 The.rmal Transient during Experiments 

The temperature histories of Al20 3 measured by 
WIRe thermocouple are plotted in Fig. 3. The 
location of thermocouple was at the vicinity of the 
lower head experimental vessel center axis at 
approximately 50. mm and 10.0. mm from the vessel 
bottom in IDCDD1 and IDCOD2, respecHvely. 
During the initial period of the experiments, the 
measured temperature was heavily oscillated. It was 
found that the temperature in mCOD1 was slightly 
higher than that of IDC00.2 and a temperature 
decrease rate. was quite similar in both experiments 
after the stable measurement was established. 

The temperature decrease rate between 50.0. 
se'conds and 10.0.0. seconds was approximately 1.3 
K}.;. Assuming that this temperature decrease rate 
represented the whole amount of the solidified 
A120 3 layer, the corresponding energy release rate 



2 
from Al20 3 was roughly evaluated to be 150 kW/m 
for IDCOOI and 190 kW/m2 for mC002 using 
surface areas available for heat transfer 
(approximately 0.32 m

2 
for IDCOOI and 0.42 m

2 

for IDC002 neglecting surface roughness of the 
solidified Ab03) and 1250 J/kg' K as a specific heat 
of solidified Al20 3• - Because of insufficient 
locations for the temperature measurement it could 
not be concluded from the evaluated energy 
release: rate that more effective cooling was 
established in IDC002. 
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Fig. 3 Temperature History of Aluminum 
Oxide Observed in Experiments 

The te.mperature histories on the outer surface of 
the lower head experimental vessel are shown in Fig. 
4 for IDC001 and in Fig. 5 for IDC002. The 
calculated temperature on the vessel outer surface 
based on one-dimensional heat conduction 
through the vessel wall is also plotted in Fig. 5. 
Assumptions were made in the heat conduction 
calculation that the vessel outer surface was 
adiabatic and the inner surface was maintained at a 
contact temperature with molten Ah03 at its 
melting temperature (2320 K). The contact 
temperature was theoretically evaluated, allowing 
the solidification of the molten Al203[11]. 

In both experiments, the highest temperature was 
indicated by the CIA thermocouple at the center 
axis of the lower head experimental vessel (TV3). 
Duration of a remarkable thermal transient 
depended on the location of the vessel and lasted 
for approximately 350 seconds in IDC001 and 550 
seconds in IDC002 at vessel center axis. The final 
temperature of the vessel outer surface was almost 
identical with the saturation temperature of water at 
the ambient pressure (approximately 450 K). 

The lower head experimental vessel temperature 
sharply increased due to interactions with the 
poured molten Ah03 during the initial period. 
However, the observed temperature increase rate 
was much smaller than the theoretical calculation 
on heat conduction through the vessel wall. Small 
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temperature increases were observed by TVI and 
TV5 in IDCOOI since the depth of Al20 3 was too 
shallow to affect these thermocouples. After the 
temperature at each measurement location rose up 
to the maximum, the vessel wall was cooled down 
with large temperature decrease rates. The 
temperature decrease was initiated earlier at the 
locations farther from the center axis of the vessel. 
The maximum temperature decrease rates during 
the thermal transient phase ranged roughly from 5 
K;S to 6 K;S for IDC001 (except TV1, TV2"at1d 
TV5) and from 3 K/s to 4.5 K/s for IDC002 (except 
TV1 and TV5). 
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Fig. 4 Temperature History on Outer Surface of 
Lower Head Experimental Vessel 
Observed in lDCOOl .~ 
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Fig. 5 Temperature History on Outer Surface of 
Lower Head Experimental Vessel 
Observed in IDC002 and Comparison 
with Heat Conduction Calculation 

The formation of the interfacial gap and the thin 
porous layer at the vicinity of the solidified Ah03 
surface found in the post-test observation and gap 
measurement with the ultrasonic technique were 
supposed to be consistent with the observed 
thermal responses of the lower head experimental 
vessel wall. It was possible that the gap and the 
porous layer acted as a thermal resistance during 
the initial phase while the temperature increase was 



shown over the vessel wall, and water penetrated 
into the gap in the later phase resulting in the 
effective heat removal from the vessel wall. Once a 
gap was initially developed at the interface upon 
the contact of the molten AJ20 3 with the vessel wall, 
the gap width could be enlarged due to the thermal 
expansion of the vessel. As a result, the water 
penetration into the gap was considered to be 
enhanced (radial enlargement was approximately 1 
mm assuming uniform temperature of the vessel 
wall at 800 K and no restriction for deformation). 
The difference in timing for the temperature 
decrease initiation on the vessel outer surface 
suggested the occurrence of the downward 
quenching of the vessel wall. 

In spite of the same distance from the center axis of 
the lower head experimental vessel, three 
thermocouples, TV2, TV4 and TV6, indicated 
different timing for the initiation of the 
temperature decrease. In addition, the temperature 
decrease rate measured by TV2 in IDC001 was 
much slower than the other two locations. An 
unaxisymmetric configuration of the solidified 
AJ20 3 layer, a spatial variation of the width of the 
interfacial gap, and/or a multi-dimensional flow 
pattern of water and steam in the gap might have 
influenced these thermal characteristics. 

Several findings on the timing of temperature 
decrease initiation and the maximum temperature 
on the outer surface of the lower head experimental 
vessel are obtained from Figs. 4 and 5. Averaging 
arithmetically for the locations at 30 degrees from 
the vessel center axis (TV2, TV4 and TV6), both 
the initiation of temperature decrease and the 
maximum temperature were slightly larger in 
IDC002 than IDCOOl. At the vessel center axis, 
much higher temperature was observed in IDC002 . 
at delayed timing. Another interesting finding is 
concerning the difference of the timing of 
temperature decrease initiation between locations 
at 30 degrees and the vessel center axis. A longer 
time was required in IDC002 until the cooling front 
arrived at the location of the center axis. It was 
supposed that the findings described above were 
influenced by the difference of AJ20 3 mass between 
both experiments. The amount of 30 kg of AJ20 3 in 
IDC001 and 50 kg in IDC002 formed an AJ20 3 

pool depth of approximately 0.11 m and 0.16 m at 
the center axis, respectively. Natural convective 
heat transfer coefficient decreases as a pool depth 
becomes shallow. Therefore, heat flux from the 
AJ20 3 to the vessel through the solidified AJ20 3 

layer must have been lower in IDC001 than 
IDC002, resulting in a smaller steam generation 
when water penetrated into the interfacial gap. 
Based on a flooding theory for counter-current 
gas-liquid two phase flow, a downward penetration 
of water could be easily established when an 
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upward gas flow rate is small. In addition, it was 
possible that surface area of the solidified AJ20 3 

facing to the vessel wall (approximately 0.18 m 
2 

in 
IDC001 and 0.25 m

2 
in IDC002) affected the water 

penetration into the interfacial gap. This is because 
the heat transfer area characterizes the steam 
velocity at the entrance of the interfacial gap. 

The maximum heat fluxes at the inner surface of 
the lower head experimental vessel to reproduce 
the observed maximum temperature decrease rates 
On the vessel outer surface were approximated. The 
approximation was based on the radial heat 
conduction through the vessel wall by assuming a 
quadratic temperature profile. Approximately 550 
kW/m2 through 600 kWftn

2 
for IDC001 and 320 

kW/m2 through 450 kW/m2 for IDC002 were 
obtained. 

The thermal transient behavior during the present 
experiments without an internal pressure load onto 
the lower head experimental vessel and a 
volumetric heat generation of the debris simulant 
in addition to the findings from the post-test 
observation and measurement suggested that 
incipient interfacial gaps were formed between the 
solidified debris simulant and the vessel wall upon a 
contact of both materials. The simulation of the 
decay heat generation in debris and the vessel 
deformation at an elevated temperature could be 
crucially important in order to obtain insights f&r 
detailed discussions on the possibility and 
conditions of the realization of the in-vessel debris 
retention by the internal water. The influences of 
these parameters are planned to be investigated in 
future in-vessel debris coolability experiments in 
ALPHA program. 

3 POST-TEST AN~..sIS 

A post-test analysis for IDC002 was performed 
with CAMP code for an analysis of thermo
fluiddynamics of a molten debris associated with 
the in-vessel debris retention. The development of 
CAMP are in progress at JAERI through 
modifying WINDFLOW code designed for a 
thermo-fluiddynamic analysis of a gaseous flow in 
a reactor coolant piping[12]. A finite volume 
scheme for the spatial discretization, a semi
implicit time integration and hybrid analytical 
grids composed of triangle and rectangle cross
sectional cells were applied in CAMP. The present 
version of CAMP has capability of analyzing 
laminar and turbulent natural convection of a 
molten debris with an internal heat generation, 
solid-liquid phase change of the debris, heat 
conduction through a lower head wall and a 
thermal resistance of the interfacial gap between 
the debris and the lower head wall. 



Boundary conditions of the post-test analysis for 

IDC002 are illustrated in Fig. 6. The initial 

temperatures of the molten Ab03, the lower head 

experimental vessel wall and the water pool were set 

at 2500 K, 440 K and 468 K, respectively, based on 

the observations in the experiments and the 

separate measurement of thermite melt 

temperature. A cross-sectional noding view in the 

analysis is shown in Fig. 7. The three-dimensional 
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':'~'~~~5:':::':t;~i#ansient characteristics was mainly investigated in 

. ..'" "'the analysis. Due to a lack of models for the water 

penetration into the interfacial gap in CAMP, the 

analytical results could be compared with the initial 

phase of the experiment while the temperature of 

the lower head experimental vessel wall increased. 

The analytical results on the temperature history of 

A}z03 and the comparison with the experimental 

result are plotted in Fig. 8. It is noted that the 

locations of the comparison were different. It is 

supposed that the analytical results at 0.1 m from 

the vessel bottom on the center axis was between 

those at 0.08 m and at 0.12 m. A large discrepancy 

between the analysis and the experiment was found 

in the later phase where the water penetration into 

the interfacial gap was suggested to occur in the 

experiment. This discrepancy was resulted from 

the capability of CAMP that, as mentioned above, 

models for the water penetration have not been 

incorporated yet. 

The in flu ence of the interfacial gap on the variation 

of solid fraction in Ah03 is shown in Fig. 9. A 

remarkable difference was not observed among 

three cases since a large amount of heat was 
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removed from Ab03 by boiling at the top surface 

of the solidified Ab03 layer. The complete 

solidification of Ab03 was predicted at 

approximately 700 seconds in these analyses which 

ignored the water penetration into the interfacial 

gap. As easily expected, the Ab03 solidification 

could be completed earlier when the interfacial 

cooling by the penetrated water is appropriately 

modeled . 

Fig. 7 Cross-Sectional View of Nading in Post

Test Analysis for IDC002 
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Fig. 8 Comparison of CAMP Analysis with 

Experimental Results in IDC002 for 

Temperature History of Debris Simulant 

The results obtained from the post-test analysis on 

the temperature history of the lower head 



experimental vessel wall and the comparison with 
the experimental results are shown in Figs. 10 and 
11. It waS assumed that the gap with a uniform 
width of 1.0 mm (Fig. 10) and that of 2.0 mm (Fig. 
11) existed at the interface between Al20 3 and the 
vessel wall. The better agreement of the analysis 
with the experiment for the temperature increase of 
the vessel wall was found in case that the g'ap width 
of 1.0 mm was assumed. However, the analysis 
overestimated the experimental result at the center 
axis (TV3) and underestimated at 30 degrees from 
the axis (TV2). In addition, the analysis could not 
reproduce the gradual reduction of temperature 
increase rates observed in the experiment. It is 
considered that these differences between the 
analysis and the experiment were mainly caused by 
the assumption that the gap with the uniform width 
existed over the whole area of the interface, and 
again the lack of modeling on the water penetration 
into the interfacial gap. 
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Fig.9 Analytical Results on Solid Fraction III 

Debris Simulant for mC002 
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Fig. 10 Comparison of CAMP Analysis with 
Experimental Results in IDC002 for 
Vessel Wall Temperature History (Gap 
Width: 1.0 mm) 

A qualitative agreement between the post-test 
analysis and the experimental results was obtained 
for the initial stage while the heat-up of the lower 
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head experimental vessel was observed by 
assuming the existence of the gap between the 
solidified Ah03 and the experimental vessel. 
However, in order to adequately quantify an 
equivalent width of the interfacial gap as a thermal 
resistance, further clarification and modeling are 
required for phenomena such as the formation of 
the porous layer at the vicinity of the solidified 
Ah03 surface and the radiation heat transfer 
between the solidified Al20 3, and the vessel wall 
through the interfacial gap. 
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Fig. 11 Comparison of CAMP Analysis with 
Experimental Results in IDC002 for 
Vessel Wall Temperature History (Gap 
Width: 2.0 mm) 

4. CONCLUSIONS 

In-ves..<;el debris coolability experiments were 
performed in ALPHA program at JAERI. 
Aluminum oxide as a debris simulant produced by 
the thermite reaction between aluminum and iron 
oxides was poured into a pool of nearly saturated 
water in the lower head experimental vessel. 

Through the post-test visual observation and 
measurement using an ultrasonic teChnique, it was 
found that a thin porous layer at the vicinity of the 
surface of the solidified Al20 3 and the interfacial 
gap, ranging from 1 mm to 2 mm, -between the 
lower head experimental vessel wall and the 
solidified Ah03 were formed. The observed 
temperature histories of the vessel wall were 
consistent with the post-test observation and 
measurement. It is supposed that the interfacial gap 
and the thin porous layer acted as a thermal 
resistance during the initial phase while the 
temperature of the vessel wall increased, and 
subsequently water penetrated into the interfacial 
gap. The maximum heat flux at the inner surface of 
the vessel facing to the solidified Ah03 was roughly 
evaluated in the range from 320 kW/m2 to 600 
kW/m2 

In parallel with the experiments, the development 



of CAMP code is in progress for the analysis of 
thermo-fluiddynamics of the molten debris. A 
post-test analysis was conducted with CAMP. The 
influence of the interfacial gap on the thermal 
transient of Alz03 and the lower head experimental 
vessel was examined. The qualitative agreement 
between the analysis and the experiment was 
obtained for the temperature increase of the vessel 
wall by assuming the existence of the interfacial 
gap. 
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