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Abstract

Molten metal penetration and freezing phenomena wardied during the interaction
with reactor core structures from the view pointredf safety analysis of heavy liquid metal
cooled reactor. For the determination of the funeilai@ mechanisms underlying the
penetration and freezing behavior of molten mdtalihg through a seven-pin channel
was the main objectives of this study. The preseries of simulant experiments, therefore,
has been performed to study the freezing phenomsénaolten metal (wood’s metal)
which focus on fuel pin-bundle geometry under theous thermal conditions of molten
metal and pins. The liquid penetration length itite flow channel and the proportion of
adhered frozen metal onto the pin surfaces weresumed in the present series of
experiments. Visual information was also obtaingdubing a digital video camera. The
comparison between the atmosphere and the watértoexperiments shows that
characteristics of penetration and freezing belrawitl significantly change due to heat
transfer from melt to coolant. The present resulils be utilized to create a relevant
database for the verification of reactor safelylysia codes.

Keywords: Liquid metal cooled reactor, Penetration leng&gactor safety, Freezing
behavior

1. Introduction

Analysis of a hypothetical core disruptive accid¢@DA) is of great concern for the safe
design of future generation reactors like liquidtahecooled reactor (LMR). The streaming,
freezing and blockage phenomena of molten fuehéndore structures during the transition phase
of a CDA have been important areas of LMR safetgeagech. In a transition phase, the
subassemblies are overheated and a gradual carelowet occurs with fuel and steel melting-in to
form a molten pool. A multi-component, multi-phaew arises in the core consisting of fuel
fragments, molten fuel and steel, fission gas agdid and vaporized coolant. Should an early
discharge from the core region occur, the possibdf neutronic ceasing increases to eliminate a
recriticality. Otherwise, a formation of flow bloage in blanket regions can bottle up the core and
the molten pool propagates in whole-core scaldngrithe tremendous feedback on the further
course of accidents. It was assessed in the analysis that in ordassare permanently subcritical
condition (i.e., no power burst could be expectey more) in a CDA sequence, more than 30% of
the fuel inventory had to be discharged from theeaegion and subsequent migration inside the
reactor vessel®. Thus the discharge/penetration and freezing dfenaore materials into colder
structures are the key phenomena for the analysiamsition phase.

Figure 1 shows the postulated CDA sequences of heavy LMRredsFig. 2 reveals the

* Graduate Student, Department of Applied QuanRhysics & Nuclear Engineering

**  Associate Professor, Department of Applied Q@uan Physics & Nuclear Engineering
***  Technical Assistant, Department of Applied Quam Physics & Nuclear Engineering

t Assistant Professor, Department of Applied iuian Physics & Nuclear Engineering

tt  Professor, Department of Applied Quantum Risy& Nuclear Engineering

tt1 Institute for Nuclear and Energy Technologiesschungszentrum Karlsruhe, Germany



164 M.K. HOSSAIN, Y. HIMURO, K. MORITA, K. NAKAGAWA, T. MATSUMOTO, K. FUKUDA and W. MASCHEK

predicted schematic view of CDA phenomenology ofJye LMR. It is anticipated that the
penetration of molten fuel into the open flow chelsnis limited due to the freezing and crust
deposition, creating plugs that eventually will lncte the flow paths. The freezing process depends
on a variety of factors, like the melt's flow regimthe crust’s stability against thermal and hoop
stress, crust entrainment into the main flow and ataucture integrity or melting and injection
into the main flow®. However, the extensive design effort for accidergvpntion, including
advanced passive safety features, will make therogece of such an event extremely unlikely in
future LMR commercialization. The importance of emvaccidents is still emphasized from the
viewpoint of safety design and evaluation to appedply mitigate and accommodate the
consequences and thereby to minimize the riskethlic”.
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Fig.1 CDA sequences of heavy liquid metal Fig. 2 Schematic view of the sequences of
cooled reactor. material relocation during CDAin a
heavy LMR.

Several series of experiments (in-and out-of-pdae) hydrodynamic aspects of molten fuel
penetration into the reactor core structures haentstudied extensively in the p&st® &Y Their
studies presented basic experimental data for makteflowing and freezing where defined
quantities of melt were injected into flow struasr Spenceet al. *® have done a series of pin
bundle (7 and 37-pins) experiments, and they fomudten fuel (mixture of molten UQand
molybdenum metal) to freeze with blockage formatigthin the pin bundles. Menzenhaugtral.

Y have done out-of-pile experiments with thermitepin bundle geometry (7 and 19-pins) and
observed tight blockages in the upper and loweedee zones. However, understanding of the
phenomenology of the transition phase is still tedipartly due to difficulties in conducting reldte
experiments to delineate the accidents. Most ofréisearch has been concerned with the freezing
of molten fuel in the frozen channel without liguidolant condition. This is because during CDA
of sodium cooled reactor, coolant will vaporize afidappear due to good heat transfer from
stainless steel and fuel in solid and liquid phasésvhich temperature can be higher than boiling
point of liquid sodium (880C). But in a heavy liquid metal cooled reactor, laod (Pb or Pb/Bi
eutectic) with high boiling point (175 or 1670°C) * may exist even though the stainless steel
melts at 1430C.

Recently, a substantial attention has been drawmelting freezing experiment in presence of
liquid coolant in the flow channel from the viewipbof LMR safety. Rahmaet al. *® studied the
molten metal freezing phenomena and observed didfieezing modes of molten metal in water
coolant condition. Their studies were to investigtte fundamental freezing behavior of molten
metal during penetrating onto a metal structure, viere not performed for pin-bundle geometry,
which is one of the main discharge paths of thetemoiaterials during CDAs. The present work is
an extension of their study to identify the molteetal penetration and freezing in pin bundle
geometry with the verification of the models andmoes for the numerical simulation.
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The purpose of the present study is to determieefuhdamental mechanisms underlying the
penetration and freezing behavior of molten metaWihg through a seven-pin channel. In
particular, the present study was conducted torebgbe behavior of melt freezing and penetration
in seven-pin channel under the water coolant candit To achieve the aim of this study, a series
of simulant experiments has been performed to iigete and characterize the interactions among
flowing molten metal (wood’s metal), stainless bteims and coolant (water). The experiments
focus on pin-bundle geometry under the variousntla¢rconditions of molten metal, coolant and
pins. The data obtained from the experiments véllutilized to establish a reference database for
the verification of reactor safety analysis codes.

2. Seven-pin Experiment

2.1 Experimental set-up

A schematic diagram of the experimental apparatshown inFig. 3. This equipment consists
of a melt tank section and a flow channel secfidre former is used to melt and inject the simulant
material and the latter is used to observe thetpatien and freezing behavior of the molten metal.
The melt tank is made by Pyrex glass into whichtrigepoured. The lengths of the melt tank’s
neck and the channel sections are 8 and 50 cnectgply. A plug, made by Teflon, is connected
to the top of the melt tank’s neck to make a tramisimelt pool by pulling-up the plug. Thus the
transient melt pool is set at the top of the chamaet separated by a thin layer (~1.5 mm) of
wood’s metal. This layer is for the smooth injentiof melt into the channel. Twenty one k-type
(chromel-alumel) thermocouples are connected to phes and melt tank to measure the
temperature of the flowing melt and pins. The @ns made of stainless steel and outer tubes are
made of Pyrex glass for visual observation. Theupets positioned on a basement made of
stainless steel and supported by a fixed stand.rdadjid parameters to execute this series of
experiments are summarizedTiable 1.
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Fig. 3 Schematic diagram of experimental apparatus.

The water pool, which is a cylindrical open-toppik measuring 570 mm in height x 300 mm
in dia., is made of Pyrex glass for the purposeisifal observation. A thermocouple sensor is used
to control the water temperature at a desired ldveting experiments in the atmosphere, the water
pool was absent. A digital video camera was useedord the video images of the melt as it falls
onto the pins.

Using this apparatus, a series of melting-freezéxgeriments is conducted involving the
interaction of molten metal with pins using air amgter as coolant so as to simulate the
fundamental freezing behavior of molten metal dyigore meltdown of LMRs under CDA. Out of
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a series of experiments, some good results have dmected based on uniform melt injection and

length of penetration are presented in this papiee. purpose of this experimental series is to study
the penetration and freezing behavior of moltenaings$ it freezes into/on the core structure and to
determine some physical parameters such as a pgoettength and an amount of frozen metal

adhering to the core structure.

Tablel Hydraulic parameters of a seven-pin channel exparim

Parameter Value
Number of fuel-pin 7
Outer pin diameter (mm) 10
Inner pin diameter (mm) 5
Pin pitch (mm) 12.9
Hydraulic diameter (mm) 8.34
Inner diameter of the outer tube (mm) 41.6
Outer diameter of the outer tube (mm) 47.6
Thickness of the outer tube (mm) 3

In the present study, wood's metal with weight cosifion of Bi 60 %, Sn 20 % and In 20 % is
used as a simulant molten metal. Its melting p@iidw (78.8°C) and boiling point is high (1760
°C). Considering the application of the experimemésults to the nuclear reactor situation, low
melting wood’s metal is chosen since its densitgt Hrermal conductivity are similar to those of
molten stainless steel which would be one of trerugited core materials. The melting point is
lower than the boiling point of water at the atmuesfic pressure. Some of the physical properties
of wood’s metal and stainless steel are givehdhle 2.

Table 2 Physical properties of wood’s metd'¥and stainless ste&t *©)

Parameter Wood's metal Stainless steel (Grade 316L)
Melting point (C) 78.8 1430
Density (kg/rf) 8100 8000
Thermal conductivity (W/mK) 11.1 16.2
Specific heat (J/kgK) 150 530
Kinematic viscosity (rffs) 2x10 1.97 x 10
Latent heat of fusion (J/kg) 2.53 x10 3.39x 18
Surface tension (N/m) 1.0 1.131
Weight composition Bi (60 %), Sn (20 %) and Fe (69 %), Cr (17 %), Ni

In (20 %) (12 %) and Mo (2 %)

2.2 Experimental procedure

Using two types of surrounding fluid (air and watehe present series of experiments are
conducted in two steps. In the atmosphere expetsneine thin layer of solid wood’'s metal is
made at first on the bottom of the melt tank’s nbgKiquid wood’s metal. Then the flow channel
structure (pins) is heated by blowing hot air frahe top and bottom of the channel. The
temperature of the pins is monitored using a coamméd thermocouple device to get the specified
pin temperature. At the same time, a specified amhofi wood’s metal is heated by an electric
heater; the temperature of the melt is monitored lujgital thermometer. The temperature of the
melt, transferred to the melt tank, is also meabtweachieve a desired temperature. After reaching
the desired melt and pin temperature, the plugiieg@-up and melt starts to flow. The melt makes
a transient melt pool on the top of the flow chdrsiece a thin solid wood’s metal layer is there,
and by melting this layer, melt is injected inte flow channel. The molten metal flows down from
the top of the flow channel due to gravitationatederation.

Table 3 Experimental conditions.
Melt mass (g) Pin/water temperaturé®) Melt temperature’C)

215/325 25-55 100
215 25 90-132
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In water coolant experiments, the set-ups menti@aisale are installed in the water pool. An
amount of hot water at a desired temperature waseploin the water pool and is monitored by a
digital thermometer. A stirrer is employed to cesttte uniform water temperature throughout the
pool. After getting the specified water temperaturee molten metal is prepared as mentioned
above and is investigated the freezing and pematraehavior of the molten metal into the channel.
Experiments (in air and water) are performed byngivag the temperature and mass of the molten
metal and the temperature of pins as well as watez.experimental conditions are summarized in
Table 3.

The penetration of molten metal during the intéoactwith the structures and the coolant,
flowing behavior are observed by using a digitalea camera. The adhered frozen layer and the
other fragments like debris are collected afteheageriment. The penetration length, which is the
average length of the molten metal that penetiiatesthe channel and finally adheres to the pin
surfaces, is measurelh both the air and water cooled conditions, experits are carried out at
the atmospheric pressure.

3. Results and Discussion

3.1 Experimental observation

Effects of the melt penetration and the freezinigawéor are observed by varying the melt mass
and temperature of molten metal and pins. A mastr@sting and significant result is typified in
Fig. 4 that the molten metal does not wet the solid stamisteel pins surfaces. The no wetting is
evidenced by observing the convex shapes of thygs gififrozen metal, which were easily removed
from the pins in posttest examination; the solatifimetal was not “welded” to the pin surface. The
surface of the solidified metal was rough in tegtgontaining numerous cavities and dents were
there as shown ifrig 4. The occurrence of such surface cavities has bet¢ednby previous
researchers including Kélling and Grigtil for the freezing of flowing molten lead and haee
drawn from results of Kuhn, Méschke, and Weéfldor molten iron injected into quartz glass tubes.
That has been also implied by the results of Skémit al®, Spencer et. af’ for molten stainless
steel and nickel injected into stainless steel fillesl with argon gas.

: \
Cavities or dents Cavities or dents Cavities or dents Cavities or dents
a: Pin temperature 75. b: Pin temperature 5%.

Fig. 4 Photographs of adhered frozen metal in the floanciel addressing cavities and dents.

The typical freezing behaviors of molten metalhia thannel in the atmosphere are depicted in
Fig. 5. In this figure, photographs of frozen metal of skperimental observations are presented in
three cases. For each case, the photographs ‘a*barghow the results of lower and higher
pin/melt temperature conditions, respectively. Hbwd be noted that the photographs of ‘b’ are
enlarged in comparison with those of ‘a’. In Case2land -3, the upstream part of the frozen metal
in the lower temperature cases (photographs ‘ajhisker and wider than that in the higher
temperature cases. This result can be explaingdithiang hot melt flowing into the channels, the
most of the melt froze at the upper part of thespine to rapid loss of its significant amount of
latent heat. The frozen metal became thicker andemvi However, for the case of higher
temperatures of pins and melt, the time getting@Zieg point of melt was bit late, hence, the
molten metal penetrated longer distance, and bec¢himeer since the same amounts of melt were
ejected in the both lower and higher temperatusesa

Figure 6 typifies the experimental results under the wateolant conditions at different
temperatures of water and melt. In this figure,tpgaphs of frozen metal of nine experimental
observations are presented in three cases. In La®eand -3, each photograph shows the results
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from the case of different temperature between mael melt, respectively. It is observed from
these photographs that when hot melt passed thrabghnels in presence of water, a part of
molten metal was frozen and quenched immediatelthénupper part of the channel, where a
significant amount of molten metal broke up and &dwn in different fragments as debris of
various sizes. This is because of a drastic ineréasffective viscosity of melt flowing due to
rapid decrease in melt temperature where smoothtteessfer occurred from hot molten metal to
cold water and pins. Although the shape and sizéh@fdebris are varies from test to test, small
debris looks close to spherical shape. The edgés@gdéfragments are keen and theirrfaces are
rough but those of small debris are smooth
it pstream 14.6 cm Downstream= ) Upstream 26.5 cm Downstream |
-

a. Pin temperature 2& b. Pin temperature 5%
Case-1: Mdt mass 215 g and temperature 100°C

20.4 cm 33.8cm

Upstream Downstream ‘Upstream Downstream

a. Pin temperature 28 b. Pin temperature 5%
Case-2: Melt mass 325 g and temperature 100 °C

< 14.0 cm
Upstream

Downstream |

b. Melt temperature 13Q

a. Melt temperature $C
Case-3: Melt mass 215 g and pin temperature 25 °C

Fig. 5 Photographs of frozen metal observed in the floanciels in the atmosphere by changing the
melt mass and the temperature of molten metal arsd p

The debris observed in the water coolant experimantomparable well with those found by
Rahman et al*®, Abe et al’® and Bang et al¥). They also used Wood'’s metal as the molten metal
at a temperature of around 90-X@and the temperature of their water pool wa&%s0

It is also seen from the photographdig. 6 that the adhered frozen metal on the pin surfaces
became thinner and the length of frozen metal dese@ gradually with increasing the temperature
of water and molten metal. This was because theceéfe viscosity decreased gradually as the
water/melt temperature increased, and the frozetalnalhered on the pin surfaces became
unstable and broken up, and then fell down as gdeBome instability was observed around water
temperatures 32 and 40 in Case-2, where the frozen metal and debris mgatght blockage in
the channel jumbled and the penetration length gelted. This behavior will be explained in
Subsection 3.2.1. At low water temperatures, soelgris became long and thin like a pencil,
whereas at high temperatures such debris disagpeaarckthe most of debris became smaller. The
velocity and temperature of the surrounding fluidhee time of solidification may affect the shape.
Beside these, some instability was also found whigght be due to initial inertia of the melt and
another hydrodynamic interaction mechanism.

3.2 Quantitative measurements
3.2.1 Penetration length

Penetration length is the average length of maftetal into the channels and adhered finally
onto the pin surfaces. The maximum length was nmredsat all six sub-channels and then the
average length was taken as the penetration lefigthaverage penetration length of molten metal
in the channels is plotted as a function of pird #re melt temperature in air atmosphere is shown
in Figs. 7 and8, respectively.
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Fig. 6 Photographs of frozen metal observed in the floanciels in water coolant condition by
changing the melt mass and the temperature of \aattmolten metal.

It is clearly seen fronfrig. 7 that penetration length increases with increatiegpin temperature.
This was because heat transfer from molten metginostructures, at high pin temperatures
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became slow and the molten metal reached its figegoint bit late that resulted in melt long
penetration. Comparing the penetration lengths éetwow mass (215 g) and high mass (325 g)
cases we predicted that the penetration lengtthiohigh mass case would become longer than for
the other case. It can be seen fréig. 8 that the penetration length varied slightly witkeltn
temperatureFigures 7 and 8 reveal that the variation of penetration lengthsnarginal for melt
temperature but the penetration lengthKig 7) varies significantly with pin temperature.
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Fig. 7 Average penetration length of molten  Fig. 8 Average penetration length of molten
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Fig. 9 Transient penetration length of molten Fig. 10 Transient penetration length of molten
metal in the atmosphere at different pin metal in the atmosphere at different pin
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Figures 9 and 10 show the transient penetration length of moltenami@to the channels in
the atmosphere for different conditions of simulanélt mass. The result in the high melt
temperature case is plottedrig. 11. In the experiments, the transient positions olt menetration
were determined from thermocouple signals as weliha recording images taken by the digital
video camera. It can be seen fréigs. 9 and 10 that transient penetration length increases with
increasing the pin temperature. It is also illugidain these figures that the total time of fregzifi
molten metal is earlier at the low pin temperat{®®°C) and the small amount of molten metal
(215 g) than at the high pin temperature ‘Gpand the large amount of molten metal (325 g).

Penetration length (cm)

25 16
—o— Melt-mass 215 g — [

20 L —A— Melt-mass 325 ¢ 512 L —o— Mmelt-mass 215 g
= r
15 | %
=8
10 | 2 0
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© L
5[ 5 4
o L
0 L. - ot

20 30 40 50 6! 80 90 100 110 120 130 140
Pin/Water temperaturéQ) Melt temperatureOC)

Fig. 12 Average penetration length of molten Fig. 13 Average penetration length of molten
metal in presence of water coolant at different metal in presence of water coolant at different
water temperatures (melt temp.: Q0. melt temperatures (pin temp.: Z5).

The penetration lengths of molten metal in the watmlant experiments are plotted against
water and melt temperatures as showrigs. 12 and13, respectively. It is worth mentioning that
compared with the atmosphere experiments, rath@t pkenetration length is found in these results.
This was because rapid cooling occurred due to #mfoeat transfer to water and pins and thus the
molten metal froze into debris. As a result, therspenetration length was achieved. It is observed
in these figures that in the case of molten mettd 215 g the penetration length slightly decreased
with increasing the water and melt temperatureaAdw water temperature, the pin temperature
was also low and the heat transfer from the mattetal to the pin structures was dominant which
results in more thick and tight adhered frozen idgemation on the pin surfaces and thus longer
penetration. With increasing the water/melt tempees, the adhered frozen metal became
unstable (due to gradual decrease in effectiveogityg) and broke out and fell down as debris. As a
result, the rate of debris formation increased thedoenetration length became slightly short.

As can be seen also froig. 12, in the case of molten metal with 325 g, the meltetration
length significantly increases initially with in@sing the water temperature and then decreases
with further increasing the water temperatureiriafly shows the similar trend in the case of the
molten metal with 215 g. This was because with dasing the water temperature the broken
adhered frozen metal or debris was entrapped h@@hannels at a few centimeters below the main
adhered frozen metal, and it made blockage wittrislelvhile the molten metal from melt pool
was further flowed into the channel, the melt amgl debris could not flow down more due to the
blockage. As a result, the broken entrapped frometal and the main frozen metal made
connection and appears elongated frozen metal Henigt we further increased the water
temperature, broken frozen metal and debris becamadl and slide down more than before or
accumulated at the basement of the channel withmking blockage. Therefore, the resultant
trend of melt penetration length became similathet of the low mass case. However, in the case
of the molten metal with 215 g, the broken adharedal was also entrapped into the channel at
low water temperature but the liquid metal in tesarvoir was not sufficient to make connection
with the original frozen metal and the broken empesd frozen metal. As a result, no increasing
penetration phenomena were observed in the low neeses
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3.2.2. Massdistribution

The total mass (215 g, injected 80%) distributiofignolten metal in the frozen channel in
presence of water coolant are depicteBigs. 14 and15, with respect to the water temperature and
the melt temperature, respectively. It is obsenvethe figures that the amount of adhered frozen
metal decreases with increasing water or melt teatpee while the amount of particle formation
increases with increasing the temperatures of waber molten metal. This was because with
increasing the water or melt temperature, the athffnzen metal became unstable (due to gradual
decrease in effective viscosity) and then brokeamdt fell down as debris. As a result, the amount
of debris formation increased. The maximum amoudnpanticle formation as debris was found
94 % and 81 % for the combination of water and rtesttperatures of 55 and 100 and 25 and
132°C, respectively. The enhancement of particle foromain presence of water coolant was due
to a drastic increase in effective viscosity of hele to rapid decrease in melt temperature because
of smooth heat transfer. Some inconsistencies lae abserved there, however. These might be
due to improper operation of melt injection or somimer interaction mechanisms such as
buoyancy or increasing viscosity.

Mass (g)

180 ¢ ————— 160  mAdhered frozen metal (¢)———
¢ ® Adhered frozen metal (g) - ®m Particles
160 £ m Particles @ 140 F @)
140 © 120 =
120 g 5100 ;
100 £ @ 80
80 £ © 60 &
60 ="t
40 ¢ 40
20 © 20 ©
0 - U
25 32 40 45 0 50 55 90 100 107 115 122 132
Water coolant temp.C) Melt temperature’C)

Fig. 14 Total mass distribution in the frozen  Fig. 15 Total mass distribution in the frozen
channel in presence of water coolant at differenhannel in presence of water coolant at different
water temperatures (melt temp.: Q0. melt temperatures (water temp.: 5.

3.3 Comparison between air atmosphere and water coolant experiments

In comparison of the freezing behavior of moltertahan the atmosphere and the water coolant
experiments, it is obvious that the most of thedm metal adhered to the pin surfaces was thick
and wide at the upstream while thin at the dowastrén the atmosphere experiments. On the other
hand, in water coolant experiments, the most ofntloien metal froze into particles as debris, and
the adhered frozen metal became thin and shortumtierm shape with good adherence of frozen
metal was also found in the atmosphere experimevtisreas in the water coolant experiments,
only a small fraction of the molten metal froze mtihe pin surfaces and a significant amount of
molten metal broke and fell down as debris whetgridavas of various sizes and fragments were
of broken adhered frozen metal. So in the atmogpbases we found only one freezing mode as
frozen on the pin surfaces, whereas in the watelaob cases two modes like adhered frozen metal
on the pin surfaces and dominant particle formatvene observed.

In the atmosphere experiments, the penetrationthemgnds to increase gradually with
increasing the pin and melt temperatures and therad frozen metal become thinner due to long
penetration. In the water coolant experiments usimgll amount of melt, the penetration length
decreased slightly with increasing the temperatofdbe melt and pin as well as the coolant, and
the adhered frozen metal became thinner due ticlgaformation and the adhered metal broken.
The maximum penetration length of the molten mei&s found to be 11 cm in the water coolant
experiments, whereas in the atmosphere experiniemtas found to be 34 cm, about 3 times
greater than in the water coolant experiment. éhatmosphere experiments, the most of the frozen
metal adhered to the structure, while in the watalant experiments 73 — 94 % of the molten
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metal froze into the structure as debris dependimthe test conditions.

4. Conclusions

A series of melt penetration and freezing experiisien a seven-pin channel under the
atmosphere and the water coolant conditions waf®meed in order to investigate the freezing
phenomena. There was no evidence that the moltenl'&anetal wet the pin surfaces as revealed
by the convex shapes observed on solidified métgkssvhich were easily removed from the pins
as well as the appearance of cavities or dente®frézen metal inner surfaces.

In the atmosphere experiments, the penetratiornthewgs found to be increased significantly
with increasing the pin temperature. On the othemndh it decreased slightly with increasing the
water temperature as well as the pin temperatuthdrwater coolant experiments using the small
amount of melt, where the short penetration leng#ls found. The penetration length changed
(increases in the air and decreases in the wdtghtlg with the melt temperature. This indicates
that the effect of melt temperature on penetratemmgth is not significant under the present
experimental conditions. In the atmosphere expartsjghe upstream of the frozen layer on the pin
surfaces became thicker and wider than the dovarstre

From the visual information of frozen metal in thater coolant experiments, it was found that
only a small fraction of the molten metal froze®ttie pin surfaces and a significant proportion of
frozen metal broke up and fell down in differeragdments including debris of various sizes. In
addition, high instability was found in the casewafter coolant experiments, which might owe to
buoyancy, increasing viscosity and some other actésn mechanisms.

In comparison of the atmosphere experiments the ofdee frozen metal adhered onto the pin
surfaces and the shape of the frozen metal wakethend wider with good adherence than in the
water coolant experiments. In the water coolanteerpents, it was found that the most of the
frozen metal broke up and fell down as debris amig @ small fraction was adhered on the pin
surface and the shape of the frozen metal becaimank non-uniform.

The data obtained in the present series of expeatsr@n be expected to be applied to utilize a
reference database for the verification of reastdety analysis codes.
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