
Session 2.0 Experiments and Model Development 

DEBRIS AND POOL FORMATION/HEAT TRANSFER IN FARO-LWR: 
EXPERIMENTS AND ANALYSES 

I I 
D: Magallon, A. Annunziato, M. Corradini 

European Commission, Joint Research Centre, Institute for Systems, Informatics and Safety, 
I - 21020 lspra (VA), Tel: +39-332-78 97 03, Fax: +39-332-78 54 12 

University of Wisconsin, Madison WI 53706, Tel: + 1-608-263-2196, Fax: + 1-608-262-6400 

Abstract 

The FARO-LWR experiments examine the debris and pool formation from a pour of core melt mate
rials (U02/Zr02 and U02/Zr02/Zr) into a pool of water at prototypic accident conditions. The ex
periments give unique data on the debris bed initial conditions, morphology and heat transfer after 
the core melt has slump and (partly) quenched into the water of the lower head. Quantities of up to 
170 kg of corium melt are poured by gravity into water of depth between I and 2 m through a nozzle 
of diameter 0.1 m at different system pressures. The debris is collected in a flat bottom catcher of di
ameter 0.66 m. It reaches heights up to 0.2 m depending on the melt quantity. In general, the melt 
reaches the bottom only partially fragmented. The debris which forms consists of a conglomerate 
("cake") in contact with the collecting structure and overlaying fragments (loose debris). The mean 
particle size of the loose debris is in the range 3.5- 4.8 mm. The upper surface of the debris is flat. 
A gap is present between the cake and the bottom plate. The paper reviews the debris formation and 
heat transfer to the bottom steel structure from these tests and describes the development of a model 
to predict the debris and pool formation process. Sensitivity analyses have been performed by the 
COMET A code to study the behaviour of the ratio between the cake mass and the total mass. 

1. Introduction 

A light water reactor severe accident may occur 
due the prolonged absence of water cooling to the 
core, resulting in core melt relocation to the lower 
plenum. This was observed in TMI-2 and surpris
ingly the molten core materials remained in the 
lower plenum in a stable coolable state. Since that 
time, experiments and analysis have been focused 
on the reasons for this and if the mechanisms are 
robust enough to assure in-vessel retention of a 
core melt. 

The FARO-LWR tests [1] have been designed 
to provide data on the integral corium melt 
jet/water mixing and quenching behaviour by using 
150-kg-sca\e of UOz-based melt in prototypical 
conditions. Basically, the penetration of molten co
rium into the water of the lower plenum during a 
hypothetical core melt down accident and its subse
quent settling on the bottom head of the RPV are 
simulated. 

One of the objectives of the experiments is to 
examine the debris and pool formation from a pour 
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of core melt materials (U02/Zr02 and U02/Zr02/ 
Zr) into a pool of water at prototypic accident con
ditions. The experiments give unique data on the 
debris bed initial conditions, 'morphology and heat 
transfer after the core melt has slump and (partly) 
quenched into the water of the lower head (water 
depth up to 2 m are used). Early experiments ex
amined high pressure conditions (5.0, 2.0 MPa) 
and recent FARO tests have looked at low pres
sures (0.5 MPa). 

The paper reviews the debris formation and 
heat transfer to the bottom steel structure from 
these tests as well as describe the development of a 
model to predict the debris and pool formation pro
cess. The purpose of this model is to take the re
sults of molten core quenching analyses and deter
mine the debris and poolmaterial configuration and 
thermal conditions as they settle on the lower ple
num wall. In addition, the model considers the 
continued heat transfer from the debris and the pool 
during heat transfer with the surrounding water and 
the supporting structure. This model is to be incor
porated into the COMET A code which is used to 
analyse the FARO-LWR experiments. 



2. FARO Experiment Description 

A typical arrangement of the FARO tests is 

shown in Fig. 1. The test vessel TERMOS (de

signed for 10 MPa, 573 K) is connected to the 

UOrZr02 melting furnace via the release channel 

and isolated from it during interaction by the valve 

S02. The test vessel is thermally insulated and con

nected downstream to a condensing unit via ex

haust valves. If during the coriwn quenching proc

ess the pressure in TERMOS reaches the threshold 

value of the exhaust valves, steam/gas (hydrogen, 

argon) venting to the condenser occurs. 

After melting in the FARO furnace, the melt is 

flrst delivered to the release vessel, and then re

leased into the water. Initially, the release vessel is 

at the same low pressure as the furnace (0.2 MPa) 

and may contain about 1000 m of 1.2 rum diameter 

Zr wire (7 kg) uniformly distributed in the whole 

volwne. In that case (L-Il test) the superheated 

oxide melt coming from the furnace induces the 

melting of the zirconium and the formation of a 

homogeneous mixture U02-ZrOr Zr. After the 

protection valve SOl and the isolation valve S02 

have been closed, the release vessel is pressurised 

with argon to the TERMOS pressure in about 2 s. 

When the pressures equalise, the two melt catcher 

-- flaps (side and melt release flaps, 100 rum in di

ameter each) automatically open. The side opening 

prevents against any extra-pressurisation of the re

lease vessel with respect to the TERMOS vessel 

during the melt release and steam generation. Thus, 

the melt is delivered by gravity to the water 

throughout the interaction. The duration of the melt 

release from the furnace to the water is about 8 s. 

The melt free fall in the gas space before contacting 

the water varies from I m to 2m. depending on the 

depth of water. A debris catcher, which is com

pletely immersed in water, collects the corium after 

the interaction. The catcher consists of a steel bot

tom plate 40 mm thick with a lateral wall 250 mrn 

high. 

The principal quantities measured are pressures 

and temperatures both in the freeboard volume and 

in the water, and temperatures in the bottom plate 

of the debris catcher (Fig.2). The temperature of 

the melt is measured in the release vessel by tung

sten ultrasonic temperature sensors. 

3. Results 

The results of 6 tests performed with saturated 

water are discussed here. Three tests known as L-

06, L-08 and L-19 involved respectively 18, 44 and 

157 kg of 80 w% U02 + 20 w% Zr02 melt 

quenched in I m depth of water at 5.0 MPa. One 

test (L-14) involved 125 kg of 80 w% U02 + 20 
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w% Zr02 melt quenched in 2 m depth of water at 

5.0 MPa. One test (L-II) involved lSI kg of76.7 

w% U02 + 19.2 w% ZrO) + 4.1 w% Zr melt 

quenched in 2.0 m depth ot: water at 5.0 MPa. In 

test L-20, 96 kg of 80 w% U02 + 20 w% Zr02 melt 

were quenched in 2 m depth of water at 2.0 MPa. 

The melt temperature ranged between 2900 and 

3100 K for the U02-Zr02 melt and was around 

2800 K for the U02-Zr02-Zr corium. No steam ex

plosion occurred in any of the tests. 

3.1. Examination of the Debris 

Table I swnmarises the debris characteristics 

for each test as a function of melt fall in gas space, 

melt fall in water and system pressure. In test L-Il 

(U02-Zr02-Zr coriwn) the melt experienced com-

plete breakup before settling on the bottom plate. 

On the contrary, only partial breakup occurred in 

tests with a pure oxide U02-Zr02 melt (tests L-06, 

L-08, L-14, L-19, L-20). In these tests the debris 

consisted of a conglomerate ("cake" or "hard layer" 

in the TMI-2 terminology l2, 3]) in contact with the 

bottom plate and overlaying fragments. The mean 

particle sizes of the loose debris range between 3.5 

and 4.8 rum [4, 5]. Particle size distributions are 

. reported in Fig. 3. The fraction of melt which 

formed the cake varied from 116 (in test L-14, per

formed with 125 kg of melt and 2.05 m of water) to 

1/2 of the total (in test L-19, performed with 157 

kg of melt and I m of water). The fraction was very 

similar in tests L-J4 and L-20, which differed es

sentially by the system pressure (5 and 2 MPa, re

spectively). The cakes correspond to the part of the 

coriwn which was certainly still molten when it 

reached the bottom plate. They are very brittle and 

break easily during removal. 

After each test and prior to any removal of the 

debris, the water of the debris catcher completely 

drains out by gravity through 18 holes of 1 mrn in 

diameter drilled at various locations in the catcher 

for installing thermocouples (8 are drilled in the 

bottom plate). This indicates that the debris bed is 

porous, with a highly interconnected pore structure 

(large effective porosity) .. 

In test L-19, which had a large fraction of de

bris in a form of a cake, studies ofthe nature of the 

debrislbottom structure contact were started. This 

is one further important issue for evaluating the' 

margin to failure of the lower head. Fig. 4 shows 

photographs of the cake surface in contact with the 

bottom plate (test L-19). The surface appears wavy 

with a furrowed structure. In reality, the cake 

scarcely contacted the plate. In some regions the 

depth of the furrows is of several millimetres. Void 

pockets are present, which might have been created 



by expanding steam upon melt/plate contact. No 
fundamental difference of the furrowed structure is 
observed when compared to tests performed earlier 
in FARO with pure U02 melts impinging on plates 
in dry conditions [6]. However, the furrows were 
less deep and no void pockets were present in the 
dry tests, and the U02 which re-solidified on the 
plate was not so brittle. 

3.2. Temperature in the debris bed 

In general, the thermocouples located just 
above the plate within a radius of240 mm (see Fig. 
2) experienced jumps at corium impact. Some were 
destroyed but others gave signals which remained 
in their calibration range. An example is given in 
Fig. 6 for L-14 and thermocouples TD located 10 
mm above the plate, at radius 240 mm and two dif
ferent azymutal positions (195 0 and 285°). The 
temperature reached 1068°C followed by oscilla
tions up to 6 s, i.e. well beyond the corium has 
spread on the bottom (about 2 s), and indicates that 
hot corium was still relocating. Later on, the values 
are similar to those in the water (TW in Fig. 6). 

Thermocouples located near the catcher wall 
(radius 325 mm, i.e., 5 mm form the wall) were 
generally not damaged, even if located at 10 mm 
from the bottom. These temperatures are reported 
in Fig. 7 for test L-19, elevations 10, 40, 82 mm 
and azymutal positions 90°, 270°. In this test, the 
cake covered all the bottom but no thermocouple 
was damaged. After initial jumps for some of them 
due to corium contact, they turned to indicate val
ues similar to those in water (TW in Fig. 7). 

3.3. Heat-up of the impact plate 

In Fig. 8 are shown the temperature increases of 
the plate contact face at locations where the maxi
mum values were observed. The thermal load in 
test L-Il (complete breakup of the 151 kg of melt) 
was negligible with a maximum temperature in
crease of the plate equal to 20 K. In the other tests, 
despite the presence of the cake, temperatures re
mained moderate with a maximum of 850 K meas
ured in test L-14. Neither adherence to nor pitting 
of the plate have been noticed in any of the tests 
(this was also the case with the pure U02 melt/plate 
impingement tests in dry conditions performed ear
lier in FARO, although temperatures of the contact 
face reached 1400 K [6)). 

Heat fluxes presented in Fig. 9 have been cal
culated by using the temperatures of the contact 
face and those measured in the plate, 5 mm below 
the contact face. A constant thermal conductivity of 
18 W/m.K has been used for the plate. A maximum 
value around I MW/m2 was found for test L-14. 
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4. COMET A Analysis of Melt Accumulation 
Rate 

The COMET A (~ore Ml!lt Thermal-Hydraulic 
Analysis) [8] code is a coupled thermalhydraulic 
and fuel fragmentation code conceived for the 
simulation of fuel coolant interaction and quench
ing as represented in the FARO test facility; it has 
been specifically developed to provide a computa
tional tool for test design and specification, defmi
tion of operational procedures and test results 
analysis. COMET A is composed of a two-phase 
flow field, which is described by 6+n equations 
(mass, momentum and energy for each phase and n 
mass conservation equations for n non-condensable 
gases) and a corium field with 3 phases: the jet, the 

. droplets and the debris. The two-phase field is de
scribed in Eulerian while the corium field in La
grangian coordinates. The two phase flow field is 
organised in a number of lumped volumes con
nected with junctions. 

A number of sensitivity analyses have been per
formed by the COMET A code in order to study the 
behaviour of the following quantity: 

This quantity represents the ratio between the 
cake mass and the total mass in percent. Following 
an FCI (Fig. 10), if most of the mass poured into 
the lower plenum is fragmented in particles that 
quench, a· strong energy transfer occurs to the cool
ant, but a little concern exists for lower head attack 
by the molten fuel On the other hand, if the poured 
mass is partially or even not fragmented at all, a 
great accumulation of molten fuel could endanger 
the lower head: 

An important set of information on R1eb has 
been provided by the performed FARO tests; ex
cluding the case in which a metallic component was 
included, all the tests exhibited situations where 
part of the melt is fragmented and part accumulates 
as a cake. 

The water level, the free fall, the initial pres
sure, the melt mass discharged to the water and the 
initial jet diameter influence the relative partition
ing. However, in the FARO tests more than one pa
rameter is varied from one test to another. This 
does not allow identifying the relative importance 
of the various parameters. Therefore, the 
COMET A code was used in order to study this 
problem. 

The following range of parametric variations 
have been considered: 



Initial Water Free L,niooted 
Pressure Level Fall Mass 

(bar) (m) (m) (kg) 

50 0.5 I 5 

20 I 2 SO 

5 1.5 100 

2 15Q_ 
177 __ 
200 
250 
350 

All the combinations above have been calcu

lated in order to obtain the required trends. These 

calculations have all been obtained with the fixed 

TERMOS geometry in terms of water flow area 

and gas volume. 

The code calculates the three components of the 

melt: the jet, the fragmented drops and the cake 

(Fig. 11). As the jet falls down, it fragments into 

particles in order to satisfY the Jet Break-up Cor

relations present in the code. The jet component 

that arrives on the bottom still not completely 

fragmented accumulates on the bottom and forms 

the cake. The final value of the cake mass is the fo

cus of this analysis. 

4.1. Water level 

In this analysis, cases with a fixed injected mass 

have been considered, namely 177 kg of U02/ZrO:> 

(Fig.12). Three values of pressure were calculated 

and 4 values of levels. If the initial water level is 

below 0.5 m, almost the whole mass accumulates 

on the bottom as cake, whichever is the pressure. 

As the water level increases (maintaining the same 

free fall length), the cake ratio Rieb decreases 

strongly down to 21 % in the case of 50 bar and 2 m 

water level. This value can be directly compared 

with the FARO test L-14, in which 16% of the 

mass was accumulated on the bottom. A case with 

1 m water cannot be directly compared with test 

L-19, because in this test a free fall of 2m was pre

sent. As the pressure decreases the reduction of the 

Rleb is less pronounced, due to a higher void frac

tion, which reduces the fragmentation ratio and as a 

consequence increases the mass accumulation on 

the bottom. 

4.2. Initial pressure 

As the pressure decreases the cake ratio increases 

(Fig. 13). This behaviour is common to the various 

water levels, even if the extent is different. By 

comparing the data point corresponding to test 

L-14 and that corresponding to test L-20, one can 

114 

note that the calculated behaviour is quite similar to 

the experimental one. 

4.3. Total poured mass 

Of particular importance is the influence of the to

tal poured mass, which could allow an estimate of 

the behaviour with larger quantities of melt. A 

number of sensitivity analyses has been performed 

by varying the poured mass in the range 5 to 

350 kg with different water levels (lm, 1.5 m and 2 

m). The calculations show (Fig. 14) that the influ

ence of the mass on the ratio Rieb is quite small. 

For instance, in the 50 bar - 1m water and 2 m free 

fall case, the calculated Rieb is between 25% and 

30%. Rieb is very close to experimental values for 

tests L-06 and L-08 in terms of value and trend, but 

differs significantly for test L-19, in which a much 

higher cake mass has been evaluated. It should be 

noted, however, that the estimation of this mass is 

not easy, since part of the cake could include parti

cles re-agglomerated in it. 

4.4. Influence of free faUlength 

The influence of the free fall length is presented in 

Fig. 15. As the free fall increases, the jet reaches 

the surface with higher velocity and therefore the 

fragmentation increase is prevailing on the jet 

elongation, according to COMET A calculations. 

This trend cannot be deduced by the experimental 

data since tests are either with I m water level and 

2 m free fall or with· 2 m water level and I m free 

fall. .No test was performed with both 1m water 

level and I m free fall. From the available data, the 

tests at lower mass show a value similar to the cal

culated one but the test at higher mass show a value 

much higher. This parameter could be investigated 

in the new FAT vessel. 

5. Debris and pool formation modelling 

In order to better model the FARO-LWR tests, 

the JRC is continuing to develop the COMET A 

model to analyze the integral process of corium 

melt quenching, debris formation and settling· as 

well as molten pool formation. Such an approach 

also considers the heat loss to its surroundings in 

the process. The model could also be valuable as a 

simulation tool for corium pours and associated 

interactions in L WR severe accident situations, 

both in-vessel and ex-vessel. We have begun to de

velop improved models of debris formation and 

cooling, as well as possible molten pool formation, 

spreading and cooling. The approach taken in this 

development is to track the Lagrangian master par

ticles as they settle on the· chamber base from 



COMET A pool simulations and use this as input 
for the formation of the debris beds and molten 
pools. Two eventual situations arise, (I) in-vessel 
debris/pool formation on a metallic chamber base 
or (2) ex-vessel fonnation on a refractory base. 
Both possibilities are being considered, but we only 
discuss the former in this work. 

For in-vessel debris and pool formation the in
teraction is divided into two time regimes; an early 
stage when the melt has contacted the chamber 
base and is still settling (~I O's of seconds) and a 
later stage when the debris/pool has settled and is 
cooling due to thermal interactions with the coolant 
and the chamber base beneath it (~IOOO's of sec
onds). The partition of the melt into debris and 
pool is determined by the internal energy of any 
master particle group. If the energy is below its 
solidus point then it is considered debris, otherwise 
it is considered part of the molten pool. The geo
metric arrangement is similar to as depicted in Fig. 
10 with the debris atop the molten pool; i.e., sepa
rated from it by the crust that would develop with 
continued cooling. The debris bed is considered to 
give up its energy to the coolant which surrounds 
and permeates it. The rate of heat transfer from the 
debris to the coolant pool is determined (1) locally 
by the film boiling heat transfer from the hot parti
cle to the liquid coolant and (2) globally by the ca
pability of the vapour generated from the local 
boiling to escape the bed while allowing coolant to 
enter. The rate of cooling of the debris bed would 
be given by the minimum of either of these heat 
transfer mechanisms, with the debris bed thermal 
state determined by the balance of this heat loss to 
the heat gain by decay heating. 

The molten pool is considered to give up en
ergy to the coolant above as well as the metallic 
chamber base below. When the molten corium jet 
is still settling on the base, the stagnation flow of 
the jet impacting the base will cause the heat trans
fer to be enhanced. After the pool is settled the heat 
transfer regime will transition to natural convection 
to the surroundings. In the first stage we have used 
a heat transfer model by Epstein and coworkers [9] 
to describe the stagnation flow and energy transfer 
down to the chamber base. In the second more qui
escent stage of energy transfer we use the work of 
Jahn and Reineke [10] to predict the natural con
vection heat transfer coefficient to the chamber 
base. In both cases the upper heat transfer path is 
considered to be film boiling from the pool to the 
coolant with radiation through the film included. 
Note that any heat loss to the coolant or the cham
ber base may cause solidification of the pool. In 
our model representation of this process we con
sider this to occur as melt freezing as a crust at its 
boundaries. Also, because of the uncertainties re-
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lated to thermal contraction, creep and water in
gression between the crust and the chamber base, 
we allow for an interfacial heat transfer resistance 
to represent these processes. Clearly more work 
needs to be done to approach this in a mechanistic 
manner. 

To demonstrate the model for the FARO tests 
we consider the L-14 experiment in which 125 kg 
of corium melt poured into a high pressure satu
rated water pool at 50 bar. The model prediction of 
downward heat flux is shown in Fig. 16. The 
agreement is qualitatively in agreement with the 
data from the L-14 test (see Fig. 9) although the 
interface temperature prediction by the model is 
higher than the data. 

6. Conclusions 

The FARO experiments give unique data on the 
debris bed initial conditions, morphology and heat 
transfer after the core melt has slump and quenched 
into the water of the lower head. Tests performed at 
high pressure showed that, except for the test with 
Zr metal in the melt, the debris was made of a cake 
in contact with the bottom and overlaying frag
ments, which shows similarity with the TMI-2 hard 
layer and loose debris, respectively. The debris 
presents a certain drainable porosity. Examination 
of the nature of the cakelbottom plate contact 
seems to confirm the hypothesis of a channelling 
structure as one of the main characteristics which 
allowed the cooling of the bottom head during the 
TMI-2 accident. These first examinations will be 
completed in the future tests by a more quantitative 
analysis of the debris characteristics (porosity, 
permeability) and by the use of a shaped debris 
catcher bottom to better simulate the lower geomet
rical configuration. 

To draw a general conclusion of the FARO 
tests at elevated pressures, it can be argued that the 
TMI-2 quenching process during the melt reloca
tion in the lower head and the absence of dramatic 
consequences for the vessel should not be an ex
ception, at least for the early phase. Whether this 
statement is still valid at low pressure and with melt 
including higher percentage of metals will be in
vestigated in future tests. 

Understanding the influence of water level, free 
fall, poured mass and initial pressure on the debris 
mass ratio (Rdcb) is very important to assess the be
haviour of the melt within the lower plenum. A 
sensitivity analysis has been made by using the 
COMETA code. It showed that the most influent 
parameters are the water level and the free fall: 
changing those parameters strongly changes the ra
tio. The initial pressure has a smaller effect, but as 



the pressure increases the ratio tends to decrease 

due to less void production. The poured mass, ac

cording to the calculations, does not seem to be 

very important, even if the available experimental 

data seem not to confirm such statement. New in

vestigations would be needed to have a definite 

conclusion on this aspect. 

The model of debris fonnation and cooling is 

still under development and additional comparisons 

are underway with other FARO data. 
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Fig. 1. FARO test arrangement 
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Fig.2: Distribution of thermocouples in the debris catcher 
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Fig.5a: Two different pieces of cake in FARO test L-19 (characteristic size - 50 mm) 
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Fig.5b: Same pieces of cake as in Fig. 5a seen from below (part in contact with debris catcher bottom) 
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Fig. 15: Influence of free fall length on cake mass, 
initial water level 1 m 
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Fig.16: Calculated downward heat flux for FARO test L-14 
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