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ABSTRACT

The loss of coolant accidents with core degradaéan
TMI-2 and Fukushima demonstrated that the nucledety
analysis has to cover accident sequences involantate
reflood activation in order to develop appropriatel reliable
mitigation strategies for both, existing and adwhceactors.
The reflood (injection of water) is possible if oone several
water sources become available during the accidera. late
phase of accident, no well-defined coolant pathsilev@xist
and a large part of the core would resemble tolgisibed e.g.
particles with characteristic length-scale: 1 tontm, as
observed in TMI-2. The French “Institut de Radidprtion et
de Sdreté Nucléaire” (IRSN) is developing experitabn
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a rather large range of variation of parameterswhbich the
developed model appears to be quite predictive.

1. INTRODUCTION

In case of severe accident in a nuclear reactoterwa
sources are not available for a long period of tiamel the
reactor core heats up due to the residual powehefwater
source is not renewed, the integrity of the fuelsris lost and
the structural materials of the core are damageg.aitempt to
inject water during late core degradation can leadurther
fragmentation of core material during quenching. eTh
fragmentation of fuel rods can result in the forioratof a
“debris bed” where the particles size might be jdstv

programs (PEARL and PRELUDE) and simulation tools millimeters, making it difficult for water to progss quickly
(ICARE-CATHARE and ASTEC) to study and optimize the inside. If the core cannot be cooled down, coret-ch@n
severe accident management strategy and to askess t occurs and the melt relocates down to the lowenyste which

probabilities to stop the progress of in-vessebadegradation
at a late stage of an accident. The purpose ofptjeer is to
propose a consistent thermo-hydraulic model ofocefl of

severely damaged reactor core for ICARE-CATHARE ecod
the calculations withn PRELUDE

The comparison of
experimental results is presented. It is shown thatquench
front exhibits either a 1D behavior or a 2D onepeataling on
injection rate or bed characteristics. The PRELULEa cover

leads to failure of the vessel lower head anduin,trelease of
core material into the cavity.

The prediction of the core evolution in case oflaed
requires an accurate modelling of both the heatsfeat and the
oxidation of metal (possibly molten). Maintainingcaolable
configuration of the debris bed depends on watew ftate
which can be sustained through the bed under tladlable
driving head. Being able to predict the conditimrswhich it is
possible to stop the progression of severe accideay

Copyright © 2012 by ASME



significantly contribute to the extension of safetargin of

pressurized water reactors. On the other handugt mlso be
recognized that at elevated core temperatures,rate of

oxidation of metals may be very high if vapor isadgable.

Therefore, reflood is likely to lead to an enhandsdrogen
formation and the risk of containment damage. Hanefrom

a safety point of view, it is important to evaluatieances of
coolability of the reactor core during a severeigaat. This is
in line with the safety philosophy of defense irptewhich

requires to foresee and to analyse all optionsoy an accident
at any stage.
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Fig. 1. PRELUDE experiment (dimensions in mm)

2. PRELUDE EXPERIMENTAL PROGRAM

Currently, IRSN sets up two experimental facilities study
debris bed reflooding: PRELUDE and PEARL (planned i
2012), and to validate safety models. The PRELUD&g@mM
[1] was launched in 2009 and studies the complex pvase
flow (water/steam) in a debris bed. The bed consitR4 kg of
stainless steel spherical particles (porosity @4180 mm,
h=200 mm, see Fig. 1). It is heated by means ofigtion
system (up to 400°C or 700°C).
homogeneous, the diameter of particles is eithé dr, 1 mm.
The initial temperature of the bed varies betwe8A°€ and
700°C. Water is injected at the bottom. Inlet sfipiad
velocities are in the range of 0.555-5.55 mm/gH@range to
that foreseen in the PEARL test matrix - 2 to 50hn?). The
first objective of PRELUDE experiment was to optimithe
induction heating and the measurement devicesstiatld be
used in PEARL facility. The PRELUDE has thus snralle
dimensions and runs only at atmospheric pressuseieMer, a
series of experiments that were performed in 2000t2n the
PRELUDE facility have provided yet a large amouftnew
data that significantly enhance the database ofréaxental

The debris bed is

results. This includes the prediction of debris labiity,
quench front propagation, steam production and spres
increase during the quenching after the water figec They
provide relevant data to understand the progressiorthe
quench front and the intensity of heat transfer.t@nbasis of
those experimental results, thermal hydraulic festuat the
guench front have been analyzed. For the analysis
experimental results discussed in this paper, adduests were
selected. Reproducibility tests were also analyiredrder to
confirm the experimental results.

PRELUDE dp=4 mm, v_inj=2.77 mm/s, T=700C

Temperature

Ran

Zoom around Tsat

Time

Fig. 2: Temperature evolution in one PRELUDE t&sqults of
this program are not yet open, the figure is withenale)

2.1. Analysis of PREL UDE experimental results

On Fig. 2 we can see an example of temperatureigwol
at the center in one PRELUDE test. From the tentpera
measurements, the velocity of the quench frontbmaanalysed.
The quench front velocity is identified from thetel@nination
of the elevation where temperature is below theiration
temperature. It may be evaluated within the bed tforee
different radii and different elevations. It should noted that
the accuracy on the instant of quenching dependsthen
reference temperature that is taken for compariséfe
concluded that the saturation temperature is nogoad
reference because it is measured with some emor degrees)
due to temperature instability around this valureoider to be
more accurate, it is better to choosg#b K or Tg,e5 K as a
reference temperature but they do not provide thmes
information (see Section 4, Table 1, Table 2)#5 K identifies
a position where water is significantly present andtrong
cooling occurs. I¢5 K identifies a position where the particles
have been completely quenched. The most of therapbes are
located in pores and, therefore, indicate a tentpexahat is
slightly lower than the surrounding particles. Gasently, the
interpretation of temperature measurements can tea@n
uncertainty as high as 50% on the quench front citylo
Moreover, the short height of debris bed (200 mng Emited
number of thermocouples impact the accuracy e jgecally
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when the transient effects following the entran€tevater into
the bed persist up to a significant part of the beidht.

Despite of that, it is possible to conclude thar¢hexists a
steady state propagation of the quench front fbthel cases
considered. The quench front velocity is identifiedbe the
same for the central and mid-radius positions. Bat,some
tests, the quench front velocity is significanthstier near the
wall.

We evaluate the ratio between the minimum and maxim
quench front velocity for each PRELUDE test. Thatia
measures the multi-dimensional effects i.e. itdesidered one-
dimensional as long as this ratio is close to 1.F@n 3 we can
see, how the multi-dimensional effects depend oessqirre
gradient caused by the steam flow. This pressuaglignt is
estimated from the generalized Darcy equation &pov phase
(see Fig. 3) where the steam velocity in the poroeslium is
calculated from the steam flow measurements awtliket of
test section, i.e. during steady-state. If theewetached the top
of the bed before steady-state was establishedalbe of peak
as well as mean value are used in calculationsghmt@sults in
an interval of uncertainty shown on Fig. 3. Thetesion for
multi-dimensional effects seems to appear whenptiessure

gradient is above 280,19 . It is important to note, that this
criterion was obtained analyzing the PRELUDE experital
results, where the facility is, in its conceptidl) (no designed
by-pass). In realistic bed configurations, addiiorfactors
would induce multi-dimensional effects, such as-noifiorm
porosity, variable height or non uniform temperatur
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Fig. 3:Multi-dimensional effects and their dependence @sgure
increase. Tests with identical initial conditiorevk the same marker.

3. ICARE-CATHARE REFLOOD MODEL

ICARE-CATHARE [2] is a computer code developed RSN,
designed to describe accurately light water reaeatmridental
sequences up to a possible vessel failure. It weghdvanced
models (two-phase multi-dimensional thermal-hydcsuland
degradation models) and is built from the coupliofy the
thermal-hydraulics code CATHARE [7] to the severeident

code ICARE. The code is also used to benchmarkntegral
code for severe accident analysis ASTEC.
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Fig. 4:Flow boiling curve

The model for reflood of debris bed in ICARE-CATHERS
based on three energy balance equations and twoentom
balance equations [3]. The extension of Darcy’s faweach
fluid phase is usedrhe heat transfer relations are described in
ICARE-CATHARE for different boiling regimes and tlwode
selects the appropriate regime according to lodaysipal
properties e.g. temperature and void fraction. im model,
specific heat transfer coefficientsvere obtained solving the
macroscopic conservation equations together withllolosure
problems. Analytical solutions for the local closuproblems
were obtained in simplified geometrical configunas as the
stratified cell and Chang’s cell [4]. For a striatf unit cell, two
typical phase repartitions were considered, nanteysolid-
liquid-gas (SLG) and thesolid-gas-liquid (SGL) repartition.
The first refers to liquid being the wetting phatiee second
refers to vapor being the “wetting” phase. We asstimat, for
an oriented liquid flow in porous media, we canentpa phase
repartition where one phase will be “wetting” ar tsecond
phase will eventually flow in the remaining poresdar the
form of bubbles or slugs. Because of this assumptibe
effective properties obtained for a stratified uwcill are
combined in our model. The coefficients are vatidd laminar
flow, they include the dependence on fluid progsrtand also
on a pore scale geometry:
sle__ 1&  seL 72y

= h =
T (aemis +3e HE O (4€s’(gs +3gg )H 2 @)

However, the stratified flow assumed in our modehpplicable
mostly in the case of film condensation (below sztian
temperature) or film boiling (above Leidenfrost fmmature)
only. Consequently, an improvement of the modebrizposed
for the nucleate boiling and transition boiling iregs.

The extension of the model which is proposed focleate
boiling regime comes from the theory of flow bogiin small
hydraulic diameter channels. Recent studies [Sklemed that
neither the nucleate boiling nor turbulent conwattiare the
controlling mechanisms in minichannels. The imparfarocess
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seems to be a transient thin film evaporation wh#re
minichannel flows are typically laminar [6]. Undesuch
conditions, our model could describe this thin fiwaporation
but it would require the knowledge of the thicknedfssuch
liquid film. Not knowing that, it is proposed to lemce the
existing heat transfer by introducing a term repntisg this
process, as follows:

h:g(a)hnb+((1' a)hcv,l"' a'hcv,g)

9(@)=1-a

In the above mentioned equation, the functifo) represents
the fraction of particle surface in contact withtera Using that,
the “nucleate boiling” will be strongly reduced lian increase
of vapor quality, which inhibits bubble growth alehds to dry-
out at high vapor qualities. Currently, there idl st lack of
information about the critical heat flux in poromedia during
reflood. Our model, in the absence of specific eiteation for
porous media, uses the Groenveld critical heat dorelation
[7] including its dependence on a hydraulic diamdteorder to
describe the increasing heat transfer with deangasurface
temperature in the transition zone, a simple pdi@bo
dependence on a surface temperature was pres¢phegmeter

gz:2):

Q=9g(a)(1-f(8,$)QchF * f(6,$)L-a)Qey g
gla)=1-a

HO.6 =( Tw-Tbo JE ®)
Tmfs—-Tho
Another important point is to identify properly tbhenditions for
which the liquid makes substantial contact with thaface
during reflood. Subsequently, the vapor film of fie boiling
collapses onto the surface and the film boilingmegchanges to
transition boiling (see Fig. 4). The collapse df thapor film has
traditionally been related to the minimum-heat-fpoint of a
boiling curve, as found by Nukiyama. Nowadays, ¢her no
correlation available in literature for minimum nfil stable
temperature for a flow in a porous medium.

In our model we propose to identify the boiling ireg
according to the position of quench front andheat transfer

2

layer length The heat transfer layer length was previously

defined by Tutu [9] as the distance between 5% %5% of the
dimensionless solid temperature profile (see Fjg.Thtu et al.
concluded that it depends on water injection vé&pand is
higher for higher velocities, but they did not estie the
dependency. A similar conclusion was obtained Hyii land
coworkers from visual experiments [10] on cylindetsere they
qualified the regime length introducing its depemde on
Capillary number [10] :

L= fvr 4)
In our model the heat transfer layer length is dated as
follows:

L, = 047We"?

e (5)
N

g

The dependence of heat transfer layer length onewebmber
was obtained analyzing the PRELUDE experimentallt&sThe

axial temperature profile for each test was recanttd and the
heat transfer layer length was identified. From ezikpental

results we identified a distance between the mositif quench
front and the elevation where the solid temperataaehes 95%
of its initial temperature (see Fig. 5). The heansfer layer
length represents the region where the transitahinlg occurs.

Above the heat transfer layer length, the film ingjl regime

occurs. A similar modelling based on a heat trarigfiegth was
already integrated into ICARE-CATHARE model forant fuel

rods and validated [11]. It consists in tracking tiuench front
location and integrating the small-scale heat fitefile over the

heat transfer length in the transition boiling regi Here, we use
a similar tracking of the quench front but, congrdo that

modelling, the porous medium model
correlations in each regime to calculate the hieatgrofile and
the heat transfer layer length is used only to tifierthe
condition for which the film boiling regime changestransition
boiling.
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Fig. 5: Definition of heat transfer layer length
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4. CALCULATIONSOF PRELUDE TESTS

The ICARE-CATHARE calculations were performed for
PRELUDE tests with initial debris bed temperatut66°C and
700°C. The objective of the calculations was toidedé the
model predictions of progression of quench frontespure
increase in the bed and steam production.

The geometry of PRELUDE experimental facility was
properly modeled (see Fig. 1). The steel partiolig)s diameter
4, 2 or 1. mm were placed above a bed of quarticpestwhich
was installed in PRELUDE facility in order to avgiacing a
metallic grid which would heat-up because of inéutt The
calculations were performed at atmospheric presaack for
different bottom water injection velocities (0.55%5 mm/s).
The test facility is, in its conception, one dimensl (no
designed by-pass) so the first ICARE-CATHARE caitioins
were done with 1D meshing. These calculations ypeesented
in [12] and the results are summarized in Tabl@&He quench
front velocity for different inlet flow rates and agicle
diameters is well predicted. The uncertainty inghedictions is
within the range of the experimental one.

Table 1: Quench front velocities for different testith initial
temperature 400°C. ICCV2- 1D meshing calculations,
PRELUDE- mid radius and center quench front velesit

dp Tref=105°C Tref=95°C Difference
- ICCV2 | 1.98 mm/s 1.32 mm/s
= - 0y
VLI MMIS| o iude| 2.17-2.18 mmis, 1.42-143 mm OO
v_inj=2.77 mmis ICCV2 | 3.88 mm/s 2.66 mm/s 2.58-19.29%
4mm Prelude| 3.44-3.78 mm/s|  2.94-3.3 mm/:
v_inj=5.55 mmis| 'CCV2 | &-12 mmis 5.62mmis |11 94.20.890
Prelude| 5.04-6.95 mm/s|  3.94-4.24 mm|
v_inj=0.555 mmis ICCV2 | 0.77 mm/s 0.31 mm/s 0.77-31.1%
Prelude| 0.776-0.78 mm/s 0.42-0.45 mm
ICCV2 | 2.13 mm/s 1.32 mm/s
inj= - 0
VINELIBMMIS| b lude| 1.35-1.50 mmis 1.32-1.35 mm| O o00%
2mm | v_inj=2.77 mmys | \CCV2 | 475 mmis 8.02 mm/s 12.25-43.5%
Prelude| 2.68-3.17 mm/s| 2.46-2.65 mm|
ICCV2 | 0.79 mm/s 0.38 mm/s
inj=! ) 0
VInj=5.85 mm/s Prelude| 0.81-0.89 mm/s|  0.44-0.45 mm AL
- ICCV2 | 1.74 mm/s 1.186 mm/s
= - 0,
1 mm vAnj=1.11 mm/s Prelude| 1.17-0.98 mm/s|  1.02-1.16 mm| IS cE
v_inj=0.555 mms ICCV2 | 0.94 mm/s 0.63 mm/s 10-23.4%
Prelud: | 0.72-0.81 mm/s | 0.7-0.72 mm/s

The calculations presented in this section condben most
recent PRELUDE experiments with initial temperatd®°C.
In these experiments, the two-dimensional -effectsrew
enhanced and differences in the quench front wglogere
observed at the external border, at mid-radiusartie center
(see Section 2.1). Consequently, the calculationsrew
performed with 2D meshing (five radial meshes). Fhtected
tests correspond to particle diameter 4 mm anddigyection
velocities 0.555, 1.38, 1.94 and 2.77 mm/s. The fiadial
meshes have identical cross sections. The radidl aadal
distribution of power was prescribed according toe t
experimental data. We assume that near the wallptrosity
might be slightly higher, so we have prescribeditexly a

porosity 0.42 for the last two meshes, as it isaligwslightly
higher near the walls.

Fig. 7 shows the progression of water across theyso
medium where the quench front appears clearly 2€alme of
the faster velocity of water along the side walh Big.8, an
example of temperature evolution for different geist shown.
The small differences in the initial temperature tbé bed
before quenching may be due to external heat losEes
experimental tube was not isolated and the heaefowere not
estimated.
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Fig. 7: Distribution of calculated void fractionahing the
faster progression along the side wall

Table 2: Quench front velocities for different testith initial
temperature 700°C and particle diameter 4 mm. ICC2R
meshing calculations, PRELUDE- minimum and maximum
qguench front velocities.

Tref=105C Tref=95C Difference
. ICCV2 | 0.69-0.7 mm/s | 0.41-0.43 mm/s
VAINi=0.585 mm/s | polide | 0.71-0.8 mmis | 0.49-0.55 mmis SSZLEDE
v ini=1.38 mmis ICCV2 | 1.44-1.9 mm/s | 1.18-1.21 mm/s 0-7%
= Prelude | 1.39-1.87 mm/s | 1.1-1.21 mm/s
s ICCV2 |1.9-282mm/s | 1.8-1.86 mm/s
VINELOAMMS | brelde | 2.07-2.54 mmis | 1.65-2.3 mmis EhHIae
. ICCV2 | 2.02-3.94 mm/s | 2.05-2.4 mm/s
VLNFE2TT MM | polude | 2.042.9 mmis | 2.11-2.41 mmis e
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Fig. 10: Steam production (left) and pressure iasee(right) for PRELUDE tests with Tinit=700°C



The calculated and experimental quench front ve&xiare
summarized in Table 2. The calculations show that tivo-
dimensional effects increase as the liquid injecti@locity
increases. It is in agreement with experimentalltegsee Fig.
9). The model also predicts correctly the intefataximum
and minimum quench front velocities. However, thaimum
guench velocity was calculated to be located aictdreer, for
all tests. This is not in agreement with experirabmesults
when the injection velocity is 1.38 and 2.77 mnifsthose
cases, the minimum quench front velocity was idiectito be
at mid-radius. Further experimental data are neetied
understand the 2D instability of the quench fréxdditional
tests are planned.

On Fig. 10(left) the steam flow at the outlet is plotted as
a function of time. We can see that the time irgei which
steam is produced as well as the mean value at@reelicted.
The value of the peak is missed but the pressuak (F€g. 10
-right) is well calculated. It indicates that theodel behaves
consistently.

Finally, sensitivity calculations regarding usefided
parameters and model parameters were performed. Wwas
already mentioned, the porosity near the wall mighslightly
higher and thus was prescribed at 0.42. On Figvdtan see
the impact of that value of porosity. The calcuatishowed
that the porosity at outer ring has a small imgattquench
front progression. As expected, increasing the gtyat the
border, the 2D effects are slightly enhanced. Thatew
progresses with higher velocity through the outeg where
the pressure drop is lower and consequently, tieacufront
velocity at the center ring slightly decreases. HEaav, it can
be seen that the different porosity in the bedasthe main
criterion to trigger 2D effects. The instability quench front
progression was observed also
homogeneous porosity 0.4 (see Fig. 11).

On Fig. 12 we can see the impact of heat transfger|
length on calculation results. The correlation &bcolate this
parameter was estimated analyzing the experimestallts
and thus might be considered with some uncertakfdy. the
tests with injection water flow 2.77 mm/s, L1 wastimated
around 70 mm. On Fig. 12 the calculations with LQ=4m
and L1=100 mm are presented. Thus, and uncertai&%s in
L1 was tested. The impact on the quench front vigids
about +12%. For a higher heat transfer layer letigthquench
front velocity at border and mid-radius increasasd the
instability (2D effect) in the progression of qulnfront
increase. It is interesting to note that a similanclusion was
drawn by Tutu et al. [8] who proposed a criterimr 2D
effects based on this heat transfer layer length.

in calculations with

PRELUDE dp=4 mm, v inj=2.77 mm/s, T=700TC Tref=105TC
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Fig. 11: Effect of porosity at border on calculati@sults

PRELUDE dp=4 mm, v_ini=2.77 mm/s, T=700C Tref=105C
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Fig.12: Effect of heat transfer layer length orco#dtion
results

5. CONCLUSIONS

The quenching of a superheated particle bed wasestuusing
the first series of PRELUDE tests with initial teenature
400°C and 700°C. The results brought new datacthatribute
to understanding of quenching of a particle bed vaibttom
cooling injection. The presented analysis conceths
experiments with a debris bed consisting of 4, 21omm
particles. The liquid flow injection at the bottaftest section
was 0.555-5.55 mm/s. The modelling of heat trassfier
nucleate and transition boiling regimes was impdoveA
criterion characterizing the transition between fiha boiling
and transition zone was proposed. The criteridraged on the
identification of a length where the transition Ib@ occurs.
The correlation for this heat transfer layer wasposed
analyzing the PRELUDE experimental results. The 2D
meshing calculations were performed for the tests imitial
temperature 700°C. The calculations show that tbdehwell
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predicts 2D effects with different quench front oties at
border, mid-radius and center. The maximum and mimi
quench front velocities are well predicted. Howewver the
tests with water injection velocity 1.38 and 2.7m™ifs, the
maximum quench front velocity was observed at thatar. It
is not in agreement with calculation results whérevas
observed at mid-radius. Further analyses are oggdiime
calculation results show that the model is ableptedict
quenching velocity for different inlet flow rateschdifferent
particle diameters, in the whole range covered B¥IRJDE
experiments. The time dependent steam productitmulesed
for the selected tests is also in agreement withegmental
results. Calculations clearly show the propagatibra two-
phase quench front separating the superheated stggion
and the subcooled water region. After a transiemtiution
resulting in a peak of the quench front velocifg evolution is
guasi-steady. The pressure difference across thesdeed is
also well predicted which indicates that the modehaves
consistently. Such results are encouraging for iegidn of
the model to reactor accident simulations at a e of
degradation, with formation of a large debris bedtirgy
reflooding.

NOMENCLATURE

Qchr critical heat flux

hev,l heat transfer coefficient in convection tquiid

hcv,g heat transfer coefficient in convection vgts

dp particle diameter

g gravitation acceleration

hnb nucleate boiling heat transfer coefficient (o
correlation)

H characteristic length

k thermal conductivity

L1 heat transfer layer length

Q heat flux

Tsat saturation temperature

Tret reference temperature

Tw solid temperature

T max maximum (initial) temperature

Tho critical heat flux temperature

Trnfs Leidenfrost temperature

t time

\ velocity

v_inj water injection velocity (out of pore)

Vpore water injection velocity (in pore)

v_¢f quench front velocity

z axial elevation

Geek letters

o} void fraction
(0} diameter
€ porosity

density of liquid

surface tension

Fraction of thermal capacities

Temperature function

Exponent in temperature function in transition zone

SNDODX QDO
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