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Introduction:
S AR

netl Major Issues and Tasks with respect to Reactor Safe
Debris beds in different stages of accident:
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Not ultimatively effective, +=<  AM measure which
but: TMI should ultimatively
., Work:

= ultimate concept
Other ultimate concepts considered to cover all prevatages and scenarios:

IVR concept of ex-vessel flooding (APR), EPR core catcKOMET core
catcher concept, ...

However: Coolability options are to be considered in alstages of an accident:

Defence-in-depth concept - Chances of coolability to beéaborated 233



Introduction:
L S /A\Qned Major Issues and Tasks with respect to Reactor Safe

How to elaborate such chances in view of complexithere for debris bed coolability in
the core, the lower vessel head and also to asstine AM concept for the cavity?

Current PSA studies show large uncertainties

Quality of analytical tools? Can the processesdseidbed?

Emphasis on key physitelps:strong effect¢o be elaborated

Renewed discussion on such strong effects asngjqutint for WP11.1 work:

l l l l ‘In-v&&s&l: .
4ﬁ {H} ﬁ ﬂ* Congiomerations of particulate 3

debns,
cakas, mell, gap

\\\\ In cavity
Classical view: ‘ particulate debris
counter-current in unfragmanted,
| ity cake, molt
accum. steam R o e

gap 7 steam waler flow

region
4/33



/]
/
L

TVO Severe Accident Management

A

!
!
!
!
!
!
|
|
!
!
— | T
|
|
|
i
!
i
i
i
!
1
|

/

\ ]

\ |

6 The Fiter Unit

1 Water Flling of the Containment
2 Hooding of the Lower Drywell

3 Shielding of Renetrations in the Lower Drywell
4 Containment Overpressure Potection
5 Hltered Containment \enting

the Olkiluoto lower drywell will be
flooded prior to vessel failure as a
severe accident management measure

melt ejected from RPV will fall through
a subcooled pool several meters deep

the melt fragments, solidifies and forms
a particle bed on the lower drywell floor

all core material uniformly distributed
results in a 50-60 cm deep bed

Is this kind of debris bed coolable by
the overlying coolant pool ?



BS AR Introduction:
netl Structure of Joint Work in SARNET WP11.1

—  Tasks:
Identification of realistic debris: debris bed fahon.

Clarification about key constitutive laws and etéedetermining coolability.

Influence of 2D effects determining coolability eactor scenarios.
Conclusions on adequate modelling in ASTEC.

—~ Experiments:
DEFOR (KTH): Particulate debris formation from breakup of metsjin water.

DEBRIS (IKE): Constitutive laws with boil-off and quenching — tapd bottom flooding;
realistic debris in steps: uniform spheres, mixedsof different sizes, non-spherical (from
PREMIX, FZK); specific 2D effects (downcomers).

STYX (VTT): Particle mixtures (alumina sands), boil-off, topdtling.
POMECO (KTH): Particle mixtures (sands), downcomer2D.
SILFIDE (EdF): 2D, boil-off, uniform spheres.
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oS AR Introduction: Joint work

— Analytical tools:
ICARE/CATHARE (IRSN)

ATHLET-CD modules WABE-2D and MEWA-2D (IKE), distrib uted to KTH and VTT
for joint work

Elaboration of constitutive laws by comparing approachitis experiments
Analysis of importance of 2D effects — applicationsdactor scenarios

Conclusions about adequate modelling in ASTEC

Different emphasis of partners:

IRSN: Quenching of in-vessel states, esp. degraded, het KOARE/CATHARE calc. on
reactor scenarios

KTH : Particulate debris formation (exp. and code develogin&ultidimensional cooling
with bed heterogeneities, boil-off. Calc. with WABE

VTT: Analysis of STYX exp. by WABE calc. Emphasis on padimixtures — realistic debris,
boil-off, top-fed bed.

IKE: DEBRIS exp.: Top- vs. bottom-fed, boil-off and queimgh WABE calc.: constitutive

laws and 2D effects. Reactor scenarios.
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oS AR Introduction: Joint work

Joint work:

Exchange of exp. and analysis results  elaboration of joint views,
clarification about constitutive laws and major effects

Joint WABE calc. KTH - VTT - IKE VTT report on STYX

Joint publication on views and status: NED special issue 2006

Joint planning for new experiments:
PEARL (IRSN), STYX (VTT), POMECO (KTH), DEBRIS (IKE),

DEFOR (KTH)

8/33



Debris Bed Formation:
S/A\ IQne J

Conclusions from FARO exp. and Modelling

Major questions: Complete breakup? Reagglomeration of liquid dropsake?Particle
sizes and local mixtures of particles? Bed shape aretdgtneities? Porosity?

Major outcome: Significant breakup with corium jeffowing underrealistic conditionsnto
water (wide range: pressures 50 — 2 bar, saturatedulodasled, 5 - 10 cm jet diameter,
~ 5 m/s inflow velocity)

FARO-L28 Eat., 5bar,5 cm jetin 1.45m deep wa)ecake 77 kg, particles 85 kg
FARO-L31 (LOOK subc, 2bar, 5 cm jet in 1.45m deep water): no cakejqest83 kg

similar size distributionjet length from penetration history: 0.7-0.8 m in bo#ses
similar,complete breakumake in L28 from reagglomeratlm'i not solidified melt drops
in saturated water &g = T

cake formation depending on
subcooling and water depth; &8
no exp. results on bed porosiiis

v \ " it R L e SO
(a) Debris as found in the catcher (b) Cake found after removal of the loose part
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£ S/A\Qnet Modelling

IKE: IKEJET/IKEMIX

IRSN: MC3D

E.g., breakup results with IKEJET/IKEMIX for FARO-L2&d —L31.:

Length of coherent jet:
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ESAQHEJ Debris Bed Formation (DEFOR)
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Results from DEFOR Experiments

Much larger particles witlow-densitymaterial CaO-B203 than with tlregher-density
one WO3-CaO in DEFOR-E:

Comparison of debris from DEFOR: low-density (left)d higher density melt (right)

KROTOS- KROTOS-
alumina corium

Overall result: high porosity and heterogeneity obbeds support coolability
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Results from DEFOR Experiments

More systematic new series DEFOR-S: higher density nadseri
Major results:

High bed porosities of 60—-70% for high water sulicgoof ~ 80 K, independent of
the simulant melt composition (robust result !).

Lower porosities of 46 and 59% with lower subcoglaf 25 K Partial agglomeration
and cake formation is considered as cause.

Non-spherical particles increase the porosityong trend towards irregular particles
with high subcooling partly explains robust results on high porosity
Non-eutectic melts further favor this trend

However: effects not sufficient to explain that high porosity settling process
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DEFOR Experiments: Modelling

Calculations with IKEJET/IKEMIX on DEFOR experimsn

— breakup feature@article sizes, length of coherent jet)equately described for
higher density material

— significantly smaller particles result with the nprototypic low-density material
(similar to Corium vs. Al203-effects in previous KROS and PREMIX
experiments):

may be explained by additional deceleration effactst&ken into account,
reduced jet velocity yields results in this direati

Work has been started KTH to model major features of settling and paghn the
frame of the CFD code DECOSIM. Settling againshgsteam flow and induced water
flow is considered as a main effect‘imot packing”.

Irregular particles with high friction promote hefgpomation against spreading of
particles.
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Coolability of Debris Beds: Basics and Validation

Boil-off under top and bottom flooding:
DEBRIS (IKE)

— General aim: unified description to be used in 2D/3D
codeg(even in generalized way), hefection laws

— New results from DEBRIS fomixtures of spheres
(50% 6 mm, 30% 3 mm, 20% 2 mm), effective
diameter 2.9 mm from pressure drop measurements,
3.5 mm from surface weighting
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Inductive heating i

" #8% &

Instrumentation

" 51 TCsin 25 Levels inside the Bed

" 8 Diff. Pressure Transducers along
Bed Height in Distances 100 mm

* 2 Mass Flow Meters

" 25 TCs in Peripherical Syst6tns



DEBRIS top vs. bottom flooding experiments
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WABE calc. with different friction laws (EXP: Experent; SM: Schulenberg/Mdller; TD:
Tung/Dhir; MTD: Modified Tung/Dhir)

MTD: new madifications of TD model concern esp. transitmtween flow patterns, e.g.
earlier transition to annular flow for smaller particles

DHF: dryout heat flux (flux per cross-section at top) addneg limit of coolability by dry
zone formation



Coolabllity of Debris Beds: Basics and Validation

Already with Hofmann exp, FZK (3mm spheres, 1 bar) check again:

DHF [kW/m2]
Top flooding Bottom flooding
Experiment 910 2088
Reed 924 1250
SM 837 1636
TD 619 2070
MTD 919 1917
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Coolability of Debris Beds: Basics and Validation

Major point in improvement wasterfacial friction

Already shown in earlier DEBRIS experiments:

classical approaches without explicit interfacial froctido not reproduce even the
qualitative behavior of measured pressure drops in saggf DEBRIS:
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a) with top flooding (jI,0 = 0 mm/s) b)ttv bottom flooding (jI,0 = 0.5 mm/s)

Need of explicit interfacial friction term reflects co-.\@unter-current flow situations.
Decision on this basis could not be reached due to expetahproblems extended
analyses of global effects (DHF) over larger rangeaoifditions, as above
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Mixed and Irregular Particles: STYX Exp. (VTT)

Broad particle size distribution based on FARO exp.:
Effective particle diameter from pressure drop measures®.8mm, surface mean: 1.9mm

Porosity: 0.37
Bed produced by intense mixing

Resistance heatirgj 6 levels, at distance of 10cm

~ 1000

Top-fed bed
DHF measurements
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Mixed and Irregular Particles: STYX EXxp.

DHF [KW/m2]

STYX top flooding experiments STYX top flooding experiments
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DHF results for 2 variants of effective diameter andgsdy sets (range of uncertainties):

Different quality of prediction for lower and higher $§m pressures

Similar agreement with exp. data for Reed, SM and MTi&i&n laws (top flooding case!)

Major question: small effective diameters and porositynixing process in bed construction?

DEFOR exp.!



STYX: Further Aspects Investigated

Development towards dryout and heatup of dry zoM¢ABE calc
- First dry zone at bottom if power just surpasses DHF
— Agreement with experiment / check whether exp. justtime point

— Long duration until first dry zone forms



STYX: Further Aspects Investigated

Heating methodmuch strongelocal heating by wiresequired to get comparable mean
power with volume (inductive heating) effects?

Calculations performed with WABE for checking: axiallgdaradially distributed heating.
Examples:

VTT approach:

a) Void b) Solid temperature

Fig. 9: WABE calculation for STYX-2.3 with non-homeneous heating
(1.15 bar, Q=1.2mm, =0.37, average power 220W/kg 327 kW/m?).

No significant effects of local heating as
present conclusion, similar from KTH calc. 22133



Mixed Irregular Particles:

DEBRIS Exp.
DEBRIS top flooding (irregular mix particles) exper iments
1800
1600 2
1400 [ |
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= A SM
n 800 $ -
o 600 e MTD
400
200
0 T T T T T
0 1 2 3 4 5 6
Pressure [bar]

Experiments performed with mixture of debris from PREMEXZK) exp. and steel spheres (for inductive heating)

— Top flooding -DHF ~ Some uncertainties with pressure as in STYX;
similar quality with Reed, SM and MTD, similar 8X'YX
Bottom flooding:heating not sufficient to reach DHF, even not fdrat (limit 1421kW/m2).
WABE for 1 bar: Reed too small, SM: 1469 kW/m?2, MTL¥.33 kW/m?



Quenching of Hot Debris

Earlier experiments: BNL, 1984 (Tutbottom-fed in fixed inflow ratgsGinsberg: top-
fed), calc. with ICARE/CATHARE (IRSN) and WABE (IKE)

Tutu: initial particle temperature of 775 K, diféet, fixed superficial water
injection velocities at bottom (spherical particleE 3.2 mm diametes,
porosity 0.39, 1bar system pressure)

Calc. with driving water column  only
lowest inlet velocities realistic  plateau
behavior, thin quenching front  possible
modelling simplification

DEBRIS: top and bottom

Quench front propagation for bottom—
flooding DEBRIS experiment at
different initial bed temperatures:
Remaining calculation problems,
large diameters of 6mm?
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2D-Effects with Downcomers: POMECO (KTH)

Downcomers as possible AM measures

WABE calculation for POMECO

Sketch of Pomeco Exp. . :
_ half bed section: axisymmetry)
— DHF predicted346 kW/m2 measured331 kW/m2 (small diameter: Tmm!)

top flooding without downcome10 kW/mz (calc.)
—- Reed and MTD similar, but significantly higher DHF Wi TD for 3mm particles
-~ Temperature increase in dry zones, but only slow zone tirow

— Dryregion at top still cooled by steam flg\nere coolable up t890 kW/m?2, with maximum
temperatures maintained at ~ 250 C. Temperature isefegyond 1000 C with30 kW/m2
but extension down to 10 cm height lasting > 50 min
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Coolability in Reactor Scenarios:
Representative Cases

Boil-off under decay heat with non-uniform bed, here: heap inldwad

0.004 0.03

a) With Reed modell41 W/kg b) With MTD model, 223 W/kg
2.27 MW/m? 3.62 MW/m? (1D top-fed:1MW/m2)

WABE results on boil-ofof initially water-filled bed in lower head of RPV:
Distribution of saturation (liquid volume fractiar fluid).

Bed data: mean particle diameter 3 mm, porosity 8ydtem pressure 5 bar.
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Coolabllity in Reactor Scenarios:
Representative Cases

Cooling in steam flow (if water access to lower bed regjons
Calculations witnCARE/CATHARE (IRSN) and WABE (IKE):

—  Much higher power removable than concluded from 1D tapaied in general from DHF:
coolable even after formation of large dry zones

- Significant time delay until melting in cases with failure of cooling
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Quenching of Hot Debris in Core and Lower Head

Calculations by IRSN with ICARE/CATHARE and IKE with ALET-CD modules
MEWA and VECO

Quenching of hot, dry and degraded core by water inflanthie downcometateral
inflow into debris: multidimensional effects govern

Time 400 s from start of reflood

Initial heatup of
core to ~2000 K

Degradation
assumed.

IKE case: ~20 t

melt before onset
of flooding

ICARE/CATHARE (left) and ATHLET-CD-MEWA/VECO (rightcalculations on reflooding of a hot core:
Water distribution (saturation) in the RPV



Lower Head: Quenching of debris with Cake

Dense region of porosity 0.1, ~50 cm thick, 10 cmKkigap below (gap CHF not considered),
bed above of 60t with particles of 2 mm, porosity O dcaly power of 200 W/kg corium, initial
temperature of 1270 K in initially dry debris, systenagsure of 60 bar

WABE calculation on quenching: solid temperatuneg water flow field
(left: after 920 s, right: after 2940 s).
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ICARE/CATHARE results

1000 C initial temp., 60 bar, 2mm
particles, porosity 0.4, 160W/kguUO2

30/33




Summary and Conclusions

Description of whole course of accident incl. water injeabn effects (cooling)

Status of models and codes essentially reached whimlvabverall analysis of reactor safety
iIssues about coolability in the course of an accideslmned with analysis of accident
progression

— Quenching of a degraded coreQuenching vs. melt pool formatipdepending on state of
degradation, heatup, melt mass, etc.

Calc. of IKE with ATHLET-CD (incl. MEWA) yieldstrong trend to quenchin@ D effects
important), even with molten parts (e.g. case with 20 t)

Melt pool formation only with < 1mm particle for HP casedanith < 3 mm for ND case. I.e.,
essential melting in TMI must have occured in dry periddoxidation globally not important for
this result (steam starvation). Significant contribatly cooling in gas/steam flow.

Strong trend to melt pool formation in cases of coolintufe (mostly dry core) if water boundary in
lower core region or grid.

— Melt pool behaviour:
Cooling of large melt pool in core possible? Probatuy:

Mode of outflow? Conditions for coolability in lower headlimited streams/jets of melt into
water promote breakup and particulate debris formation.
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Summary and Conclusions

— Debris bed formation in lower head:
Key processes: jet breakup, crust formation at dropssettling bed structure
Significant breakuin 1-2 m deep water from calc., supported by FARO anéORE exp.high
porositiesindicated by DEFOR, remaininghcertainties in drop freezing

— Debris coolability in lower head:
Quenching and boil-off analysed as for core.
High cooling potential again from 2D effeclateral, downward water inflow along the RPV wall,
promoted by heap shape of bed.
Competition between quenching and heatup.
DHF not sufficient to analyse cooling potentiEven with dry zones, coolability is maintained up
to much higher powers due twoling by steam flow(if water access to lower bed regions).
Coolability of cakes with low porosity can be supported by same mechanism, e.g. via gaps.

— Debris coolability in cavity, esp. deep water pool in BWR:
Failure mode after formation of large melt pool in itgpepregion outflow in limited pour.
Similar scenario as in RPVP.ossible differenceghicker jets, higher velocity (pool driving head,
fall length in gas) longer coherent jets?, subcooled water.
Present concl.: Complete breakup in deep water, seffigolidification particulate debris
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Summary and Conclusions

Proposals for ASTEC

— Adequate models for the key processes and scenarios exist nsimplifications

— Also integration of models in system codes as ICARE/EARE and ATHLET-CD
essentially exists adaptation to specific demands for ASTEC ?

- Requirements for adequate physical description (espysiaaf coolability):

2D, separated flow of water and steam in porous strast(debris bed to be described at
least in several zones, including zones of denser cadke&lawncomers)

Friction laws with explicit steam/water interfacial frich (co- and counter-current flow)

Envisaged simplified heat transfer: thermal equilibrifor boil-off, simplified heat transfer
also for quenchingossible (but with temperature difference between pagiahd fluids)

Heat-up and melting in dry zones simultaneously with gbérg/cooling by water inflow for
describing the key competing processes. Cooling by stéamifcluded.

Breakup of melt jets and settling of fragments underdsiadiation to characterize debris.
Simplified modelling on basis of the available modelg (éncluded in ATHLET-CD).
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Summary and Conclusions

Future Work  FP7
— Major work still to be done:
Confirmation, consolidation, validation
— Some specific points, as indicated above

-~ Whole course analyses, investigations about effectsraipg on scenarios and switches in
scenarios (e.g. due to variants of water injection)

- New experiments for validation:
PEARL (IRSN): 2D quenching of hot non-homogeneous(esqd. addressing degraded core)
STYX (VTT): 2D effects with outer downcomer ring

DEBRIS (IKE): Constitutive laws for variants of irreguldebris — top and bottom fed,
guenching, variants of downcomers for specific 2D dffec

DEFOR, POMECO (KTH): Heterogeneous debris formatioth evolability
QUENCH, LIVE (FZK): Debris formation and cooling witklation to accident scenarios
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