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;@) Introduction (1/2)

- new power plant designs must take into account possible core meltdown
- corium retention must be ensured
- In vessel retention with a core catcher in the lower part of the vessel
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Cut of a future SFR
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Fissile part

Diagrid

Discharge Tub

Upper limit of corium
Thermalhydraulics interaction,

Core catcher

Melting of the core catcher

Severe accident with
core meltdown

Discharge tubes DT:

Relocation toward Core-
catcher as fast as possible

Core-catcher:

Corium stabilization
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In-vessel retention
Advantages
Reduce corium mass avoid
criticity
Control and know corium path
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’@D Introduction (2/2)
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Depends mainly on the core-catcher design
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Core-catcher of Super Phenix

Artistic view of corium relocation
(pictures from Guidez et al. (2021))

Core-catcher of russian BN800O
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Relocation of the corium in JSFR
(from Tohru Suzuki et al. (2014))



;((DJ Physical problems to be adressed (1/1)

- Third stage of the relocation

First stage of the relocation

- FClI (interaction of corium jet with surrounding Na)
- Coherent corium jet (ie no fragmentation)

- Fragmentation of the corium jet

Second stage of the relocation

- Impact of fragmented debris and Formation of a bed
- Impact of the corium jet on the core-catcher material
(most critical case)

- Duration of the jet impact

- Cooling of debris bed
- Cooling of the corium pool

ESFR-SMART Spring School, March 2021, Online meeting

(a) (b) (c) (d)

Fig. 1. Appearance of disintegrating jet from 1KE experiments
(Woods metal into water, D =4 mm): (a) jet velocity 2ms~';
(b) jet velocity 4 m s ~'; (c) jet velocity 6 m s~ '; (d) jet velocity

1I5ms-".
Berg et al. (1994)

Ablation by melting  Ablation by melting with crust

(reducing heat transfer)
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TC ) First step of the relocation (1/8)

Fragmentation? very complex and intricated phenomena

- Fragmentation is initiated by instability mechanisms
(Kelvin Helmholtz, Rayleigh-Taylor, Rayleigh-Plateau, etc)

PFANS )
e |
igt 1 1 Tat
KH = Shear stress RT - gravity RP —> capillarity

—

secondary breakup

- Two steps: primary breakup and secondary breakup

primary breakup secondary breakup
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TC ) First step of the relocation (2/8)

w= 126m/s i
u; =183 ms %

Fragmentation? very complex and intricated phenomena -

ug =229 m/s

- These various mechanism of breakup are based mainly on
injected velocity and fluid properties.

- Characterizing Non-Dimensional number:

paU?D  op =~ uvp . _ U PL ML
= R = — FT - - - régime de Rayleigh régime de "first wind-induced” régime de "second wind-induced”
We o VpDo Y gD Pa  Ha o o
Chigier et Farago [1992], gas liquid systems
- Most of the studies have ben made with gas-liquid system (liquid jet in a surrounding gas, Z—L > 1)
A

For high velocity jet, turbulence fluctuations are to be taken into account ! So a multiscale physics!!

multiphase also as some vaporization of the coolant is expected as well as
solidification of the particle!!!!
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Y First step of the relocation (3/8)

Consequences of the Fragmentation? Corium interact with the core-catcher as a spray of
(short time interaction) and a debris bed will be formed (size of the debris)
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g) First step of the relocation (4/8)

Studies at LEMTA with Liquid/liquid system (Fields metal injected in a water pool)
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1 1 1 18 R
® Ctude actuelle
16| © Burgeretal. (1995) o
A Abe et al. (2006)
¥ Matsuo et al. (2008) ¢
14- | o Saitoetal. (2015) o o
O Saito et al. (2017) ¢
121 ¢
o
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o
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107 10° 10' 10° 10°
We
Experiments performed at LEMTA (M. Hadj Achour, 2017) Breaking length as a function of the Weber number
(water/liquid metal system, We~26) (water/liquid metal system)

32.5% Bi, 51% In, 16.5% Sn
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1Y First step of the relocation (4/8)

Studies at LEMTA with Liquid/liquid system (Fields metal injected in a water pool)

PhD thesis of Miloud Hadj Achour (2017)

Fields metal (T=85°C) injected in a water pool (T=40°C)
Uj= 2,3 m/s, Dj=2mm, We~26
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DJ First step of the relocation (5/8)
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- Formation of vapor film on the jet surface E E B A\ / R ey
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- No significant vapor film formation on the jet surface =~ <
- High heat transfer due to liquid/liquid contact Reynolds umber || .
- Rapid jet breakup N o _
- Low possibility of direct contact with Vessel Flow transition criteria, from Tohru Suzuki & al. (2014)
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OJ First step of the relocation (6/8)

DNS simulations performed with Gerris code
phD thesis of S. Castrillon Escobar (2016)

Weber 14.82
o ’ ’
O ]
t*=0.0 t*=0.31 t*=0.62 t*=0.92 t*=1.23 t* =154 t*=1.85 t*=2.16
Weber 47.43

t*=00 t*=031 t*=0.62 t*=0.92 t* =123

Weber 177.87

=00 t*=031 t*=062 t*=092 t*=1.23 t* =154 t*=1.85 t*=2.16

Weber 533.61

t*=0.0 t*=031 t*=062 t*=0.92 t*=123 t*=154
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Experiments performed at LEMTA

PhD thesis of M. Hadj Achour (2017)

We =2 We = 19 We = 41 We = 59 We = 118
A T =

- ' b =
t* = 0.70 t* = 0.65 t* = 0,50 t* = 0.81 t* = 0.69
t* = 1.10 t* = 1,20 t* =1,22 t* =1,18 t* = 1.45
t* = 2,00 t* =2,10 t* = 2,20 t* = 2,09 t* = 2,36
t* = 2,50 t* = 2.40 t* = 2,60

4 ‘ k
t* = 3,50 t* = 3,55 t* = 3.10 t* = 3.40 t* = 3,36
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”@D First step of the relocation (7/8)

Sauter Mean Diameter as a function of the Weber number (from S. Castrillon, 2016)
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1,00E+04

13



2 .
TC ) First step of the relocation (8/8)

Fragmentation? What could we conclude?

- gas-liquid systems and liquid-liquid-systems are driven by almost the same phenomena

- We could estimate : a breaking length (mainly function of the Weber number or Froude number)
and the size distribution of the debris

- real phenomena may be much more complex)

Conditions Métal -------- Oxyde
Vi ~ 10 m/s 1108<Re <3108
Djet ~80 mm 0,1 <Pr <05

tier ~ 150s We>>1000
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”@) Second step of the relocation (1/4)

Thermal interaction with the core-catcher

- Consequences of the Fragmentation?
- Corium will interact with the core-catcher as a
and a debris bed will be formed (size of the debris)

(short time interaction)

- Question to be adressed: (i) breaking length of the jet and (ii) size of the debris and formation

and coolability of the debris bed

H/D>>10
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H/D<10
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/(C) Second step of the relocation (2/4)

Impact of a coherent corium jet on the core-catcher material
(probably the most critical case)
— This issue has been addressed recently (HANSOLO at LEMTA, JIMEC at KIT)

Jet lce

\Blind Z(me" *

i gn;_y ! s TJ

Liquid sheet  :
© formationand
vanishing

Truncated cone shape
at impact
followed by a step

Impact and
spreading

205 35s

mmm * A :
([.emta : -
Mbconiaue Trborsas et Abpianee Embedded
thermocouple Pool-effect

HANSOLO (water/ice) : Tj=50°C, Rej=55000 (Dj~6mm)
Picture from Lecoanet et al. (2021)
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JIMEC (steel/steel) : Tj=50°C, V|=2,5 (exit) to 5,1m/s (impact)
Picture provided by Xiaoyang (KIT)

duration of the metal melt jet flow = 31s
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TC) Second step of the relocation (4/4)

What could we conclude?

- Fragmentation: Heat load will be spread on a larger surface and thus will reduce thermal load

- No fragmentation: this is the critical situation studied during A. Lecoanet PhD thesis

ESFR-SMART Spring School, March 2021, Online meeting
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;\(C) Third step of the relocation (1/4)

Coolability of a debris bed?

- Debris bed = unconsistent (or consistent) porous media (particles are supposed to be partly
solidified or not) and we must also considered a residual heat source

— Thus very complex two-phase flow in unconsistent porous media
—> coolability is controlled by the liquid sodium flow within the bed
- a coolability limit is defined estimating the DHF (Dryout Heat Flux)

under this limit, power is being removed from the debris bed under convective or boiling regimes,
increasing the average void fraction,

above this limit, part of the heat generation accumulates within the solid, resulting in an overheating
of the particles leading to their fusion and later to a pool

—> important parameters: Thickness of the bed, porosity or permeability, particle diameters and temperature

20
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’& ) Third step of the relocation (1/4)

Flow in porous media

- Described using the Darcy-Forcheimer equation (1914)

P e (1 +%)

Sd° 3d°

dp W, p T 36ket2(1— 62 A(1—g)?

“dz PngEJJFEU\ xJ
o &d
A TE -y
- Generalization of the previous equation to two-phase flow (Buchlin et al.,1987)

dpg aug hy, \/Pg Pi

az  Pef T Ky x KJ ’7rg X 1] Ue| xJg Dppr = (] | (
—@:Pu‘:“r al ]+ il < J, it

dz Ky < K mI X 17 N

VA, Pg)8
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”(C) Third step of the relocation (1/4)

Liquid Na

Coolable without boiling uncoolable (Dryout)

Simplified 0D model for DHF Oy oy /PPy~ pegN(1+5%)
(from Lipinski, 1982) (1 | (&),.;-4)2

Iy
with

Y
‘ \/g(nof pg}g
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”(C ) Concluding remarks

- First stage of the relocation

- FClI (interaction of corium jet with surrounding Na)

Probably fragmention will occur....

- Coherent corium jet (ie no fragmentation)

- Fragmentation of the corium jet

- Second stage of the relocation

...but the critical case should be

- Impact of fragmented debris and Formation of a bed the case studied by A. Lecoanet but it can be
- Impact of the corium jet on the core-catcher material interesting to invetigate the case of a spray

(most critical case)
- Duration of the jet impact

- Third stage of the relocation

of molten material impinging the core-catcher

| have not talk about the cooling of a corium pool

- Cooling of debris bed but it should be also addressed and we need also
- Cooling of the corium pool some more precise modelling of the DHF

Should be studied with LIVE tests at KIT

ESFR-SMART Spring School, March 2021, Online meeting
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