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Introduction (1/2)
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‐ 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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Introduction (2/2)
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Depends mainly on the core-catcher design

Core‐catcher of Super Phenix                      Core‐catcher of russian BN800

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

Relocation of the corium in JSFR
(from Tohru Suzuki et al. (2014))
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Physical problems to be adressed (1/1)
‐ First stage of the relocation

‐ FCI (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 

‐ Third stage of the relocation
‐ Cooling of debris bed
‐ Cooling of the corium pool
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Ablation by melting Ablation by melting with crust
(reducing heat transfer)

Berg et al. (1994)
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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)

- Two steps: primary breakup and secondary breakup

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

Fragmentation? very complex and intricated phenomena

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

- Characterizing Non-Dimensional number:

- Most of the studies have ben made with gas-liquid system (liquid jet in a surrounding gas,                 )

For high velocity jet, turbulence fluctuations are to be taken into account ! So a multiscale physics!!
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Chigier et Farago [1992], gas liquid systems
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First step of the relocation (3/8)
Consequences of the Fragmentation? Corium interact with the core‐catcher as a spray of molten
materials (short time interaction) and a debris bed will be formed (size of the debris)
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Breaking length

Saito (2015)

For high Weber number L/D~10
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Breaking length as a function of the Weber number
(water/liquid metal system)

Experiments performed at LEMTA (M. Hadj Achour, 2017) 
(water/liquid metal system, We~26)
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First step of the relocation (4/8)
Studies at LEMTA with Liquid/liquid system (Fields metal injected in a water pool)

32.5% Bi, 51% In, 16.5% Sn
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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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First step of the relocation (5/8)

Diffferences between water/corium & sodium/corium
(ie LWR & SFR): from Tohru Suzuki & al. (2014)

- water/corium:
- Formation of vapor film on the jet surface
- Low heat transfer due to vapor film
- Deep penetration
- High possibility of direct contact with Vessel

- sodium/corium:
- No significant vapor film formation on the jet surface
- High heat transfer due to liquid/liquid contact
- Rapid jet breakup
- Low possibility of direct contact with Vessel Flow transition criteria, from Tohru Suzuki & al. (2014)
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First step of the relocation (6/8)
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DNS simulations performed with Gerris code
phD thesis of S. Castrillon Escobar (2016)

Experiments performed at LEMTA
PhD thesis of M. Hadj Achour (2017)
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First step of the relocation (7/8)
Sauter Mean Diameter as a function of the Weber number (from S. Castrillon, 2016)

SMD/Do=a. Web
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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)
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Conditions
Vjet ~ 10 m/s
Djet ~ 80 mm
t jet ~ 150s

Métal --------Oxyde
1 106 < Re < 3 106

0,1    < Pr  < 0,5
We>>1000
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Recent studies at LEMTA
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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 spray of molten materials (short time interaction) 
and a debris bed will be formed (size of the debris)
‐ Question to be adressed: (i) breaking length of the jet and (ii) size of the debris and formation  
and coolability of the debris bed
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H/D>>10
H/D~10

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

HANSOLO (water/ice) : Tj=50°C, Rej=55000 (Dj~6mm)
Picture from Lecoanet et al. (2021)

JIMEC (steel/steel) : Tj=50°C, Vj=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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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
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Recent studies at LEMTA & KIT
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Third step of the relocation (1/4)
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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
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Third step of the relocation (1/4)

ESFR-SMART  Spring School, March 2021, Online meeting

Flow in porous media

‐ Described using the Darcy‐Forcheimer equation (1914)

‐ Generalization of the previous equation to two‐phase flow (Buchlin et al.,1987)
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Third step of the relocation (1/4)
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Core catcher

Liquid Na

Coolable without boiling

Core catcher

Coolable withboiling
Core catcher

uncoolable (Dryout)

Simplified 0D model for DHF 
(from Lipinski, 1982)
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Concluding remarks
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‐ First stage of the relocation
‐ FCI (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 

‐ Third stage of the relocation
‐ Cooling of debris bed
‐ Cooling of the corium pool

Probably fragmention will occur….

…but the critical case should be
the case studied by A. Lecoanet but it can be
interesting to invetigate the case of a spray 
of molten material impinging the core-catcher

I have not talk about the cooling of a corium pool 
but it should be also addressed and we need also
some more precise modelling of the DHF

Should be studied with LIVE tests at KIT
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