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Planning

e General description of Fuel Coolant Interactions (FCl)

« Numerical resources at IRSN to evaluate FCI: MC3D

e Primary and secondary fragmentation

e Secondary fragmentation during FCl

e Drop breakup in liquid/gas and liquid/liquid environments
e Some results using MC3D

e Drop breakup using Gerris code

e Some results and ways of improvement

Société Franaise de Thermique, Secondary breakup on FCl, 02 0ct 2014 - Pais, France  |RS[T elem@ 2.



-
Fuel Coolant Interactions (FCI)

In-vessel
configuration

Nuclear Power plant accident

with core meltdown

| N Ex-vessel
Molten fuel relocation . ‘ configuration

Premixing

Fragmentation
Void fraction
Melt solidification

s mm mm Em = o ==y

Debris bed
formation and
coolability

Steam
explosion

Example of a 3D calculation with MC3D
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Position of the problem of corium
fragmentation

How a coherent melt jet is
transformed into droplets or

fragments ?

Particular difficulties :

- Highly non-linear and unstable
phenomenon with strong
feedback

 Impact of melt solidification s KSd
and oxidation with complex
melt compositions

- physical properties quite
uncertain

Société Frangaise de Thermique, Secondary breakup on FCl 02 0ct 2014 - Pais, France  |RS[T elem@ 4



.07
FCIl simulation at IRSN; CFD code MC3D

Multiphase code MC3D

Different fluid fields:

e Liquid coolant and steam + non condensable gases (H2, 02 ...)

e Jet (Unfragmented melt, with an interface tracking VOF-PLIC method)
e Dispersed melt droplets

PREMIXING

EXPLOSION



e
Melt jet fragmentation during premixing

e Primary fragmentation

Large scale jet destabilisation - Detachement of large blobs from jet

e« Secondary fragmentation

Breakup of blobs and droplets following local scale hydrodynamic

conditions
— ¥ R
Primary
fragmentation Drop breakup
(Detachement of ) (breakup of large
JET large liquid metal o blobs into small
Simple jet shape blobs) fragments) P _—

= o

+ TLQ:

o 0@ ©e

Matsuo et al. 2008
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Secondary fragmentation on FCI

Jet injection and Watching the premixing
premixing zone zone with X-ray !!!

Secondary breakup during:

* Free fall of jet

» Contact of corium blobs with water flow
 High speed counter flow

Krotos KS4
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Secondary fragmentation on FCI

Liquid Metal-liquid configuration o _ .
1000°C Tin droplet in water Liquid-gas configuration

De Malmazet 2009 Theofanous et al. 2012

Preliminary hypothesis on secondary breakup during FCI:

* Hydrodynamic fragmentation controls the global behavior of breakup
» Weak influence of local thermal interactions

* Weak influence of steam film around droplets
 Breakup following pure liquid/gas or liquid/liquid configuration
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e
Modelling hypothesis

e Drop breakup
- when the Weber number > critical value

e Drop fragmentation models
- shear breakup regime

« Fragmentation ends in
- 4 to 6 characteristic Ranger and Nicolls time

OO O o rdd=Dld /AVidc
OO O ‘//O‘ld/p‘lc
46 T
Q=02
O o ©
O © O *Low Ohnesorge number

*No solidification
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Dispersed phase modelling in MC3D

Droplet size distribution

Daughter drops
X

/00

drop \ . i

O.O_T L A R A | T T T | Fragmented
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~ Mother

Mass fraction
o o
N w

o
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NDI ND2 ND3 ND4 ND5 ND6 ND7 ND8 ND9 ND 10 HGTaERARAR
Small fragments large drops
Water Drop Drop
i Velocity field , velocity field 2y velocity field 1,
Inhomogeneous MUSIG method
; AV p
Drop fragmentation rate Itrag,drop—drop = @dPd Cfrag D—:" p—;
; _ Weepo
Generated fragment size daaughter = e
We., = Constant Best results using a constant

characteristic Weber number
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Drop breakup validation
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Different droplet size coefficient values
for liquid/gas and liquid/liquid
environments.

Same fragmentation rate for L/L and L/G

cases.

Model is still too much user-dependent

)

Impove analysis of fragmentation
process

» Difference between L/L and L/G
* Influence of physical properties
 Drag coefficient during breakup
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Simulation of drop breakup using Gerris

e Why gerris??? 1 L

o)
)
o)

)
o)

Adaptive mesh refinement (AMR)

Parallel calculations / Fast calculation time
Previous studies of drop breakup

performed with this CFD code

Internship with a Master student from UMPC (Azzara Annunziato)
Outputs for droplet size distribution

o Calculation parameters and domain

o)
o)

Liquid/Liquid (Gallium/Water) configuration (Surface tension of 0.7 N/m)
Weber number until 1300 => Range of FCl premixing stage

10 Do E’.IDO

, , 4

50 Do
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Mesh criteria and simulation cases

e Based on a characteristic Weber number

o Imposed minimum daughter size

Parameter Symbol Formula Value
D We
= probl — probl Density ratio p” pdlpec 6.07
D gau ghter We frag Viscosity ratio w Malpe L6
Reynolds number Re pcDotlo  16.692-58956
. }‘C
o Ratio between mother drop and box length Weber number We pflioug 1201300
size
L — ﬁ . DO
.. ID Dy(mm) We Re T (s) % Level
o Gamma: Minimum number of cells per 0
droplet h a 33 120 16692 1.61-107° 100 9
— LT
T=ax,, ~ 4. b 42 160 21744 2.00-10° 133 9
: : c 4.2 230 26071 1.67-107° 192 10
0 Maximum refinement level
d 24 200 18377 7.72-107% 167 10
1 e 2.8 450 29775 649-1070 375 11
_In(a-B-7) .
LEVEL = f 33 630 38246 7.02-10 525 11
In2 g 3.8 1300 58956 6.04-107* 1083 12
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Some results (2D calculations)

We =

We =

We =

We = 1300

14
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[
Droplet size distribution

e OQverestimation of the final o
Sauter Mean Diameter '

e Results are not easily fitted with
a log-normal distribution (no
many simulations available to
perform a statistical study)

102 10°
Weber

B u 0.2
(ﬁﬂl}'ﬂ JM { |
e i 00 . ] . 00 ; \\A
] B S -2 -1 16 =5 B ) -1 -8 -7 -6 -5 -4 - 2 1

-3
Ln(x) Ln(x) Ln(x)

We =450 We =630 We = 1300
D50/SMD = 1.1 D50/SMD = 1.1 D50/SMD = 1.2
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How to improve simulations ???

e Convert VOF droplets into point-lagrangian particle when they become
too small (They are generally stable => no further fragmentation)

e Perform 3D simulations at different Weber numbers

We

Il
w
o

We =120

o Better mesh refinement criteria (Higher refinement level)
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What’s next???

Introduce Lagrangian particules

Perform data post-processing
o Droplet size distribution

o Droplet deformation

o Drag coefficient

Comprehension of droplet breakup in Liquid/Liquid systems and
comparison with droplet breakup in FCI

0 Main mechanism for fragmentation
o Effect of steam film (comparing drop entrainment)

Deduce correlations or propose a new model to be implemented on
MC3D

Validation using the inhomogeneous MUSIG method

Société Franaise de Thermique, Secondary breakup on FCl 02 0ct 2014 - Pats France  |RS[T ebema



IRSHN

INSTITUT
DE RADIOPROTECTION
ET DE SORETE NUCLEAIRE

Laboratoire d'Energétique et de
Mécanique Théorique et Appliquée

Thank you




Scope of work

1. Introduction, evaluation Fragmentation on PREMIX (P) and on MUDROPS (M)
and analysisof | ,
fragmentation source terms Single model for Primary + secondary One step i
v Primary and secondary IREETETD model
breakup | T
v" coupled fragmentation E— Two step
models fragmentation + fragmentation i
model model i

2. Introduction of Multi-Size
Group (MUSIG) approach

v" Homogeneous: One velocity

Take into account polydisperse droplets and improve:

Heat transfer

field « Oxydation
v Inhomogeneous: Multi- + Solidification
velocity * Breakup process

IRSH el [
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Fragmentation source terms

PREMEL MUDROPS
(one droplet field + droplet area equation) (Several droplet classes)

Primary - Mass transfer from jet to droplet - Mass transfer from jet to several
fragmentation | field droplet classes

Ulfragl+ jet—drop

U'fragl+ jet=drop

- Droplet area creation

[VAT+ jet—drop
Secondary - Droplet area creation -Mass transfer between droplet
fragmentation classes

[VAT+ drop—drop U'fragl+ drop—drop

Surface_Vs_Tim
T

0.2

05}
0.4} ® |
03}

0.2}

1 S

rrrrt]

NC1 NC2 NC3 NC4 NC5 NC6 NC7 NC8 NC9 NC1O

0.0




e
Available experimental data / Validation

Liquid metal jet breakup experiments

I“H ER - | g b 5@ .ﬂﬁ -

> . . g
e [ .j - | ..n SN i AR

Solid fragments for a jet injection
velocity of 2,10 m/s (ABE, et al.,
2006)

b b k. m mﬁ_ ok

0.00s 0.05s 0.10s 0.15s 0. 0.25s 0.30s

 Final SMD
» Jet breakup length
 Droplet size distribution (for few
experiments)
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e
Modelling hypothesis

Primary breakup related

V=

Jet

Fragmentation
rate
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e
Modelling hypothesis

e Drop breakup
- when the Weber number > critical value

e Drop fragmentation models
- shear breakup regime

« Fragmentation ends in
- 4 to 6 characteristic Ranger and Nicolls time

OO O o rdd=Dld /AVidc
OO O ‘//O‘ld/p‘lc
46 T
Q=02
O o ©
O © O *Low Ohnesorge number

*No solidification
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MUDROPS modelling

Primary fragmentation

Droplet size distribution: Log-normal distribution characterized by:
SMD=NId 3 no(pld +plc)/AVIidcT2 pldplc SMD/DJ0,50 =1,2

Fragmentation rate: [lfragdrop—drop =NifAVide v1/3 pld plc /pld +
plc
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MUDROPS modelling

Secondary fragmentation
Drop fragmentation rate [frag, drop—drop =ald pld clfrag 4
Vide /Did Vplc /pld

Generated fragment size didaughter =Welch o/plc (4Vidc)T2

Welch =Constant

Droplet size distribution

Mass fraction
o o o
w = w

T

o
N

0.1f

OOT?fTTTTTT

"~ ND1 ND2 ND3 ND4 ND5 ND6 ND7 ND8 ND9 ND10

Fragmented
Small fragments large drops mother drop

Water Drop Drop
i Velocity field  velocity field 2y velocity field 1,

Inhomogeneous MUSIG method
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e
Jet breakup with MIF and MCF

« PIF model overestimates the final droplet SMD at low injection
velocities (important effect of secondary breakup)

« PCF agrees with experimental data at different injection velocities.
The simulation results follow a 1/V function

e At high injection velocity, secondary breakup seems to have weak
impact on the final droplet diameter.
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Hydrodynamic Secondary breakup

Liquid-Gas system

Drop size ~ s oo e

#—#& Classical KH
=~ [Rei87]

Much more problematic:

» The constant Weber number assumption seems the 10° o a2

most accurate (global Shape) . _ ® e Experimental results [Wol64]
» Welcr differs for Liquid/Gas and Liquid/Liquid %10‘

systems g

Constant characteristic Weber number

Welfragment =Welcritical =Constant
Classical Kelvin-Helmholtz instability

102}

1073

0 200 460 600 800 1000 1200 1400

k=2/3 (AVidc)T2 pld plc /o(pld+pic), Weber number
10° . . Liquid- quuld system
d\ldaug/lter = CJO A= CJO Zﬂ/k : Ernstanrﬁeber number
Reitz et al. 1987 T e

. = [Hsi92]

./Z= 9'02 D‘ld (1+0'45 ‘/.O/l)(1+0'4 Tm'7 )/ :_: [:xc;:;fi:nental results [Gel96]
(1+0.865 Well.67 )10.6 ~ T=0hVWe o, |

dldaughter =250 41 (£J0=0.61)
Hsiang et al. 1992

Welch=Cls (pld /pdc )T1 /A [pld /pld Did 4
Vidc JT1/2 WelO Weld =plc Did (4Vidc)T2 /

[y
(=]

Ratio SMD/d0
[ ]

lu-? -

500 1000 1500 2000 2500 3000 3500 4000
Weber number
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[ PREMIX APPLICATION J

Previous model New model

[ PREMEL } [ MUDROPS }

Dispersed field described by: Dispersed field described by:

- Several classes each one with its
own mass conservation and energy
equation

-One mass conservation equation

- A specific droplet area transport

equation - One or multiple momentum

equation
*Homogeneous MUDROPS (One
velocity field)

-One momentum equation

-One energy equation

*Heterogeneous/inhomogeneous
MUDROPS (Three velocity fields)

— e E— e mEe e EEe e EEe EEe R EEn S EEe e e e e e s o )



e
CFD code MC3D

Primary breakup Hypothesis for our work :
(Jet to drops) o Primary instability/fragmentation

driven by large scale (integral

scale)
Secondary breakup o Secondary fragmentation driven by
(Drops to Drops) local conditions

existing but not satisfactory

Sigmar Vs (k)

Kelvin-Helmholtz model for primary jet fragmentation

1 olr=kCli=vplcpld k12
A4V)12 /(plc+pld )12 —y
v Pa k13 /(pic+pld)

* (i = characteristic velocity of
perturbation growth

o Ifrag (primary) =Nlf
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Hydrodynamic Secondary breakup

Hypothesis : Hydrodynamic forces cause the droplet to deform and to breakup

(thermal aspects are neglected)

We=plc Did AVidcT2 /o Y
Weld <Welcr Stable drop, no secondary drop - Brodkey (1967)
breaku p ] R — Gelfand (1996)
Wel) >Welcr Drop will breakup T
Welcr is usually a function of the Ohnesorge .
number o
Oh=uld /Vpld Did o =VWe /Re |
In our case, 0/ ~107-3 B PO PO PO
Ohnesorge number, Oh
Guildenbecher et al. 2009

Viscosity should have no impact.
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Hydrodynamic Secondary breakup:
Fragmentation rate

Drop breakup divided in two stages:

° DrOp deformation (1 or 1 , 5 Tld) o F SOURCE SOURCE CORRELATION
RANGER 8 NICHOLLS (1968) O REINECKE & McKAY (1969) @ Oh=3.5 ———
| =
 Drop breakup (4 to 6 7d) ENGEL (1988) - A PRESENT(10<onk28) & onieg T
REINECKE & WALDMAN (1970) ¥ PRESENT (3.5 < Oh) v
op ————m————-- wy—— .
—_———— e AA— A A
s-n-0-f-n T B I I
t/rld C %% ,
rld=DId /AVide Vold /plc " [wwse o0 seun
—
OSC. DEF. MULTIMODE
Io'l 1 1 1 1
10° 10 10 10° 10° 10° 10®
We

Hsiang et al. 1992

- Total drop breakup time is nearly independant of the drop breakup regime
- Instantaneous volumetric drop fragmentation rate

[frag=clfrag Drop Volume/tld
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Hydrodynamic Secondary breakup

Liquid-Gas system

Drop size ~ s oo e

#—#& Classical KH
=~ [Rei87]

Much more problematic:

» The constant Weber number assumption seems the 10° o a2

most accurate (global Shape) . _ ® e Experimental results [Wol64]
» Welcr differs for Liquid/Gas and Liquid/Liquid %10‘

systems g

Constant characteristic Weber number

Welfragment =Welcritical =Constant
Classical Kelvin-Helmholtz instability
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d\ldaug/lter = CJO A= CJO Zﬂ/k : Ernstanrﬁeber number
Reitz et al. 1987 T e

. = [Hsi92]

./Z= 9'02 D‘ld (1+0'45 ‘/.O/l)(1+0'4 Tm'7 )/ :_: [:xc;:;fi:nental results [Gel96]
(1+0.865 Well.67 )10.6 ~ T=0hVWe o, |

dldaughter =250 41 (£J0=0.61)
Hsiang et al. 1992

Welch=Cls (pld /pdc )T1 /A [pld /pld Did 4
Vidc JT1/2 WelO Weld =plc Did (4Vidc)T2 /

[y
(=]

Ratio SMD/d0
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Hydrodynamic Secondary breakup

Drop fragmentation rate

Advantage: Each
drop breaks up

lifrag=clfrag ald AVide /Did Vpld plc =ala

pld clfrag AVide /Did Vplc /pld following local

hydrodynamic
conditions

Generated fragment size

didaughter =Welch o/plc (4Vidc )T2

Welch =Welcritical =Constant

Variation on the Mother droplet size (drop
number conservation)

mifinal=mi0 —T'lfrag At Secondary Fragmentation scheme

o YD PN I e P30S0 lemim



The MUSIG model

To limit the computational time, we must
limit the number of velocity fields

« 15t approach : homogeneous

« 2nd approach : heterogenous with 3 fields,
one being the water field :
hydrodynamical equilibrium with water (no
further fragmentation)

Mass transfert by stripping,
generated fragments (e.g red lines)

Dld-dil =7rlfrag (dil di2 —dll
didaughter) /didaughter (di2 —dll)
[frag=riDld-dll +7iDld—-dl2

Mass transfert by mother drop mass depletion
(e.g blue lines)

Dld—-dll =(aldpld /At — I'frag )(
adll di2 —dil dif)/dif (di2 —dll)
DId—-dl2 =7frag—7IDld—-dll

Droplet size distribution

Mass fraction
o o o o
N w = w
T

o
=

OO_vaTTTTT

" ND1 ND2 ND3 ND4 ND5 ND6 ND7 ND8 ND9 ND10

ISmall fragments large dropsl

Homogeneous MUSIG method

Water Drop Drop
| Velocity field ;i velocity field 2y velocity field 1

Inhomogeneous MUSIG method
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Validation : single drop fragmentation

Initial drop Drop Density | Density ratio Dynamic Viscosity Dynamic viscosity Surface Tension
diameter ratio
Physical properties kg/ Paxs /V/m
(rmm)
mT3
Liquid/Gas Bis 0.0276
0.20
0.15
Liquid/Liquid Galliun::zz 0.7036

0.4 0.6 0.8 1.0 1.2 1.4

o
N

Droplet size distribution (Liguid-Liquid system)

o
=

Il Homogeneous MUSIG
Il Inhomogeneous MUSIG |

o
~

o
=]

o
w

>57dd

Mass fraction
o o o
[a¥ ] (1) F=9

=
—

D'US.OE& 1.1E-2 2.2E-2 4.6E-2 9.8E-2 021 043 091 19 4.0

Diameter {(mm)

Homogenous MUSIG method not satisfactory because a large fraction of
large drops are not fragmented.

0 Due to a too important entrainment with the small fragments
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Validation : single drop fragmentation

Liquid-Gas system

Liquid-Liquid system
e o [Wol64] ® o [Gel96]
&—® Wech =12 ° e—® Wech =12
- A—A =
1071 F
S S
a a
= =
wv wn
o 2
s &
2L
102} ° | 10
0 200 400 600 800 1000 1200 1400 0 500 1000 1500 2000 2500

Weber number Weber number

Typical characteristic Weber number: Welc/z =12

Correct general tendency but different characteristic Weber number for the best fit with experimental results:

o Liquid/Gas systems Welch =5
o Liquid/Liquid systems Welch =20

Possible causes:

o Drop entrainment: Present drag law cld =max(min (0,5 ,Zd/?) \/‘Q(ﬂld—pJC’)/d' ),24/
Re (1+0,1 Re10,75 ))

o Drop stretching (Deformation) : liquid is entrained before fragmentation
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Liquid metal jet breakup

7 N . . . e o .
Melt jet fragmentation experiments - SMD VS Melt injection velocity
s EMS
e ! = KMU * IEMS
' b
' . B KMU
Ts \ A IKE \
£ '\‘ A KE
= \ e ANL _ e
3 \ £ N ——ANL
o 4 3 £ s i
Q X -
.E i‘ ‘\ SPRA g L \'.\.o —K—ISPRA
i 2 * 1
\
g3 '!\ —~ © — MC3D Nf=0.25 3 ' - \\ = MC3D Nd=0.25 Nd=10
= - Nd=4 8 :
g X 2 N
a “- m —oe  MC3D Nf=0.25 H "o "o —&  MC3D Nf=0.25 Nd=10 C0=1.0
=2 .‘ Nd=10CO = 0.4 [ ] Wecr=30 Homogeneous
< A . 0® 4, A Wecr = 10 At ‘& A \~° -+ @+ MC3D Nf=0.25 Nd=10 C0=1.0
." ~ ‘ ] ‘S AA \.,L‘ Wecr=30 Inhomogeneous
1 . ¢ A i N A\o s — A
T eoA A | ~. . AT, LT“C
. TESAA - A A M Comem s N
* ?
Y 2 4 6 8 10 12 14 16 18 20
0 5 10 15 20 Injection/Contact velocity (m/s)
Injection/Contact velocity (m/s)

One step fragmentation
Nid =4
Nf= 0,25

Two step fragmentation

Primary fragmentation

Secondary fragmentation

Nid =10

¢l0=1,0

Nif= 0,25

Welcr =30

St s de i, Sy onun PG, o206 T P Free IR 1) elom® | w0



e
Conclusions and Perspectives

v A secondary fragmentation model was introduced in the MC3D code, based on
a MUSIG approach.

v" The homogenous approach is not appropriate for liquid/liquid systems
v Use of 3 velocity field gives satisfactory results in first analysis

Continuation / Improvements:

1. Improve analysis of fragmentation processes (with a simulation tool in
particular)

» difference L/G and L/L?
« impact of viscosity ?
2. Analysis of drag coefficient during fragmentation
3. Influence of multiphase environments for application to FCI
4. New experimental setup for validation of melt fragmentation process
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