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Background and objective

1. Ex-vessel corium cooling

2. Objective for COOLAP-3 code
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I Ex-vessel corium cooling

= Ex-vessel corium cooling strategies

Mitigation Concept of EPR

Top-flooding

Corium jet * Cooling process

* Crust breach

from RV .
cpe . . * Bulk cooling
Sacrifice materla\ Cavity Crust Cake

* Water ingression
Core _catcher

* Melt eruptions

* Pros and cons

* Benign FCls (Fuel-Coolant Interactions)

—— - * Low coolability (MCCI1 )

Mitigation Concept of APR-1400 _ Pre-flooding
Corium jet = Cooling process
Cavity '

from RV * Jet fragmentation

* Debris bed & Cake formation

Debris bed
IRWST * Dry-out in Debris bed

* Cake top cooling

* Pros and cons
’ * High coolability (MCCIJ/)
CFS - : ' * Energetic FCls (steam explosion)
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I Ex-vessel corium cooling

= Ex-vessel corium behavior in pre-flooded cavity

Non-energetic Phenomena in Pre-flooded Cavity

. . DEFOR-E
(3 Cake & debris bed formation «.roojian, 2009)

@ Jet fragmentation

@ Two-phase in debris bed
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-
| objective for cOOLAP-3

= Uncertainty of Severe Accident

Complexity of Phenomena

Uncertainty of Initial Condition

a. K-H instability W SBO(SDS) ‘ 00 LA ()
4 - @® SBO (SDS+SIP)
. .rs < A MBLOCA - L5
- SBLOCA
b. R-T instability Y SBLoch oh) Development. ARTS
. . 3
c. Vortex stripping 7 .
H
d. Coarse breakup o 2
= Containment
> 2
@
K - // g ¥ MELCOR simulations
_ R ¢
Jet breakup (Kwang-il Ahn, 2006, 2012)
° 0 2 4 ‘ 6 8 Water pool Corium jet
Time (h)

/ \ a. Nonhomogeneous

structure » Decay heat? Jet velocity?

Debris

b. Steam outflow £ bed

—

RCS pressure
c. Water inflow

l 1 c g b Time at RV failure
= .
\.. :./ Quench front

B XY Y Y Ay

RV hole ablation —

Corium temperature i ) )
- Testing various of physical models

- Overcoming

Debris bed cooling

Cavity water pool depth __

Various of physical models describing phenomena
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COOLAP-3 Modeling Concept

1. Cooling of corium in pre-flooded cavity
2. Validation: FARO L28 and L31
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ICooIing of corium in pre-flooded cavity

= Corium behavior in COOLAP-3

4 @ Debrisbed = Corium jet

) Corium jet
In-complete M cake « Released from RV
breakup
* Cone shape

Entrainment
v = Entrained particle

Sedimentation & cooling * Entrained from corium jet

* Spherical shape

Remelting :
: .: P = Debris bed
c _._: - ‘. * Porous structure
trai t i
* nirainmen Agglomeration Debris bed I%..:...: * Large heat transfer area
206
oW N

q

Quenching &
' sedimentation

Cake

* Lump structure

See
Moo
Y

* Small heat transfer area
* Main cause of MCCI
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| Dryout in debris bed
= Model effect: 1000MWe-type NPP

= Debris bed heat transfer limit L S e O —

e 2-Phase Counter-Current Flow Limit

* Heat transfer from debris bed is limited by Dryout. (4 < q4nf) 2| Conical bed shape
0.32 times bottom area

Lipinski-type vertical 1-D DHF equations

= Mass
.j — ‘I:i,hf =i 10[deg] repose angle
v thfg
oi — _ qii,hf
Ji pohsg

Radius (m)

" Momentum

a2 —— Ci3 —u— PAR

.de _ _ My . Py .. Fi
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i Y nkard [l | 11| Bt C
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= Closure relation (Ergun, 1952) g — <z_l)
£3D2 *;; Di
.- P £
* Permeability: K = 15001-92 g
3D v 1.73 times SMD
* Passability: n = —F"— 02 | gy :
1.75(1-¢) Minimum diameter
. _ 7 0 3 6 9
qdhf i j qdhf dA Dm,-n~0. S5mm Diameter (mm)
Abtm
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—
I Va I id atio n: FA RO L2 8, L3 1 Characteristics of corium debris bed generated in

large-scale fuel-coolant interaction experiments
(D. Magallon, 2006)

Test condition Particle diameter distribution Released heat

Input L28 131 oo _B=rerer g
Melt material U0,/Zr0, (80/20wt%) B o |
E e AB0E F
Melt mass (kg) 175 92 B =
£ 60t %
Melt initial temperature (K) 3052 2990 g 3 100 |
g 40| 5
Melt release height (m) 2.33 2.22 £ §
€ 20 Tos0
]
System pressure (MPa) 0.51 0.22 MMD relative error = 1.8%
Water temperature (K) 423 291 0 3 6 9 12 A ° 0 5 10 15 20 25 30 35 40
Particle diameter (mm) Time (s)
Debris catcher area (m?) 0.3959 0.1302
EL3 =——= 31 CL3 —— 131
100 T 120 T
= L28 condition Lo N
_ 2 . .| 131 ,
* Large debris catcher (0.40m*) 5 = 90T ¥ g _—
* High system pressure (0.51MPa) § 60 ¢ g \“'."/
. S initi T 60 f
* Low subcooling (AT, = 2.6K) E ol Cake definition £ v
. Z § Multi-dimensional effect
= 131 condition £ ol Ty (small catcher)
« Small debris catcher (0.13m?) MMD relative error = 5.0%
* Low system pressure (0.22 MPa) o 3 6 9 12 15 °6 5 10 15 20 25 30 35 4
o ngh subcoolmg (ATsub — 1054[{) Particle diameter (mm) Time (s)
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Application of COOLAP-3 to Uncertainty Analysis

1. Methodology: MELCOR-COOLAP framework

2. Result: Containment pressure, cavity ablation depth
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I Methodology: MELCOR-COOLAP framework

= MELCOR-COOLAP coupling framework

atmosphere i’Conic‘rété:i
L ‘7:7— . )

water
pool

T

debris

intermediate
layers

debris

Debris bed

Top-cooling Pre-flooding

Korean Nuclear Society 2022 Autumn Meeting

Methodology

MELCOR-2.2 CAV Package & COOLAP MELCOR-COOLAP Framework

Cake
(lump)

RPV failure
Melt ejection
| 0
Evenly spread melt ’ Melt jet breakup ?
|
Particle tracking ?
MELCOR . MELCOR | COOLAP
-COOLAP Debris bed/

Lump formatlon

Coolability evaluation of pre-flooded cavity
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I Result: Containment pressure, cavity ablation depth

" MELCOR-COOLAP vs MELCOR single

COOLAP-3 = MELCOR Containment Pressure (MEL-CL, MEL)

14

- Concrete- _

12 +
atmosphere

Ultimate pressure capacity Ultimate pressure capacit

10

Design pressure

intermediate
debris

Containment pressure (bar)

debris
layers 2 L

shallow cases (1.6 < Hy < 3.2m)
middle cases (3.2 < Hy < 48m)

deep cases (4.8 < Hy)
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c=T3e T 0 10 20 30 40 50 60 70

Time (hr) Time (hr)
Cavity Ablation Depth (MEL-CL, MEL)
COOLAP-3: RV failure - 1h MELCOR: 1h - 72h ) shallow cases (1.6 < H; < 3.2m) ‘ ‘ ‘ ) , I l ' ' ' '
3.5 middle cases (3.2 < H, < 4.8m) 35 ¢
= Gap (MEL -> MEL-CL) _ o / a |
* All Cake - Cake + debris bed £ 251 : >' _ 25 |
* Totally spreading > Spreading according to model g i 2
g 15 | 7 15 |
R I 3,:7 1 Liner 7, i Liner depth i
* Result —
05 05
* Conservative pressure increase . . . . ( ‘ . . . ‘ .
* Ablation reflecting phenomena in pre-flooded cavity ¢ #® =B 3°Tlme(h:° ® =& B ¢ w =B 3°ﬂme(h:° 0w ® ®

Y M S 3 on

€ SEOUL NATIONAL UNIVERSITY

Korean Nuclear Society 2022 Autumn Meeting



ISummary

Code Development
»
COOLAP

“Development. ARTS

Containment

= Objective: Evaluation of ex-vessel coolability

» Code update: COOLAP-2 = COOLAP-3
* Particle size distribution
* Debris bed shape

= Validation with FARO L28 and L31

Application to Uncertainty Analysis

Containment pressure (bar)

Axial ablation depth (m)

Ultimate pressure capacity Ultimate pressure capacity

———— shallow cases (1.6 < Hy < 32m)
middie cases (32 < Hy < 48m)

deep cases (48 < Hy)

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (hr) Time (hr)

———— shallow cases (1.6 < Hy < 3.2m)

middle cases (3.2 < Hy < 48m)

deep cases (48 < Hy)

Liner depth

= MELCOR-COOLAP framework
* Containment pressurization
* Molten Core-Concrete Interaction

= Possible to reflect phenomena in pre-
flooded cavity
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Multi-D model

» Possibility of underestimation of DHF

= Multi-dimensional water ingression

BELER!
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