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중대사고 해석 연구의 중요성 

After Fukushima,.... 
• SBO 사고 완화조치 실패 

• 수소 폭발 발생 Station Black-Out 

수소 폭발 발생(1호기 격납용기 파괴) 

비등 및 Zircaloy 산화에 따른 수소 발생,  
격납건물 과압 

완화조치 실패 

사고 시 In-vessel, Ex-vessel  
용융물 열적 거동 연구의 중요성 심화 

Fukushima 사고 경위 
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중대사고 전산 해석 연구 
• 중대사고(Severe Accident): 설계 기준사고를 초과하는 사고로서, 심각한 노심손상(용융)을 초래하

고 방사성물질의 외부 유출을 억제하는 물리적 방벽들의 건전성을 손상시킬 수 있는 사고 

 

중대사고 해석 연구의 중요성 

용융물 누설 사고의 가능성 

Vessel Failure 

Fuel Coolant 
Interaction(FCI) 

Molten Corium Concrete 
Interaction(MCCI) 

Melt Spread 

Water Pool? 

용융물 거동에 따른 사고 경위 변화 
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중대사고 전산 해석 연구 
• 중대사고(Severe Accident): 설계 기준사고를 초과하는 사고로서, 심각한 노심손상(용융)을 초래하

고 방사성물질의 외부 유출을 억제하는 물리적 방벽들의 건전성을 손상시킬 수 있는 사고 

 

중대사고 해석 연구의 중요성 

용융물 누설 사고의 가능성 

Vessel Failure 

Fuel Coolant 
Interaction(FCI) 

Molten Corium Concrete 
Interaction(MCCI) 

Melt Spread 

Water Pool? 

용융물 거동에 따른 사고 경위 변화 
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Melt Spread: 
• 용융물 노출 이후 원자로 압력용기 하단 Cavity Pool 에 냉각수가 없을 경우. 

• MCCI의 초기 조건으로 사용될 수 있음. 

 

Molten Corium 해석의 중요성 

Vessel Failure 

Fuel Coolant 
Interaction(FCI) 

Molten Corium Concrete 
Interaction(MCCI) 

Melt Spread 

Water Pool? 

MCCI 

vs 
spreading 
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Eulerian 해석과 Lagrangian 해석의 차이 
• Control Volume 해석의 관점과 Control Mass 해석의 차이 

• 수치모델 구축을 위해 Kernel Function을 활용. 

 

What is Moving Particle Semi-implicit 

𝜕

𝜕𝑡
+ 𝑣 ∙ ∇=

𝐷

𝐷𝑡
 

in 

out 
𝑡 

𝑡 + ∆𝑡 

Eulerian Lagrangian 

control “volume” method control “mass” method 

Kernel Function 

𝑤 𝑟 =     

𝑟𝑒
𝑟
− 1        0 < 𝑟 < 𝑟𝑒

0 𝑟𝑒 < 𝑟
 

Effective Radius(𝒓𝒆)  
    

interacting  

boundary 

𝜙 = 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 
 𝑒𝑥  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 
𝑢𝑥, 𝑢𝑦 ,  
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 

𝜙𝑗 − 𝜙𝑖

𝑟𝑗 − 𝑟𝑖
 

𝑗 

𝜙𝑗 

𝜙𝑖 

𝑖 𝑟𝑗 − 𝑟𝑖

𝑟𝑗 − 𝑟𝑖
 

unit vector 
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Governing Equation in MPS 
• 상관식이 아닌 가장 기초가 되는 유동 지배 방정식을 이용하여 유체의 유동을 해석 

Typical MPS 

𝐷𝑢

𝐷𝑡
= −

1

𝜌
𝛻𝑃 + 𝑣𝛻2𝑢 + 𝑔 

Governing Equation 

Navier Stokes Equation: 

𝐷𝜌

𝐷𝑡
+ 𝜌𝛻 ∙ 𝑢 = 0 Continuity Equation: 

(Incompressible) 

𝑢∗ = 𝑢𝑡 + ∆𝑡 𝑣𝛻2𝑢 + 𝑔  

𝛻2𝑃 = 𝛼1
𝜌

∆𝑡
∇ ∙ 𝑢∗ 𝑖 + 𝛼2

𝜌

∆𝑡 2

𝑛∗ − 𝑛0

𝑛0
 

𝑢𝑡+1 = 𝑢∗ −
∆𝑡

𝜌
𝛻𝑃 

Calculate Body Force, Viscous Force 

Calculate pressure distribution 

Calculate pressure-induced velocity 

Numerical Model 

Effective Radius(𝒓𝒆)  
    

𝜙 = 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 
 𝑒𝑥  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 
𝑢𝑥, 𝑢𝑦 ,  
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 

𝜙𝑗 − 𝜙𝑖

𝑟𝑗 − 𝑟𝑖
 

𝑗 

𝜙𝑗 

𝜙𝑖 

𝑖 𝑟𝑗 − 𝑟𝑖

𝑟𝑗 − 𝑟𝑖
 

unit vector 

∇𝜙 𝑖 =
𝑑

𝑛0
 

𝜙𝑗 − 𝜙𝑖

𝑟𝑗 − 𝑟𝑖
2 𝑟𝑗 − 𝑟𝑖 𝑤 𝑟𝑗 − 𝑟𝑖

𝑗≠𝑖
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1)  

Typical MPS 

1

𝜌
∇𝑃

𝑖

𝑘+1

= 𝛼
1

𝜌

𝑑

𝑛0
 

𝑃𝑗
𝑘+1 − 𝑃𝑖

𝑘+1 𝑟𝑗 − 𝑟𝑖

𝑟𝑗 − 𝑟𝑖
2 𝑤𝑖𝑗 

Gradient Pressure 

2𝑑𝜌

𝑛0𝜆
 𝑃𝑗

𝑘+1 − 𝑃𝑖
𝑘+1 𝑤𝑖𝑗 = 𝛼1

𝜌

∆𝑡
𝛻 ∙ 𝑢∗ 𝑖 + 𝛼2

𝜌

∆𝑡 2

𝑛∗ − 𝑛0

𝑛0
 

𝛻 ∙
1

𝜌
𝛻𝑢

𝑖

𝑘+1

=
2𝑑𝜇

𝜌𝑛0𝜆
 𝑢𝑗

𝑘+1 − 𝑢𝑖
𝑘+1 𝑤𝑖𝑗 

Laplacian velocity 

𝑢∗ = 𝑢𝑡 + ∆𝑡 𝑣𝛻2𝑢 + 𝑔  

𝛻 ∙ 𝑢 = 0 

𝑢𝑡+1 = 𝑢∗ −
∆𝑡

𝜌
𝛻𝑃 

Calculate Body Force, Viscous Force 

Calculate pressure distribution 

Calculate pressure-induced velocity 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Calculate Collision 
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1)  

Typical MPS 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Calculate Collision 

𝑇 =

𝑇𝑚 +
𝐻 − 𝐻𝑙𝑎𝑡𝑒𝑛𝑡

𝜌𝐶𝑝
𝐻 > 𝐻𝑙𝑎𝑡𝑒𝑛𝑡

𝑇𝑚 0 < 𝐻 < 𝐻𝑙𝑎𝑡𝑒𝑛𝑡

𝑇𝑚 +
𝐻

𝜌𝐶𝑝
𝐻 < 0

 

Enthalpy에 따른  
입자 온도 계산 및 상 결정 

계산 편의를 위해 고체 영역은  
점도가 매우 큰 유체 로 해석 
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다상유동 및 상변화 해석 알고리즘 구축 
• 다상 유동 해석에 활용 가능한 적절한 모델 선정 

• 용융물 상변화 해석에 활용하기 위한 적절한 방법론 개발 

Objective 

대표 Corium 해석 예인 FARO 실험 해석을 통한 모델 검증 및 비교 분석 

Solid 

(Rigid Body) 
solidification 

melting 
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Numerical Model of Multi-phase MPS 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Density-Smoothing 

Scheme 

Calculate Collision 

Rigid Body Grouping 

Calculate Rigid Body 

Dynamics 

Single Phase 계산(동일 Property) 내에
서는 인접한 입자끼리 상호작용 시  

연속적인 속도장이 형성 

인접한 두 입자간 밀도차가 크게  

나타날 경우, 큰 밀도차에 의해  

불연속적인 속도 분포가 나타남 

(가속도 ∝ 힘(= 압력차)/밀도) 

불연속성을 상쇄 

Single phase 

High 𝜌 Low 𝜌 

기존모델 적용, 불연속성 발생(a) MMPS 식 적용(b) 

High 𝜌 Low 𝜌 

In Single phase condition 

In Multi-phase condition or Temperature-dependent property 

, simulation with structure(wall) 

coordinate 

Density(𝜌) 
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1)  

Numerical Model of Multi-phase MPS 

1

𝜌
∇𝑃

𝑖

𝑘+1

= 𝛼
𝑑

𝑛0
 

𝟐

𝝆𝒊 + 𝝆𝒊 

𝑃𝑗
𝑘+1 − 𝑃𝑖

𝑘+1 𝑟𝑗 − 𝑟𝑖

𝑟𝑗 − 𝑟𝑖
2 𝐶𝑖𝑗𝑤𝑖𝑗 + 1 − 𝛼

𝑑

𝑛0
 

𝟏

𝝆𝒊 

𝑃𝑗
𝑘+1 − 𝑃𝑖

𝑘+1 𝑟𝑗 − 𝑟𝑖

𝑟𝑗 − 𝑟𝑖
2 𝐶𝑖𝑗𝑤𝑖𝑗 

Gradient Pressure 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Density-Smoothing 

Scheme 

Calculate Collision 

Rigid Body Grouping 

Calculate Rigid Body 

Dynamics 

2𝑑

𝑛0𝜆
 

𝝆𝒊 + 𝝆𝒋 

𝟐𝝆𝒊 𝝆𝒋 
𝑃𝑗
𝑘+1 − 𝑃𝑖

𝑘+1 𝑤𝑖𝑗 = 𝛼1
𝜌

∆𝑡
𝛻 ∙ 𝑢∗ 𝑖 + 𝛼2

𝜌

∆𝑡 2

𝑛∗ − 𝑛0

𝑛0
 

∇ ∙
1

𝜌
∇𝑢

𝑖

𝑘+1

=
2𝑑

𝑛0𝜆
 

𝟐𝝁𝒊𝝁𝒋

𝝁𝒊 + 𝝁𝒋

2

𝝆𝒊 + 𝝆𝒋 
𝑢𝑗
𝑘+1 − 𝑢𝑖

𝑘+1 𝑤𝑖𝑗 

Laplacian velocity 
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1)  

Construction of Phase Change Algorithm 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Density-Smoothing 

Scheme 

Calculate Collision 

Rigid Body Grouping 

Calculate Rigid Body 

Dynamics 𝑄 = 𝜀𝜎𝐴𝑇𝑖
4 𝐴 = 6 1 −

𝑛𝑖
𝑛0

𝑙0
2 

𝜀(emissivity) = 0.2 𝜎(Stefan-Boltzmann const) = 5.67E-8  

𝐻𝑖
𝑡+1 = 𝐻𝑖

𝑡 + ∆𝑡
2𝑑

𝑛0𝜆
 

𝟐𝒌𝒊𝒌𝒋

𝒌𝒊 + 𝒌𝒋
𝑇𝑗
𝑘+1 − 𝑇𝑖

𝑘+1 𝑤𝑖𝑗 

Heat transfer model in multi-properties condition 
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Construction of Phase Change Algorithm 

Solid 

(Rigid Body) 
solidification 

melting 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Density-Smoothing 

Scheme 

Calculate Collision 

Rigid Body Grouping 

Calculate Rigid Body 

Dynamics 

Set as rigid body 

Solidified particle 

Set as normal particle 

Molten particle 

𝑇 =

𝑇𝑚 +
𝐻 − 𝐻𝑙𝑎𝑡𝑒𝑛𝑡

𝜌𝐶𝑝
𝐻 > 𝐻𝑙𝑎𝑡𝑒𝑛𝑡

𝑇𝑚 0 < 𝐻 < 𝐻𝑙𝑎𝑡𝑒𝑛𝑡

𝑇𝑚 +
𝐻

𝜌𝐶𝑝
𝐻 < 0

 

liquid 

transition 

solid 
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Rigid Body 계산을 수행하기 위해 각 Solid 입자들에 대한 그룹화를 수행 
• Rigid body sticking distance 정의: 하나의 Rigid Body Group이 유지되는 최소 거리(1.1𝑙0) 

• Rigid body sticking rules: 이웃 입자가 아래 조건을 만족할 시, 같은 group으로 정의함.  

 

Rigid Body 

Group1 

Rigid Body 

Group2 

Rule. 0: 대상 입자와 이웃입자가 모두 Solid 입자임 

Rule. 1: 대상 입자(i)가 이번 timestep 에서 액체에서 고체로 고화된 경우 

Rule. 2: 이웃 입자(j)이번 timestep 에서 액체에서 고체로 고화된 경우 

Rule. 3: 대상 입자(i)와 이웃 입자(j)가 이전 timestep 에서 또한  

            같은 group이었을 경우 

Construction of Phase Change Algorithm 

i j 

𝑟𝑖𝑗  

𝑟𝑖𝑗 < 𝑙0  
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1)  

Construction of Phase Change Algorithm 

Calculate Body Force, 

Viscous Force 

Calculate pressure 

distribution 

Calculate pressure-

induced velocity 

Calculate heat transfer 

Density-Smoothing 

Scheme 

Calculate Collision 

Rigid Body Grouping 

Calculate Rigid Body 

Dynamics 𝑟𝑔 =
1

𝑁
 𝑟𝑖

𝑁

𝑖

 

𝑞𝑖
𝑘∗ = 𝑟𝑖 − 𝑟𝑔 

𝑢𝑔 =
1

𝑁
 𝑢𝑖

𝑘∗

𝑁

𝑖

 

𝑢𝑖
𝑘+1 = 𝑢𝑔 + 𝑞𝑖

𝑘∗ × 𝜔 

𝑞𝑖
𝑘+1 = 𝑅 𝜃 𝑞𝑖

𝑘∗ 

𝜔 =
1

𝐼
 𝑞𝑖

𝑘∗ × 𝑢𝑖

𝑁

𝑖

 

𝐼 =  𝑞𝑖
𝑘∗ 2

𝑁

𝑖

 

𝑑𝜃

𝑑𝑡
= 𝜔 

회전관성을 통한  

Rigid Body 회전량 계산 
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Calculation Condition 

1) Farmer, M. T. Melt spreading code assessment, modifications, and application to the EPR core catcher design. No. ANL-09/10. Argonne National 
Lab.(ANL), Argonne, IL (United States), 2009. 

18 

Schematics of FARO facility 
• FARO(Furnace And Release Oven) program: A large multi-purpose test facility in which several 

phenomena can be studied under simulated accident conditions in IAEA at 1987~1989 

• The FARO Program include “Melt spreading in Dry or Wet substrate”, “Quenching”, “Fuel Coolant 
Interaction(FCI)”, etc… 

Schematics of FARO-L26S 

FARO Facility:  

the FAT test vessel for melt quenching experiments 

FARO Facility:  

the SARCOFAGO test vessel for melt spreading experiments 
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1) Farmer, M. T. Melt spreading code assessment, modifications, and application to the EPR core catcher design. No. ANL-09/10. Argonne National 
Lab.(ANL), Argonne, IL (United States), 2009. 
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Schematics of FARO-L26S experiment 

Schematics of FARO-L26S 

Spreading plate 

Corium  
pool 

17º 

3m 

4cm height weir 

FARO furnace 
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Melt Spread Calculation in FARO facility 

Calculation Condition 
• Injected mass flow rate : 160.3kg/sec 

• Injected velocity: 0.17m/sec 

• Initial temperature: 2900K 

주입 경계조건 적용(160.3kg/sec Corium) 

Spreading Plate(Steel, 3cm thickness, 2m length) 

Property   

Composition UO2/ZrO2 (80/20 weight percent) 

Density 8000 kg/m3 

Thermal Conductivity 3.0 W/m K 

Heat Capacity 0.5 J/kgK 

Latent Heat 3.0 kJ/m3 

Effective radius Factor   

Number density calculation (𝑛0 or  𝑛𝑖) 3.1 

Gradient calculation (𝛻𝜙) 3.1 

Laplacian viscosity calculation (𝜈𝛻2𝑢) 4.0 

Laplacian pressure calculation (𝛻2𝑃) 4.0 

Laplacian temperature calculation (𝛻2𝑇) 3.6 

Free surface threshold (𝛽) 0.95 

Initial temperature 2900 K 

Number of particles 3741 (Fluid: 1988, Wall: 1753) 

4cm height weir 
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Calculation Result 

1) Farmer, M. T. Melt spreading code assessment, modifications, and application to the EPR core catcher design. No. ANL-09/10. Argonne National 
Lab.(ANL), Argonne, IL (United States), 2009. 

21 

Calculation Result 
• Number of particle: (Gradually increasing) 1099 at 0sec, 2352 at 16sec 

• Computation Time: about 18.7hr for 16sec(current time) 

• Computation Environment: GPU Tesla A100*3ea 

 

Melt Spread Calculation in FARO facility 
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Analysis of Calculation Result 
• 기판(Steel Substrate)로의 진입 유량 

Melt Spread Calculation in FARO facility 

160.2 kg/sec 

Number of particle in 

Control volume = 2 

Example) 
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Analysis of Calculation Result 
• 기판(Steel Substrate)로의 진입 유량 

Melt Spread Calculation in FARO facility 

160.2 kg/sec 

Number of particle in 

Control volume = 5 

Example) 
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Calculation Result 

1) Kawahara, Takumi, and Yoshiaki Oka. "Ex-vessel molten core solidification behavior by moving particle semi-implicit method." Journal of Nuclear Science 
and Technology 49.12 (2012): 1156-1164. 
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Analysis of Calculation Result 
• Leading Edge Penetration: 

 용융물의 전진 거리, 기판 위에서의 이동 거리 

Melt Spread Calculation in FARO facility 
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Analysis of Calculation Result 
• Leading Edge Penetration: 

 용융물의 전진 거리, 기판 위에서의 이동 거리 

Melt Spread Calculation in FARO facility 
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Calculation Result 

1) Kawahara, Takumi, and Yoshiaki Oka. "Ex-vessel molten core solidification behavior by moving particle semi-implicit method." Journal of Nuclear Science 
and Technology 49.12 (2012): 1156-1164. 
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Analysis about Calculation Result 

Schematics of FARO-L26S 

2D facility 

Real(3D) facility 

2D 계산의 한계점, 전진할 수록 오차가 심화 
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Calculation Result 

1) Kawahara, Takumi, and Yoshiaki Oka. "Ex-vessel molten core solidification behavior by moving particle semi-implicit method." Journal of Nuclear Science 
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Analysis of Calculation Result 
• 주기적으로 나타나는 병목현상과 해소 

• Crust 벽의 생성에 의한 병목현상 

 

Melt Spread Calculation in FARO facility 

본 계산의 병목현상 

FARO 실험에서  
관찰되는 병목현상 
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Summary 

Solid 

(Rigid Body) solidification 

melting 

Multi-phase MPS 

Rigid Body Dynamics 

Phase Transition Grouping 

+ 

+ 

Algorithm Development Verification with FARO example 
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3D 해석으로의 확장 기반 마련 
• 3D 해석으로의 발전 및 계산 정확도 향상을 위한 병렬컴퓨팅 해석 체계 개발 

Future Works 
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1)  

Rigid Body Dynamics Model 

Rigid Body 

Group1 

Rigid Body Group(RBG) Tracking algorithm 

(재귀함수 알고리즘) 

Rigid Body 

Group2 

RBG 그룹 지정 완료 변수 = 1 

SameGroup(int j, rbg_num) 

j=neighbor(i, rigid body sticking distance) 

Rigid_body_group(i)= rbg_num 

Is i-particle and j-particle  

same group? 


