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ABSTRACT 

A five-year research project has been initiated in 2005 to develop a code based on the MPS (Moving 

Particle Semi-implicit) method for detailed analysis of key phenomena in core disruptive accidents (CDAs) of 

sodium-cooled fast reactors (SFRs). The code is named COMPASS (Computer Code with Moving Particle 

Semi-implicit for Reactor Safety Analysis). The key phenomena include 1) fuel pin failure and disruption, 2) 

molten pool boiling, 3) melt freezing and blockage formation, 4) duct wall failure, 5) low-energy disruptive core 

motion, 6) debris-bed coolability, and 7) metal-fuel pin failure. Validation study of COMPASS is progressing for 

these key phenomena. In this paper, recent COMPASS results of detailed analyses for the several key 

phenomena are summarized. Simulations of GEYSER and THEFIS experiments were performed for dispersion 
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and freezing behaviors of molten materials in narrow flow channels. In particular, the latter experiment using 

melt-solid mixture is also related to fundamental behavior of low energy disruptive core. CABRI-TPA2 

experiment was simulated for boiling behavior of molten core pool. Expected mechanism of heat transfer 

between molten fuel and steel mixture was reproduced by the simulation. Analyses of structural dynamics using 

elastoplastic mechanics and fracture criteria were performed for SCARABEE BE+3 and CABRI E7 

experiments. These two analyses are especially focused on thermal and mechanical failure of steel duct wall and 

fuel pin, respectively. The present results demonstrate COMPASS will be useful to understand and clarify the 

key phenomena of CDAs in SFRs in details. 

 

Keywords: Reactor safety analysis, Core disruptive accident, Sodium-cooled fast reactor, Particle method, Code 

validation, Multi-phase flow 

 

1. Introduction 

Sodium-cooled fast reactors (SFRs) are developed for efficient utilization of nuclear resources and 

reduction of environmental burden. In hypothetical core disruptive accidents (CDAs) of SFRs, recriticality 

should be avoided, for example, by molten fuel relocation (Fauske et al., 2002). For CDA analysis, we need to 

solve complex multi-physics problems involving molten core behavior, boiling of the coolant, failure of the 

structure, etc. The fast reactor safety analysis code SIMMER-III has been developed and used to analyze CDAs 

in SFRs (Tobita et al., 2002). SIMMER-III is based on two-dimensional, multi-component, multi-phase, 

Eulerian description, and thermal-hydraulic interactions among components and phases are modeled using 

conventional engineering correlations. Therefore, to understand fundamental processes of CDAs in detail, 

specific analyses are necessary, in which the bulk correlations should be excluded as possible. 

MPS (Moving Particle Semi-implicit) method was developed to analyze continuum (fluids and solids) by 

particles (Koshizuka and Oka, 1996). Governing equations are discretized to particle dynamics by substituting 

particle interaction models into differential operators. Since conventional grids are not used, complex motion 

with interfaces is clearly captured without grid tangling. The particles move as Lagrangian description, so that 

no numerical diffusion occurs on interfaces. The MPS method was applied to detailed two-phase flow analysis 

(Shirakawa, et al., 2001a, 2001b). Fuel-coolant interactions (FCIs) and molten core-concrete interactions were 

investigated in terms of severe accidents in light water reactors (Koshizuka et al., 1999a, 1999b, 2001; Ikeda et 

al., 2001). The MPS method was also used for SFR safety: sodium leakage and combustion (Iida, 1999; 
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Koshizuka and Oka, 2000; Shibata et al., 2004), water jet injection into a sodium pool (Shirakawa, et al., 

2001c), and water flashing in a sodium pool (Duan et al., 2006a, 2006b). It is expected, therefore, that the MPS 

method is also useful for the detailed analysis of complex phenomena in CDAs of SFRs. 

A five-year research project was initiated in 2005 to develop a code based on the MPS method for detailed 

analysis of key phenomena in CDAs of SFRs. The code is named COMPASS (Computer Code with Moving 

Particle Semi-implicit for Reactor Safety Analysis). The key phenomena include 1) fuel pin failure and 

disruption, 2) molten pool boiling, 3) melt freezing and blockage formation, 4) duct wall failure, 5) low-energy 

disruptive core motion, 6) debris-bed coolability, and 7) metal-fuel pin failure. In this project, eutectic reactions 

between the metal fuel and the cladding material are also investigated by phase diagram calculation, classical 

and first-principles molecular dynamics. Fundamental studies concerning numerical methods are performed to 

support the code development of COMPASS. The past results of the present project can be found in the 

references (Koshizuka et al., 2006, 2007, 2008a, 2008b, 2009a, 2009b, 2009c; Yamano and Tobita, 2009, 2010a, 

2010b; Zhang et al., 2009, 2010; Yamamoto et al., 2008, 2009; Shirakawa et al., 2009; Uehara et al., 2009; Ito, 

2009; Ito et al., 2009; Himi et al., 2008, 2009). 

The R&D team of this research project is organized from the University of Tokyo, Kyushu University, 

Japan Atomic Energy Agency, Toyohashi University of Technology, the Institute of Applied Energy and Japan 

Systems Corporation. The R&D activities are grouped to four subjects: COMPASS code development and 

validation, investigation of physical properties of metal fuel, theoretical studies and code design, and SIMMER-

III analysis. 

In this paper, recent results of the COMPASS validation study for key phenomena in CDAs of SFRs are 

summarized, which include melt freezing and blockage formation, low-energy disruptive core motion, molten 

pool boiling, duct wall failure, and fuel pin failure and disruption. The selected experiments are GEYSER 

(Berthoud and Duret, 1989), THEFIS (Maschek et al., 1990), CABRI TPA2 (Yamano et al., 2009), SCARABEE 

BE+3 (Kayser and Stansfield, 1994) and CABRI E7 (Charpenel et al., 2000), respectively. 

 

2. Outline of COMPASS 

2.1. Overview 

COMPASS is designed to analyze multi-physics problems involving thermo-hydrodynamics and structural 

dynamics in a unified framework of the MPS method. The overall framework of the code is shown in Fig. 1. It 

consists of fluid dynamics, thermodynamics, and structural dynamics parts. The fluid dynamics part (Yamamoto 

Fig. 1 
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et al., 2008, 2009) deals with multi-phase, multi-component fluids covering all the components modeled in 

SIMMER-III and eutectic components, which are included to model eutectic reactions between metal fuel and 

steel in metal-fueled reactors. Table 1 shows the material and phase components modeled in COMPASS. 

Enthalpy changes of components due to phase change processes of melting/freezing and 

vaporization/condensation are calculated in the thermodynamics part (Yamamoto et al., 2008, 2009) based on 

the non-equilibrium equilibrium heat- and mass-transfer models (Morita et al., 2003). The structural dynamics 

part (Koshizuka et al., 2008a; Shirakawa et al., 2009), which is not modeled in SIMMER-III, performs 

calculations of structure deformation and failure based on the elasto-plastic theory. 

In COMPASS, thermodynamic and thermophysical properties of core materials, as shown in Table 1, are 

calculated using the same model and property data as those developed for SIMMER-III (Morita and Fischer, 

1998; Morita et al., 1998). Lacking properties for the eutectic material of metal fuel and steel are supplied from 

the phase diagram provided by CALPHAD (Calculation of Phase Diagram) and by classical and first-principle 

molecular dynamics (Ito, 2009; Ito et al., 2009; Himi et al., 2008, 2009). 

In general, numerical simulations based on moving particle methods require much computational resources 

to calculate large-scale phenomena. To solve this limitation, SIMMER-III, which can analyze the whole core in 

CDAs, will provide initial and boundary conditions as well as reference results for local calculation regions that 

can be addressed by COMPASS. 

Integral code assessment of COMPASS is carried out by utilizing available experimental data, which have 

been obtained from a lot of in-pile and out-of-pile tests performed to investigate key phenomena in CDAs. Table 

2 summarizes the selected experiments corresponding to the seven key phenomena in CDAs, and their 

characteristic behaviors and mechanisms to be analyzed by COMPASS. 

 

2.2. MPS method 

The governing equations for incompressible flows are the continuity equation and the Navier-Stokes 

equation: 

Dr

Dt
= 0   (1) 

r
Du

Dt
= -Ñp+ mÑ2

u+ rg   (2) 

where D Dt  is the Lagrangian derivative, g  is the gravitational vector, p  is the pressure, u  is the 

velocity vector, r  is the density, and m  is the viscosity. In the MPS method, the governing equations are 

Table 2 

Table 1 
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discretized in terms of particles by substituting the following particle interaction models into differential 

operators (Koshizuka and Oka, 1996). 

The discretized differential operators are described using the following weight function: 

w(r) =
re r -1 (0 £ r < re )

0 (re £ r)     

ì

í
ï

îï

  (3) 

where r  is the distance between two particles and re  is the radius of interaction area. Particle number density 

of particle i at the position ri  is defined as summation of the weight functions: 

ni = w(| rj - ri |)
j¹i

å   (4) 

The particle number density plays an important role in modeling the incompressibility. Although the weight 

function gives a sort of distance-dependent intensity of the interaction between particles, we better understand 

that it is the weight of particles to discretize differential operators. 

Gradient operator of an arbitrary scalar quantity f  is modeled as the average of gradient vectors between 

particle i and its neighboring particles within re : 

Ñf
i
=
d

n0

f j -fi

| rj - ri |2
(rj - ri )w(| rj - ri |)
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ê
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å   (5) 

where n0  is the particle number density in the initial particle arrangement. Laplacian operator is interpreted as 

a diffusion process of f  to the particles within re : 

Ñ2f
i
=

2d
ln0 (f j -fi )w(| rj - ri |)éë ùû

j¹i

å   (6) 

where l  is the parameter to make the variance of f  equal to that of the analytical solution of a diffusion 

equation. 

 

2.3. Calculation algorithm 

The basic algorithm of the MPS method (Koshizuka and Oka, 1996) is based on a semi-implicit method 

similar to the SMAC method (Amsden and Harlow, 1970). In each time step, the governing equations are 

calculated through two steps. In the first step, temporal velocities u*  and positions r * of particles are 

obtained using values at the current time step k  by explicitly solving the Navier-Stokes equation without the 

pressure gradient term: 
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u* = uk + �t
�

(�Ñ2
u
k + �g)   (7) 

r* = rk + �t×u*  (8) 

where �t  is the time-step size. In the second step, the following pressure Poisson equation is solved with a 

source term representing the deviation of the particle number density: 

Ñ2pk+1 = �
�
�t2

n*�n0

n0   (9) 

where n* is the temporal value of the particle number density. Correction of particle velocities is then 

calculated using the pressure gradient term: 

¢u = �
�t
�

Ñpk+1   (10) 

Finally, velocities and positions of particles are updated as next time step values: 

u
k+1 = u*+ �u   (11) 

r
k+1 = r *+�t× ¢u   (12) 

The above MPS algorithm for incompressible flows was extended to compressible-flow simulations with 

large density change (Koshizuka et al., 2009a) based on a unified algorithm for the finite difference method, C-

CUP (CIP-Combined Unified Procedure), which has been developed by Yabe and Wang (1991). 

 

3. Validation of COMPASS

3.1. Melt freezing and blockage formation 

The GEYSER out-of-pile experiments (Berthoud and Duret, 1989) were performed to clarify the 

fundamental phenomena of melt freezing and blockage formation in a narrow flow channel. In the experiments, 

the test section with a steel tube of an inner diameter of 4 mm and an outer diameter of 8 mm was immersed into 

a pool of liquid UO2 at 3,270 K. The UO2 melt penetrated upwards into the tube by a pressure difference 

between the pool and the tube outlet. The initial temperature of the steel tube was 293 K. 

The COMPASS calculation was carried out in a three-dimensional geometry. In the calculation, the molten 

UO2 at 3,270 K initially filled the tube to the level of 0.2 m from the tube inlet. The melt was then injected into 

the tube at 293 K by a fixed pressure difference of 0.3 MPa between the surface of the leading edge and the 

bottom of the melt. Particles newly generated at the inlet penetrated into the tube with the velocity determined 

by the pressure balance. In the case of the initial particle distance (
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in the calculation was about 100,000 at the initial state and 400,000 at 0.3 s, at which blockage formation almost 

completed in the tube. 

The simulation results of the penetration length and average velocity of the melt in the case of the 

GEYSER4 test are shown in Fig. 2. The development of the melt penetration agrees well with the experimental 

result. It can be seen that a higher spatial resolution ( = 0.125 mm) improves the result slightly. Fig. 3 indicates 

the profiles of UO2 volume fractions in the flow direction. Due to the heat transfer from the molten UO2 to the 

tube, the melt not only freezes into solid particles, but also forms solid crust on the tube surface. During the 

freezing processes, UO2 can be in a rheological state between its solidus and liquids points. The melt flow is 

blocked due to the development of solid particle formation in the tube. It is also suggested that the crust adhered 

on the tube surface increases thermal resistance between the melt and the tube due to relatively lower thermal 

conductivity of the crust. The present result shows that COMPASS can represent the typical melt freezing 

behaviors in CDAs. 

 

3.2. Low-energy disruptive core motion 

The THEFIS test (Maschek et al., 1990) was conducted to investigate the flowing and freezing process of 

melt-solid mixture in a colder flow channel. This process also relates to dynamic behavior of low energy 

disruptive core. In the experiments, molten Al2O3 superheated to 200 K was injected into the quartz tube of an 

inner diameter of 6 mm and an outer diameter of 8 mm by the pressure difference of 1 bar. The Al2O3 melt 

penetrated and then froze in the tube under the effect of a solid-particle bed inside the tube. 

The COMPASS calculations were performed by modeling the tube as a two dimensional geometry. The 

melt reservoir is represented by the quartz tube with a length of 0.1 m. The initial temperatures of the melt and 

the quartz tube were 2,424 K and 300 K, respectively. The reference pressure was fixed to be 0.1013 MPa. A 

constant pressure boundary condition was applied at the inlet to represent the driving pressure force. The initial 

particle distance was 0.25 mm. Each solid particle in the bed was modeled by an Al2O3 cylinder with a diameter 

of 2 mm, which was represented by 32 moving particles. The packing fraction of the solid bed is about 0.45. To 

represent the interaction between solid particles, the distinct element method together with a coupling algorithm 

for solid-fluid mixture flows (Zhang et al., 2010) was applied to the present simulations. 

Figs. 4 and 5 show the typical simulation results for the tests, Run#6 and #8, respectively. In these figures, 

transient distributions of melt and solid in the tube are presented at every 0.01 s. In the test Run#6, the mobile 

solid bed with a height of 80 mm was initially set at the inlet of the tube, while the bed with a height of 16 mm 

Fig. 3 

Fig. 2 

Fig. 4 

Fig. 5 
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was fixed at a level of 31 cm from the inlet in the test Run#8. According to the experimental observations, the 

solid bed lifted up as mixing the melt and particles in the test Run#6, and the blockage due to the melt freezing 

was formed inside the particle bed in both of the tests, Run#6 and #8. As can be seen in Figs. 4 and 5, the 

blockage formation in the bed is successfully simulated by COMPASS. In the simulations, the melt penetration 

lengths in Run#6 and #8 are 0.05 m and 0.32 m, respectively, which are in good agreement with the 

experimental results. In particular, the melt penetration behavior in the mobile bed observed in Run#6 cannot be 

represented by the preset multi-phase flow modeling of SIMMER-III (Yamano and Tobita, 2010a). The present 

results demonstrate usefulness of COMPASS for simulations of melt-solid mixture flows with melt freezing. 

 

3.3. Molten pool boiling 

The CABRI-TPA2 test was simulated by SIMMER-III to investigate the mechanism of boiling heat transfer 

in a fuel-steel mixture pool (Yamano et al., 2009). In the test, stainless steel balls were embedded in a small 

capsule contained fresh granular UO2 with enrichment of 12.3 %. The fuel melting was induced by a simulated 

transient overpower (TOP). It was found that SIMMER-III calculations overestimate the capsule pressure 

caused by the steel vaporization after fuel melting. It was considered that in the test the pressure development 

was suppressed by a blanketing effect of vaporized steel on the surface of the steel balls. In fact, SIMMER-III 

calculation showed good agreement with measured pressure by assuming 1/200 of the heat transfer from the 

molten fuel to the steel droplet. 

A three-dimensional calculation using COMPASS was performed for a single steel droplet of 1 mm in 

diameter immersed in a cylindrical vessel filled with molten fuel at 3,100 K as shown in Fig. 6. The initial 

droplet temperature, 3,081.5 K, was set close to the steel boiling temperature so that steel droplet vaporization 

was initiated just after the calculation starts. An adiabatic condition was applied to the vessel wall. The initial 

particle distance was 0.025 mm. The number of particles used in the calculation was more than 500,000. 

Fig. 7 shows the side and cross sectional views of the steel droplet, where the steel vapor is indicated by red 

colored particles. Steel vapor, which is generated uniformly on the droplet surface just after the heat transfer is 

initiated from the molten fuel to the steel droplet, forms bubbles adhered on the droplet surface at around 0.5 

ms, and then films the droplet again afterward. This transient behavior of the steel vapor might be caused by 

interactions due to the surface tension between fuel and steel. Fig. 8 indicates the interfacial area between the 

steel droplet and the molten fuel, which is normalized by the initial droplet surface area. It can be seen that the 

interfacial area decreases to 1/10 ~ 1/100 of the initial one due to the development of the steel vapor, which 

Fig. 6 

Fig. 7 

Fig. 8 
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blankets the steel droplet suppressing the heat transfer from the molten fuel to the steel droplet. The present 

result supports the SIMMER-III result that was obtained by reducing the heat transfer assuming the blanketing 

effect of the steel vapor. 

 

3.4. Duct wall failure 

Behavior of hexcan wall failure observed in the SCARABEE BE+3 in-pile test (Kayser and Stansfield, 

1994) is simulated by COMPASS. In the test, a 37-pin bundle was surrounded by the first thin wall (hexcan 

TH1), an argon cooling and isolating channel, the second thick wall (hexcan TH2) simulating sodium flow in an 

inter-subassembly gap, a sodium cooling channel, the third thick wall (hexcan TH3), an insulation layer, and a 

protection tube (see Fig. 9). The test was initiated by a TIB (total instantaneous blockage) condition. 

In the previous study (Shirakawa et al., 2009), overall analysis of the SCARABEE BE+3 test was 

performed using SIMMER-III. Failure behavior of the first wall TH1 was then analyzed by COMPASS 

considering structural mechanics (Uehara et al., 2009) for the wall TH1 under initial and boundary conditions 

extracted from SIMMER-III results. Fig. 9 illustrates a two-dimensional mesh cell configuration used in the 

SIMMER-III calculation. In the test, the failure of the wall TH1 was initiated just before 9.012 ms after TIB at 0 

s. SIMMER-III reasonably simulated the TH1 failure, assuming the existence of a small amount of liquid steel 

adjacent to the wall TH1. The similar behavior was also reproduced by the two-dimensional COMPASS 

calculation even though there was a time delay in the TH1 failure. The COMPASS calculation also revealed that 

the TH1 failure could be caused only by structural deformation under a high temperature condition within the 

time similar to one predicted by SIMMER-III. This suggests that the TH1 failure should be caused by a complex 

of thermal and structural mechanism. 

In this paper, we present results of a three-dimensional COMPASS analysis of the TH1 failure behavior. 

Fig. 10 shows the calculation setup for the COMASS code. In the present calculation, a half of one side of the 

hexcan TH1 and its surrounding four layers of fuel pin, sodium vapor, argon gap and TH2 wall were simulated 

for the axial length of 20 cm. The initial particle distance was 0.5 mm. The number of particles used in the 

calculation was about 435,000. The detail of this test conditions is summarized in our previous paper (Uehara et 

al., 2009). The initial and boundary conditions were extracted from the SIMMER-III result at the onset of the 

TH1 failure. The COMPASS results of deformation and failure behavior of the wall TH1 are shown in Fig. 11, 

where the time zero is defined by the onset of the TH1 failure. Fig. 11 (a) indicates the particle arrangement for 

the five layers of fuel pin, sodium vapor, TH1, argon gap and TH2, while Fig. 11 (b) presents only TH1. As can 

Fig. 9 

Fig. 10 

Fig. 11 
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be seen from Fig. 11, COMPASS reasonably simulates larger deformation of the wall TH1 around the midpoint 

of hexagonal duct side. 

However, the wall TH1 fails at the hexagonal duct corner, which is not exposed by the largest deformation 

and is at relatively lower temperature. This failure behavior, which is indicated in Fig.11 (b) by white colored 

particles that are in plastic state, would be ascribed to larger stress concentration in the corner region due to 

smaller degrees of freedom. Nevertheless, it would be reasonable that the three-dimensional calculation leads to 

earlier failure of the wall TH1 than that by the two-dimensional one. 

 

3.5. Fuel pin failure and disruption 

CABRI-E7 is a single Ophélie.6 pin disruption test under TOP conditions in the CABRI nuclear reactor 

(Charpenel et al., 2000). The objectives of the E7 test analysis are to study fuel pin failure behavior, such as 

pellet cracking before TOP, and clad disruption under TOP due to pressure built up by fuel vapor and released 

fission product (FP) gas. The E7 test was newly analyzed with the reactor safety analysis code SAS4A (Tentner 

et al., 1985) to provide initial and boundary conditions for the COMPASS analysis. Fig. 12 shows the 

normalized power under TOP after pre-irradiation and CABRI rated power operation, and the cavity pressure 

calculated by SAS4A. Fig. 13 indicates the linear swelling in the radial direction of the fuel pin due to solid FP 

calculated by SAS4A. 

Fig. 14 shows cracking behavior, simulated by the COMPASS calculation, in the fuel pellet after pre-

irradiation under normal operation of the E7 test fuel. As indicated in Fig. 14 (a), the results obtained only 

considering thermal stress indicate that radial crackings occur from the center void to the outward region. 

Meanwhile, in Fig.14 (b), by modeling radial distribution of solid FP swelling as simulated by SAS4A, 

COMPASS reproduces occurrence of the crackings from the peripheral region of the pellet due to higher 

thermal neutron irradiation there. 

Clad disruption behavior observed in the E7 test was simulated using COMPASS by coupling thermo-fluid 

and structural mechanics. In this calculation, fuel-pin conditions such as molten fuel pressure (~40 MPa), fuel 

and clad temperatures (above 3,000 K and ~1,000 K, respectively) were based on the SAS4A result at 0.457 s. 

This time is just before the cladding rupture in the SAS4A calculation, which occurs at 0.461 s as shown in Fig. 

12. In the present COMPASS simulation, sodium in the coolant channel was not considered. As shown in Fig. 

15, where the time zero is defined by 0.457 s of the SAS4A result, the solid fuel in the peripheral region breaks 

and then the steel clad deforms, oscillating circumferentially in a very short time period. At the same time, a rip 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 
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of the clad causes at the lower edge of the clad, and then extends upward instantaneously. This clad behavior 

would be consistent with our empirical knowledge about so-called rip rupture propagation. Although we can see 

the plastic deformation of the clad in Fig. 15, we should note that the plastic slope in the stress-strain relation is 

assumed almost the same as the elastic one in the present calculation. Under the present high temperature 

condition, constitutive models in the stress-strain relation are not sufficiently understood, although the clad 

failure behavior is sensitive to the plastic slope. 

 

4. Concluding remarks 

Integral code validation of COMPASS was performed for several key phenomena in CDAs. The analyzed 

experiments were GEYSER for melt freezing and blockage formation, THEFIS for low-energy disrupted core 

motion, CABRI TPA2 for molten pool boiling, SCARABEE BE+3 for duct wall failure, and CABRI E7 for fuel 

pin failure and disruption. The simulation results demonstrate that COMPASS has capability to reasonably 

represent characteristic behaviors and mechanisms involved in these key phenomena. It is expected that 

COMPASS will be utilized to understand and clarify complex multi-physics problems of multi-phase, multi-

component flow and structural dynamics in CDAs supporting simulation results by conventional safety analysis 

codes. 
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Table captions 

 

Table 1 Material and phase components modeled in COMPASS. 

Table 2 Validation of COMPASS for key phenomena in CDAs. 

 

Figure captions 

 

Fig. 1 Overall framework of the COMPASS code. 

Fig. 2 Penetration length and average velocity of melt in the tube (GEYSER4 test). 

Fig. 3 Volume fraction of crust, melt and particles in the tube (GEYSER4 test). 

Fig. 4 Transient distribution of melt and solid in the tube (THEFIS Run#6). 

Fig. 5 Transient distribution of melt and solid in the tube (THEFIS Run#8). 

Fig. 6 Initial conditions of COMPASS analysis (CABRI-TPA2 test). 

Fig. 7 Transient behavior of steel vapor around molten steel droplet (CABRI-TPA2 test). 

Fig. 8 Interfacial area of fuel-steel contact normalized by the initial contact area (CABRI-TPA2 test). 

Fig. 9 Mesh cell configuration for SIMMER-III analysis (SCARABEE BE+3 test). 

Fig. 10 Calculation setup of COMPASS extracted from SIMMER-III results (SCARABEE BE+3 test). 

Fig. 11 Deformation and failure behavior of the first thin wall TH1 (SCARABEE BE+3 test). 

Fig. 12 Transient power and cavity pressure calculated by SAS4A (CABRI-E7 test). 

Fig. 13 Linear swelling due to solid FP calculated by SAS4A (CABRI-E7 test). 

Fig. 14 Cracking behavior in the fuel pellet (CABRI-E7 test). 

Fig. 15 Disruption behavior of the fuel pin (CABRI-E7 test). 

  



17 

 

 

Phase components 

Li
qu

id
 

Solid 

Va
po

r m
ix

tu
re

 

So
lid

 p
ar

tic
le

s 

C
la

dd
in

g 

Pe
lle

t 

C
ru

st 

Sl
ab

 (c
an

 w
al

l) 

Material components 
Fuel (MOX or metal) � �  � � 

�

Structure (stainless steel) � � �   �

Coolant (sodium) �     

Eutectic � �   � 

Fission gas (Xe)      

Control (B4C)  �  �   

 
K. Morita et al., Table 1 

  



18 

 
Key phenomena Characteristic behaviors and mechanisms Selected experiments  

Fuel pin failure and 
disruption 

• Pin failure 
• Contact mode of molten materials to wall 

CABRI E7 (Charpenel et al., 
2000) 

Molten pool boiling 
• Heat transfer between liquid fuel and steel 

• Convection of fuel/steel mixture 
• Heat transfer from fuel/steel mixture to wall 

CABRI TPA2 (Yamano et al., 
2009) 

Melt freezing and 
blockage formation 

• Melt supercooling 
• Thermal resistance of gaps between melt and wall 

• Viscosity of melts around melting point 

GEYSER (Berthoud and Duret, 
1989) 

Duct wall failure • Fuel crust formation 
• Thermal/mechanical failure of wall 

SCARABEE BE+3 (Kayser and 
Stansfield, 1994) 
EAGLE WF (Konishi et al., 
2007) 

Low-energy disrupted 
core motion 

• Gas-liquid-solid three-phase flow 
• Mobility of mixture of solid fuel and liquid steel THEFIS (Maschek et al., 1990) 

Debris-bed coolability 
• Debris formation by FCIs 

• Sodium flow and boiling inside debris bed 
• Self-leveling of debris bed 

CAMEL (Spencer et al., 1985) 
SNL-ACRR D10 (Mitchell and 
Ottinger, 1984) 

Metal-fuel pin failure • Eutectic formation at the interface between metal 
fuel and steel wall 

CAFÊ (Fukano et al., 2009; 
Wright et al., 2009) 

 
K. Morita et al., Table 2 
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K. Morita et al., Fig. 1 

Analyses of detailed mechanism of CDA phenomena 

Non-equilibrium thermodynamics (phase change) Multi-phase, multi-component fluid dynamics 

Structural dynamics 
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SIMMER-III 
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Equation of state and thermophysical properties 

Mass, momentum and energy conservation 
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Elasto-plastic mechanics and fracture criteria 
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K. Morita et al., Fig. 2 
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K. Morita et al., Fig. 3 
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K. Morita et al., Fig. 4 
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K. Morita et al., Fig. 5 
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K. Morita et al., Fig. 6 
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K. Morita et al., Fig. 7 
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K. Morita et al., Fig. 8 
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K. Morita et al., Fig. 9 
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K. Morita et al., Fig. 10 
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(a) Particle arrangement for five layers 
 

 
(b) Particle arrangement for TH1 

 

K. Morita et al., Fig. 11 
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K. Morita et al., Fig. 12 
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K. Morita et al., Fig. 13 
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K. Morita et al., Fig. 14 

(b) With thermal stress and swelling 

(a) Only with thermal stress 
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K. Morita et al., Fig. 15 
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