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◆ When molten debris is released from the reactor pressure vessel (RPV) in light water reactors 

(LWRs) during severe accident (SA), stable cooling of the debris bed formed on the cavity or 

pedestal floor should be ensured. 

◆ Japanese commercial LWRs have adopted a

“wet cavity strategy” in which a water pool is formed

in the cavity before the RPV failure. 

Background of Research
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◆ In terms of debris bed cooling, it is necessary to 

understand the phenomena governing melt spreading in 

shallow water pool.
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However, the debris bed cannot be cooled in shallow 

water pool, compared to that in deep water pool.



3Objectives and Approach

Understand the behavior of debris bed formation by melt spread in shallow water pool.

 Objectives 

 Approach
✓ Identify key phenomena of melt spreading.

✓ Develop a model focusing on the key phenomena of melt spreading in shallow water pool.

✓ Implement the developed model in THERMOS/MSPREAD and validate the model.
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PULiMS Tests

Overview of THEMROS/MSPREAD Code and PULiMS Tests
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MSPREAD

Molten debris falling and impingement

behavior based on the 3-D VOF model.

Molten debris spreading behavior based on 

the horizontal 2-D shallow water equation.

Two-way coupling

THEMROS code

JBREAK

PULiMS test was conducted in collaboration 

with Nuclear Regulation Authority and Royal 

Institute of Technology (KTH).
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5Key Phenomena of Melt Spreading

◆ The key phenomenon of melt spreading in shallow water pool was identified 

based on the PULiMS test.

Local and short-term cooling (quench) 

as molten jet impingement with the floor
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◆Water was trapped between the melt and floor surface, and the vapor upwelling caused the 

breakup of the molten jet and formed melt slugs.

◆The melt slugs were dispersed to the surrounding area and landed on the floor.

◆The melt slugs were mixed and cooled by a boiling flow while spreading on the floor surface. 

溶融ジェッ
ト
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7Conceptual Model of a Molten Jet Quench
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Post-test

StageⅠ StageⅡ StageⅢ

◆ StageⅠ: Generation and dispersal of melt slugs

◆ StageⅡ: Impingement and spread of melt slugs

◆ StageⅢ: Solidification three-layer bed formation

The process of molten jet quench is decomposed into three stages.

Water was trapped between the melt and floor surface, and the vapor upwelling caused the breakup of the 

molten jet and formed melt slugs.

The melt slugs reaching the floor do not immediately merge but spread in a dispersed state, can 

break up into smaller melt slugs, and then cool down. 

The melt slugs merge to form a continuous layer, resulting in a debris bed with many internal voids.

Melt slugs
Melt slugs

0.48 s 0.95 s

The final debris bed shape is dominated by stage Ⅱ.  A new model was developed.



8Molten Jet Quench Model
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◆The quench model focuses on the molten debris on the 

floor at Stage II.

◆The quench model deals with the phenomenon that the 

melt slag does not immediately merge, but rather 

spreads out maintaining a spherical shape.
melt slug region
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◆The diameter of the melt slug and the size of the melt 

slug region are specified by the user. 

◆Quench model not applied;

◆Quench model applied;

• Calculated heat transfer with 

the molten debris as a flat plate.

• Calculate heat transfer 

assuming the molten debris as 

multiple spheres.

Diameter of

melt slug 
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Parameter PULiMS-E10

JBREAK

Time step [s] 1.0×10-25～5.0×10-4

Mesh size [m] x,y : 0.0027,z: 0.016

Initial jet diameter [mm] 20
Jet velocity [m/s] 0.77

Jet release period [s] 17

Water depth [m] 1.5

Jet breakup model not applied

MSPREAD

Time step [s] 1.0×10-6～3.0×10-3

Mesh size [m] x,y: 0.012

Correction model for viscosity Ramacciotti（C=6.3）
Flow-limiting solid-phase ratio [-] 0.8

Sensitivity analsis Case1 Case2 Case3 Case4 Case5

Quench model applied not applied

Applicable time

Immediately after jet 

impingement to the end of 

the calculation

-

Melt slug diameter [m] 0.005 0.01 0.015 0.05 -

melt slug region 0.4 -

Nu number 30* -

Validation based on PULiMS-E10 test

x
y

z
1.6 m

0.9 m

0.015 m

：Single TC（A=5 mm2）

：Triple TC  （A=45 mm2)

melt slug region
Quartz glass partition

Jet impingement point

*Nu number was calculated with

the Ranz-Marshall model.



10

0.07

0.00

0.01

0.02

0.03

0.04

0.05

0.06

Effects of the Molten Jet Quench Model

4 s

12 s

20 s

Melt

Upper crust

Lower crust

0.0 1.6

Analysis Results Case2

(with Quench model)

-0.9

0.0

y

z ｘ

40 s 0.00

0.01

0.02

0.03

0.04

0.05

D
e
b

ri
s
 b

e
d

 h
e

ig
h

t 
[m

]

Jet impinging

point

Melt Upper crust

Lower crust

4 s

12 s

20 s

0.0 1.6
-0.9

0.0

Analysis Results Case5

(without Quench model)

40 s 0.00

0.01

0.02

0.03

0.04

0.05

D
e
b

ri
s
 b

e
d

 h
e

ig
h

t 
[m

]

Jet impinging

point

Measured data

D
e

b
ri
s
 b

e
d

 h
e
ig

h
t 
[m

]

y

z ｘ

0.0

0.5
0.0 0.7

y

z ｘ

0.0 1.60.8 0.0 1.60.8

0.0 1.60.8 0.0 1.60.8

0.0 1.60.8 0.0 1.60.8



11Sensitivity analysis results

Measured data

Measured data

✓ In Case 5 (without quench model) , the calculated spreading area was three times larger 

than the measured data.

✓ In Case 2 (Dms : 0.01 m), the calculated result was in best agreement with the measured data.  

◆Spreading area

✓ All calculated results underestimated the pool temperature up to about 15 s, 

after which Case 3 (Dms :0.15 m) is most consistent with the measured data.

✓ Case 4 (Dms :0.05 m) did not differ significantly from Case 5(without quench model).

◆Water temperature

Case 1(Dms:0.005)

Case 2(Dms:0.01)
Case 3(Dms:0.015)
Case 4(Dms:0.05)

Case 5(without quench model)

Case 1(Dms:0.005)

Case 2(Dms:0.01)
Case 3(Dms:0.015)
Case 4(Dms:0.05)

Case 5(without quench model)



12Debris Bed Height

Measured data

Case 1(Dms:0.005)

Case 2(Dms:0.01)
Case 3(Dms:0.015)
Case 4(Dms:0.05)

Case 5(without quench model)

✓ In case 2 (Dms: 0.01 m) , the calculated results ware in best agreement with the measured data.

✓ In cases 4 (Dms: 0.05 m) and 5 (no quench model) , the calculated results underestimated the 

debris bed height, while Case 1 (Dms: 0.005 m) overestimated the debris bed height.

◆Debris bed height

As the melt slug diameter decreased, the heat transfer area increased, and the melt 

cooling was promoted. 

As the melt cooled, it solidified and its viscosity increased, and it no longer spread.

Jet impinging

point
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Focus on that molten jet quench caused by water trap at the time of molten jet impingement 

in a shallow pool has a significant impact on debris bed structure and coolability, 

the molten jet quench model was proposed and implemented in MSPREAD.

Molten jet quench phenomena
✓ The "molten jet quench" was clarified as a process in which the molten jet breaks 

up into molten slag, which was spread out and then deposited.

✓ The molten jet quench process was decomposed into three stages.

Molten jet quench model
✓ The quench model treats the increase in heat flux by assuming that the molten 

slag is spherical debris after the molten jet impinges.

 Validation based on PULiMS-E10 test

✓ The quench model was shown to good agreement with the spreading area, water 

temperature, and debris bed height.

The molten jet quench model could represent 

complex melt spreading behavior in shallow water pool.



Thank you very much for 

your kind attention.
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