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Introduction

The experimental data on reactor incidents and accidents 
• background of current knowledge on related phenomena
• basis for code validation and development activities.

EU R2CA project focused on the analyses of two main 
categories:
• Loss Of Coolant Accidents (LOCA) and 
• Steam Generator Tube Rupture (SGTR) accidents.
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Considered test series

• tests and measurements in national or institutional projects,
• OECD NEA and EU projects,
• publications in scientific journals, conference materials and 

other open libraries (IAEA and NUREG reports).

OECD NEA (2009), Nuclear Fuel Behaviour in Loss-Of-Coolant Accident (LOCA) Conditions. State-of-the-Art 
Report OECD/NEA - NEA No. 6846,

Haste, T., Barrachin, M., Coindreau, O., Fichot, F., Repetto G., Journeau, Ch., Pontillon, Y., Beuzet, E., Torkhani, M., 
Hózer, Z. P.D.W. Bottomley,P.D.W., Hollands, Th., Austregesilo, H., A Miassoedov, A., Steinbrück, M., Stuckert, J., 
Bechta,  S., Horváth, G.L., Fernandez-Moguel, L., Lind, T., Birchley, J., Buck, M., Pohlner G.(2018) In-Vessel Core 
Degradation in Water-Cooled Reactor Severe Accidents State-of-the-Art Report Update (CoreSOAR), 1996-2018, 
NUGENIA Technical Repost, PSN-RES/SAG/2018-00239, ISBN 978-2-919313-13-6.

Lewis, B. J., Dickson, R., Iglesias, F. C., Ducros, G., & Kudo, T. (2008). Overview of experimental programs on core 
melt progression and fission product release behaviour. Journal of Nuclear Materials, 380(1-3), 126-143



R
ED

U
C

TI
O

N
 O

F 
R

A
D

IO
LO

G
IC

A
L 

C
O

N
SE

Q
U

EN
C

ES
 

O
F 

D
ES

IG
N

 B
A

SI
S 

&
 D

ES
IG

N
 E

X
TE

N
SI

O
N

 A
C

C
ID

EN
TS

4

Considered test series
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Considered test series

45. HEVA tests
46. ITU FP tests
47. ORNL FP tests
48. CRL FP tests
49. CRL defective fuel tests
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Fuel failure

LOCA: 
• large number of burst test series under different conditions with all important 

cladding types 
• brittle failure of Zr alloy claddings due to thermal and mechanical loads 

observed in some tests 
• fuel pellet fragmentation and dispersal in several tests (PBF, FR-2, ACRR, ANL, 

FLASH, Halden LOCA, Studsvik LOCA). 

SGTR 
• no failure expected for intact fuel rods
• behavior of defective fuel rods, secondary defects 
• hydrogen uptake by Zr alloys in the defective fuel rods and embrittlement
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Activity release from fuel

LOCA 
• separate effect tests (HEVA, VERDON, VERCORS, GASPARD, ITU FP, ORNL FP and 

CRL FP) 
• integral tests (ACRR, FLASH, Halden-LOCA, LOFT LP-FP) 
• wide range of parameters for different fission products 
• Halden FGR tests: part of the gap source term in case of fuel failure  

SGTR 
• iodine spiking experience at PWR and VVER NPPs 
• separate effect tests on leaching of fuel pellet samples 
• DEFECT, DEFEX and CRL defective fuel rod tests in research reactors: secondary 

defects and water logged fuel rod phenomena 
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Activity transport

LOCA:
• includes several phenomena in the primary circuit and containment investigated 

in the VERCORS, VERDON, BIP, THAI and STEM projects 
• important data from the OECD-IAEA Paks fuel project and from the Rivne NPP

event with non-closure of pressurizer safety valve

SGTR:
• complex path configurations studied in the VERCORS, VERDON, BIP, THAI, ARTIST 

and STEM projects
• ARTIST project: focus on aerosol trapping in steam generators
• BIP, MARVIKEN FSCB and STEM test series simulated fission product transport in 

the steam generator
• primary-to-secondary transport phenomena observed in the Doel and Rivne 

NPP events with steam generator tube rupture and collector cover lift-up
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Content of the review document

Short description on
each test series:
• Objectives
• Tested materials, test 

facility
• Measured para-

meters, PIE data
• General conclusions
• References
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Matrices

Three large matrices have been compiled to support detailed discussions on 
• phenomena,
• test characterization and 
• data availability.
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Phenomena matrices – fuel failure

Fuel failure during LOCA:
• cladding oxidation
• ballooning and burst
• brittle failure after heavy oxidation
• water quench
• fuel fragmentation and dispersal

Fuel failure during SGTR:
• secondary defect
• brittle failure
• hydrogen uptake by Zr
• local hydriding of Zr clad
• water logged fuel rod
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Ballooning and burst tests

Engineering stress 
and burst pressure 
as function of 
temperature in 
separate effect 
tests

(1409 data points)
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Phenomena matrices – activity release

Activity release from fuel during LOCA:
• noble gas release from the fuel rod - steady state 
• noble gas release from the fuel rod - transient 
• volatile fission product release from the fuel rod - transient 
• semi-volatile fission product release from the fuel rod - transient 
• fission product release from high burnup structure

Activity release from fuel during SGTR:
• noble gas release from the fuel rod - steady state 
• noble gas release from the fuel rod - transient 
• volatile fission product release from the fuel rod - transient 
• semi-volatile fission product release from the fuel rod - transient 
• leaching of fuel pellets by water
• fission product release from high burnup structure
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Iodine spiking data from NPPs

Collected iodine 
spiking data from 
PWR and VVER
NPPs

(191 data points)
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Phenomena matrices – activity transport

Activity transport during LOCA:
• transport in the primary circuit (from core to break)
• deposition in the primary circuit, retention by primary circuit components
• transport in the containment
• deposition on the containment wall
• deposition in the containment sump water
• transport to the environment outside of containment
• noble gas transport
• volatile fission product (I, Cs) transport
• semi-volatile fission product transport
Activity transport during SGTR:
• transport in the primary circuit (from core to break)
• deposition in the primary circuit, retention by primary circuit components
• deposition in the steam generator, retention by steam generator 
• transport to the environment outside of containment
• noble gas transport
• volatile fission product (I, Cs) transport
• semi-volatile fission product transport
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Test characterisation matrices

• test types (separate effect tests, integral tests and NPP measurements)
• scale (scaled down or full size)
• atmosphere (steam, inert gas, hydrogen, oxidising, reducing)
• tested sample (small cladding sample, small pellet sample, single rod, bundle, 

non-core material, irradiated, non-irradiated)
• cladding type (Zircaloy-4, Zirlo, M5, E110, pre-charged with H, pre-oxidised)
• fuel type (UO2, MOX, high burnup) 
• heating method (nuclear, electric, internal, furnace, induction) and
• fission product transport (pH, dose rate, temperature,transport by natural 

circulation/gravity, transport by forced flow, transport in gas atmosphere, 
transport in liquids, interfacial mass transfer).
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Data matrices

• Availability of data (available for the R2CA project, included into the Appendix of 
the database report, or accessible for some R2CA partners, but could be shared 
within the project) 

• On-line data (temperature history, pressure history, fission product release 
monitoring from fuel, fission product release monitoring from primary circuit, 
fission product release monitoring from steam generator, etc.)

• PIE data (clad deformation, clad corrosion state (oxidation, H content), fission 
product inventory in the gap, cumulative fission product release from fuel rod, 
cumulative fission product release from primary circuit, etc.)

• Validation (the measured data were used by R2CA partners before the project for 
code validation purposes or the measured data were intended be used by R2CA 
partners in the project for code validation purposes)
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Utilisation of measured data

• burst tests’ data were used for the improvement and validation of DRACCAR, 
TRANSURANUS and FRAPTRAN transient fuel behaviour codes 

• integral LOCA tests were used for the further validation of DRACCAR, 
TRANSURANUS and FRAPTRAN transient fuel behaviour codes 

• FP test data were crucial for the testing of fission gas release model in fuel 
behaviour codes TRANSURANUS, SCIANTIX and MFPR-F 

• FP transport experiments provided unique possibilities for the validation of 
numerical models used in ATHLET-CD, ASTEC, COCOSYS, SOPHAEROS and APROS
codes,  

• iodine spiking data were used to develop and improve activity release models 
applied in SGTR analyses in computer codes MELCOR, RING and TRANSURANUS

• hydrogen uptake data were useful for the simulation of secondary degradation 
in defective fuel rods in the SHOWBIZ and FRAPCON codes 
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Conclusions

• most of the LOCA and SGTR related phenomena were investigated in 
experimental test series

• behavior of water logged fuel under transient loads was not covered by the 
database

• common use of data from small scale separate effect test and integral tests 
provided possibilities for the improved simulation of several phenomena

• reviewed experimental series: materials used today or were used earlier in the 
NPPs. 

• new fuel types and accident tolerant fuel designs: some of the test series could be 
repeated with new materials, or new experimental programs could be launched 
to investigate their behavior under LOCA and SGTR conditions
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Public document and publication

https://ec.europa.eu/research/participants/documents/download
Public?documentIds=080166e5d44315b1&appId=PPGMS
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