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1.  Introduction 

 

In pressurized water reactors (PWR), the emergency core cooling systems (ECCS) are designed to 

provide core cooling for different postulated accidents up to and including the design basis loss-

ofcoolant accident (LOCA). If, however, it is assumed that all protection systems failed, a severe 

accident would occur and the reactor core, inadequately cooled, would be progressively damaged. If 

available again, water can be injected into the degraded core to slowdown the progression of the 

accident. But reflooding of an overheated core can result in a renewed temperature rise due to strong 

oxidation reactions, additional release of fission products, and in a increased hydrogen production. To 

determine the consequences of reflooding, model developments must be carried out following the 

steps described below: 

 

Accurate description of the geometry of a severely damaged core and of debris beds expected 

to form during quenching as many physical models strongly depend on geometrical 

parameters. This relies on a good description of degradation phenomena and of debris bed 

formation. In particular, the modelling of geometrical properties must be performed carefully. 

 

Accurate prediction of multi-dimensional two-phase flows in porous media. The development 

of such a model has been performed at the French Institut de Radioprotection et Sûreté 

Nucléaire (IRSN) and numerical applications of this model, implemented in 

ICARE/CATHARE, have been presented. Nevertheless, there is a need for further validation, 

in particular for the flow regime map and the closure laws. This is the aim of the PEARL 

experimental program. 

 

This paper, based on a bibliographic survey, is focussed on the first item and especially on the 

geometrical characteristics of debris beds expected to form during reflooding. The consequences of a 

severe accident on the geometry of the reactor core will be examined in paragraph 2. The observations 

show that the top of the damage regions consist of debris particles of a wide range of sizes. To clarify 

this particle size distribution, data on fuel fragmentation under operating and LOCA conditions have 

been gathered and will be presented in paragraph 3. Then, in paragraph 4, we have looked for cladding 

failure criteria so as to determine whether the rapid cooling may lead to the collapse of the embrittled 

oxidized claddings. Using these data has finally enabled us to determine in paragraph 5 the extent and 

the composition of the debris bed formed during reflooding of a French 900 MW PWR during a six 

inches LOCA. 
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2.  Review of reactor core geometries after severe accident conditions and reflooding 

 

During a severe accident, the reactor core geometry strongly evolves. The first modification in the 

reactor core geometry arises when cladding rods burst. As temperature continue increasing, chemical 

reactions, melting and liquefaction occur. This relocation of molten material into cooler core regions 

completely change the core configuration. Another phenomenon is the formation of debris beds 

resulting from the collapse of solid material onto the blockages (solidified materials and grid spacers). 

These phenomena were observed in severe accident tests or in the TMI-2 core and are more precisely 

described below. 

 

Even if not ended by reflooding, the results of the PBF SFD 1-4 experiment, conducted by Idaho 

National Engineering Laboratory in 19851, are given here to show the overall post-test condition of the 

bundle. It seems that the damage zones produced in the centre fuel bundle are very similar to those 

observed in the LOFT LP-FP2 test or in the TMI-2 core2, despite quite large differences in scale, 

system pressure, steam supply, water elevation in the vessel, bypass flow area, fuel burn-up, duration 

of transient, method of heating and method of transient termination. Metallographic examination of 

the bundle along with the neutron radiograph revealed four distinct damage regions in the bundle (see 

figure 1). The upper region was a rubble bed of fuel fragments, extending from about 0.95 m down to 

0.60 m. The mid-bundle region between 0.60 and 0.30 m was severely damaged, but partial fuel 

pellets in more of a rod-like geometry and the remnants of dissolved fuel remained. Molten ceramic 

accumulated in the lower bundle between 0.30 m and ≈ 0.17 m. Metallic melts resided at and below 

the lower spacer grid. 

 

Very similar observations were performed in test LOFT LP-FP23
 and the TMI-2 accident4

 a metallic 

blockage formed at the lower spacer grid, a ceramic blockage occurred above the lower blockage, and 

a rubble bed of fuel fragments rested on top. In tests PBF SFD 1-4 and LOFT LP-FP2, the absence of 

cladding remnants in the rubble bed suggests that Zircaloy melted and relocated downward in the 

bundle. Without restraint from cladding, fuel fragments were free to crumble from pellet stacks to 

form a rubble bed, especially upon reflooding. In test results reports, it is mentioned that the particle 

size distribution in the rubble bed is set primarily by the crack distribution within fuel stacks in the 

fuel rods prior to the transient. The next section will be devoted to cracks development in the fuel 

pellets under normal conditions as it seems to play an important role in the particle size and 

morphology of the debris bed. In the TMI-2 core, the top of the lower material consisted of debris 

particles of a wide range of sizes and compositions (fuel pieces, cladding chunks, foamy/porous 

material, composite material and metallic particles). It is assumed that a large portion of the upper part 

of the core fuel cladding would have reached the melting point of ZrO2 and/or would have been highly 
 

 
 

 

1 Petti et al., Power Burst Facility (PBF) Severe Fuel Damage Test 1-4 Test Results Report, Idaho National 

Engineering Laboratory, 1989, NUREG/CR-6160/EGG-2542, prepared for U.S. Nuclear Regulatory 

Commission. 

 

2 Hobbins R. R. and McPherson G. D., A summary of results from the LOFT LP-FP-2 test and their relationship 

to other studies at the power burst facility and of the Three Mile Island Unit 2 accident, Proceedings of LOFT 

Open Forum, 1990, Madrid. 

 

3 Jensen S. M., Akers D. W. and Pregger B.A., Postirradiation examination data and analyses for OECD LOFT 

fission product experiment (LP-FP-2) Volume 1, EGG Idaho Inc., 1989, OECD LOFT-T-3810. 

 

4 Akers D. W., Carlson E.R. and Cook B.A., TMI-2 core debris grab samples, examination and analysis, Sandia 

National Laboratory, 1986, GENF-INF-075. 
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oxidized. Therefore, it is expected that large amount of fuel rod material would have melted and 

relocated, or would have been embrittled. The thermal or mechanical shock of these embrittled 

material during reflooding would have lead to the formation of large amount of debris. The conditions 

of cladding embrittlement is consequently the second key parameter in debris bed formation and will 

be studied in the third paragraph. 

 

3.  Fuel fragmentation under operating and LOCA conditions 

 

Due to the low thermal conductivity of oxide fuel, pellets undergo very high radial temperature 

gradient during use. In operating conditions of a PWR, the temperature difference between the centre 

part and the periphery of the pellet varies between 500 and 700°C. As the core of the pellet expands 

more than the peripheral zone, the fuel is subjected to high thermal stress right from the first power 

increase to nominal conditions. When stresses exceed the rupture strength, crack forms going from the 

centre to the edge in a star shaped pattern (see figure 2a). A lot of post-irradiation examinations have 

been performed leading to the following conclusions on radial cracking5, 6: 

 

at low burn-up, the number of radial cracks only depends on the rod power. It seems that a 

minimum power of about 60 W/cm is necessary to initiate cracking. The number of pieces 

increases slowly with the power to reach a maximum value of 10 to 14 pieces for UO2 fuel 

 

during irradiation, the number of fragments increases with burn-up to reach an upper limit of 

10 to 15. 

 

The observations carried out in the framework of the FR2-LOC program7
 conducted by the 

Kernforschungszentrum Karlsruhe in Germany are in agreement with the previous conclusions. In 

these experiments, unirradiated and irradiated (up to 35 GWd/tU) PWR-type test fuel rods were 

exposed to temperature transients simulating the second heatup phase of a LOCA. It was observed that 

fuel pellets in previously irradiated rods were already cracked during normal reactor operation (see 

figure 2a). The size of the fragments does not depend so much on the burn-up and the mean particle 

size is 2.78 mm. Nevertheless, it must be emphasized that the fuel is not highly preirradiated and there 

is a lack of data for burnup ranging from 40 to 60 GWd/tU. The Halden experiments8
 have shown that 

very highly pre-irradiated fuel can be fracturated to very fine fragments (see figure 2b). The 

mechanism of rim formation, detailed below could explain this trend but its influence on fuel 

fragmentation for moderate burn-up (ie up to 60 GWd/tU) has not been quantified precisely. 

 

A restructuration of the UO2 fuel occurs at the pellet periphery (generally called the rim structure) in 

high burn-up LWR fuel. This structure starts to form when the burn-up reaches 50-55 GWd/tU. One of 

the characteristics of this structure is the subdivision of original grains into fine sub grains, less than 1 

μm. Oberlander8 assumes that small fragments stem from the high burn-up structure. But these small 

fragments  

 
5 Pince A., Fragmentation du combustible dans les REP. Synthèse des résultats, CEA, CEA/DRN/DMT 93-677-

1 à 4, 1994. 

6 Walton L. A. and Husser D. L., Fuel pellet fracture and relocation in Water reactor fuel element performance 

computer modelling, John. H. Gittus Ed., London, 1983. 

7 Karb E.H. et al., LWR fuel rod behavior in the FR2 in-pile tests simulating the heatup phase of a LOCA, KfK 

3346, 1983 

8 Oberlander B. C., Espeland M. and Solum N. O., PIE results from the high burn-up (92 MWd/kg) PWR 

segment after LOCA testing in IFA 650-4, Proceedings of enlarged Halden Programme group meeting, Loen 

(Norway), 2008 
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could also come from the centre of the pellet since another mechanism – the fission gas distribution – 

could play an important role in fine fragmentation under temperature transient conditions. Gas atoms 

result from the fission of uranium or plutonium atoms and are implemented in the oxide fuel matrix. 

Since fission gases are not thermodynamically soluble in UO2, they tend to be trapped in fabrication 

porosities and grain boundaries (intergranular gas) or will accumulate on irradiation defects 

(intragranular gas), which leads to the formation of bubbles. In the rim structure, another mechanism, 

the formation of micrometer size pores occurs. Thus, fission gas are distributed between intergranular 

gas, intragranular gas and pores. For fragmentation mechanisms, it seems that intergranular gas and its 

distribution on the grain boundaries has a major influence. Indeed, during thermal transient, 

intergranular bubbles can grow leading to unstable crack propagation9, favoured by high gas content 

and fast transient. The high temperature reached at the centre of the pellet increases the diffusion of 

gaseous atoms from the interior of grains to the grain boundaries and thus favour the formation of 

intergranular bubbles. We can consequently assume that the center of the pellet, where the part of 

intergranular gas is the highest, is more likely to crack under fast transient conditions. 

 

The mechanism of pellet breakage due to thermal stress is well known and the subsequent particle size 

and number do not differ so much from one study to another. The main uncertainty lies in the 

mechanisms occurring at high burn-up. Firstly, the restructuration of the pellet periphery could be an 

explanation for fine fragmentation. But another mechanism, the high intergranular gas concentration in 

the centre of the pellet, could also be responsible for this. Further experiments would be necessary to 

determine which mechanism is likely to produce the fine fragmentation of highly irradiated fuel. A 

granulometric analysis would be helpful to precise the fragment size distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
9 DiMelfi R. J. and Deitrich L. W., Modeling the effects of grain-boundary fission gas on transient fuel behaviour, Nuclear 

Technology 43, 1979. 
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 4.  Cladding failure criteria 

 

After having determined the size of the pellet fragments that form during use, we must evaluate the 

number and the position of rods segments that will collapse as a result of the thermal chock during 

reflooding. To answer this question, we have examined in a first time the embrittlement criteria for 

Zircaloy fuel cladding used to determine the margin of performance of ECCS’s in LWR’s. In a second 
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time, the results of a small scale test rig that has investigated the cracking of the oxide layer occurring 

on quenching are summarized. 

When designing ECCS’s, it must be demonstrated that they can cope with a LOCA without major 

damage to the plant or hazard to the public. Two of the criteria, adopted by the U. S. Atomic Energy 

Commission (AEC) on 1973 to insure the fulfilment of the above requirement are: 

 

The peak cladding temperature shall not exceed 1477 K, 

 

The maximum cladding oxidation shall nowhere exceed 0.17 times the total cladding thickness 

before oxidation. 

 

These criteria are linked with the capability of Zircaloy cladding to withstand thermal shock and 

mechanical loads under LOCA. Numerous works on Zircaloy embrittlement have been carried out 

after this time. They gave rise to other criteria, among which the most popular is the Chung and 

Kassner10 criterion: 

 

The Zircaloy cladding can withstand thermal chock if the thickness of the phase, with ≤ 0.9 

wt % 

oxygen, exceeds 0.1 mm 

 

The main advantage is that this criteria is irrespective of the specimen thickness, oxidation 

temperature, and total oxygen of the cladding. 

 

Under severe accident, less conservative criteria should be used to determine as precisely as possible 

the extent of debris beds expected to form upon quenching. In the framework of the QUENCH 

program, conducted by the Forschungszentrum Karlsruhe, a small scale test rig was built in which it 

was possible to quench short Zircaloy fuel rod segments11. In these tests, single tube specimens are 

filled with ZrO2 pellets, heated by induction to a high temperature and then cooled down by injection 

of water (90°C, 1.5 cm/s flooding rate) or cold steam (140°C, 2 g/s). The experimental parameters 

investigated are: the extent of cladding pre-oxidation (0, ≈ 100 μm, ≈ 300 μm ZrO2 layer thickness) 

and the temperature of the Zircaloy tube at onset of quenching (1000°C, 1200°C, 1400°C and 

1600°C). It was observed that the mechanical behaviour of the cladding tube depends on the initial 

oxide scale thickness and the tube temperature at onset of quench. Large cracks, penetrating the oxide 

layer and the embrittled -Zr(O) metal substrate, can be observed with an initially 300 μm thick oxide 

layer thickness (whatever the cooling fluid, water or steam). This cracking leads to the fragmentation 

or the breakage of the specimens either in the facility or during handling. The formation of the crack is 

more pronounced if the quench is initiated from low temperatures (1200°C). These experiments were 

supplemented by additional tests12
 leading to the following conclusion: Cracking of the cladding 

occurs under quenching if the zirconia thickness exceeds 150 μm. 

 

 
 

 
10 Chung H. M. and Kassner T. F., Embrittlement criteria for Zircaloy fuel cladding applicable to accident 

situations in lightwater reactors: summary report, EG&G Idaho Inc., NUREG/CR-1344 - ANL-79-48, 1980 

 

11 Hofmann P. et al., Quench behavior of Zircaloy fuel cladding tubes. Small-scale experiments and modeling of 

the quench phenomena, Forschungszentrum Karlsruhe, FZKA 6208, 1999. 

 

12 Hofmann P. et al., Physico-chemical behavior of Zircaloy fuel rod cladding tubes during LWR severe 

accident reflood, Forschungszentrum Karlsruhe, FZKA 5846, 1997 
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5.  Application to debris bed formation in a French 900 PWR 

 

The results of the bibliographic survey can be used to improve the models developed in severe 

accident codes. They can enable us to predict more precisely the extent and the composition of a 

debris bed expected to form upon reflooding. Hereafter is an example of the characteristics of the 

debris bed that could form in a French 900 MWe PWR core following a six inches LOCA. To perform 

this computation, we have followed the steps described below : 

 

Computation of fragment size distribution: 

We have considered the realistic fuel loading13
 represented in figure 3 (average burn-up of 30 GWd/tU, 

corresponding to a reactor end of life). The reactor core contains 157 assemblies coming from 7 

different batches (each having a different burn-up). In our computation, the active part of the core is 

divided in 22 axial meshes, 6 radial meshes and one azimuthal mesh. For each mesh, the proportion of 

rods belonging to each batch is assessed. It enables us to know, in each mesh, the number of rods 

whose burn-up lies in the following ranges: 5-10,10-15, 15-20, 20-25, 25-30, 30-35, 35-40, 40-45, 45-

50 and 50-55 GWd/tU. The computation of the number of radial fragments (Nb_fr) can then be 

computed using the following equation: 

 
Where [Nb_fr] power, which is the number of fragments that initially forms, is linked to the power by 

the relation proposed by Oguma14 (see figure 4). BU is the burn-up in GWd/tU. 

 

The first main assumption is that the maximum number of radial fragments is 16, in agreement with 

the observations carried out on low to intermediate burn-up fuel (see paragraph 3). But in our case, 

this number is probably underestimated since some assemblies have quite high burn-up (up to 50.5 

GWd/tU for the central assembly) and could be fragmented in more pieces. But due to a lack of 

quantitative data on this additional fragmentation for high burn-up fuel, it is not taken into account 

here. The result of the calculation at an elevation of 2 meters is given in the table below. 

 

  

 

 

 

 
 

 

13 EDF, private communication 

 

14 Oguma M., Cracking and relocation behavior of nuclear fuel pellets during rise to power, Nuclear 

Engineering And Design 76, 1983 
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For transversal fragmentation, we assume that three transversal cracks form. There are actually not 

many data for transversal fragmentation and the number of transversal cracks differ from one study to 

another ranging from 1 to 4. An intermediate value is taken here. 

 

The subsequent computation of fragment size distribution is based on the assumption that fuel pieces 

are spherical and have all the same size inside a pellet. This leads to a minimum fragment size of 2.75 

mm (see figure 5). Our next step will be to consider a mean size and a distribution to take into account 

the scattering in fragment sizes. 
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Computation of core degradation and fuel rods collapse under refooding: 

The degradation progression of the reactor core following a six inches LOCA has been calculated with 

the severe accident code ICARE/CATHARE15. At each time step, we have determined for each mesh, 

if the cladding rods were embrittled enough to collapse under reflooding. If the given failure criteria 

was fulfilled in a mesh, the debris bed was supplied with fragments whose size was determined 

previously. The failure criteria we used is the melting of the zirconium cladding (according to the 

observations carried out on the LOFT LP-FP2 and PBF SFD 1-4 bundles). The result of the 

calculation is given in figure 6. The claddings start to melt 2550 seconds after the beginning of the 

transient. The quantity of fuel rods fragments that would result from reflooding consequently starts 

increasing. At that time, the debris form in the inner, upper part of the core. Then, the degradation 

propagates both axially and radially. At t=2800 seconds, we can notice that the quantity of expected 

debris decreases. This is due to the fact that fuel has started to melt, providing less solid particles to 

the debris bed. At t=2900 seconds, the claddings in the most peripheral mesh start melting supplying 

the debris bed with large particles (4-5.5 mm size range). The maximum quantity of debris (26 tons of 

fuel namely 32% of fuel in the core) is formed 3350 seconds after the beginning of the transient. At 

that time, the fuel particles in the debris bed come from the three external meshes located in the upper 

1.5 meters. In the inner part of the core, fuel has melted and relocated downward and does not 

contribute to the formation of the solid particles debris bed. 

 

This example shows that it is possible to predict quite precisely the amount and the composition of the 

debris bed possibly formed upon reflooding. The uncertainty linked to the geometry of the debris bed 

can still be reduced by providing more accurate data on fuel fragmentation and rod cladding failure. 

Especially, it is important to get more information on the additional fragmentation that could occur for 

high burn-ups fuel (due to the rim structure and/or the growth of gas fission bubbles under transient 

conditions). This could increase the proportion of fine fragments. A sensibility study to the cladding 

failure criterion would also be interesting and could provide a confidence interval for the amount of 

material collapsing under reflooding. Finally, the same calculation could be repeated for different fuel 

loading and different accidental scenarios. 

 

6. Conclusions 

The objective of this paper was to precise the geometry of debris beds expected to form during the 

reflooding of a severely damaged reactor core. This was achieved by gathering data on fuel 

fragmentation under operating and LOCA conditions and on fuel cladding failure criteria. It was 

shown that these data can be used in severe accident codes to predict the amount of claddings that 

would collapse under reflooding and the subsequent particle size distribution. The main uncertainty 

that remains is the number and the size of particles resulting from fragmentation of highly irradiated 

fuel. Moreover, our modelling relies on strong assumptions (for instance the fuel fragments are 

spherical and of identical size in one pellet). We plan to improve our modelling by taking into account 

the distribution in fragment sizes inside a pellet and the non-sphericity of the fuel pieces. A sensibility 

study of the debris bed characteristics to the model parameters (number of transversal cracks, 

additional fragmentation of high burn-up fuel, cladding failure criterion…) is also envisaged. 
  
 

 

 

 

 

 
 

 

15 Drai P., Marchand O., Chatelard P., Fichot F., and Fleurot J., Improvement of core fusion modeling in 

ICARE/CATHARE. Application to the calculation of a six inches LOCA leading to severely degraded situation, Nuclear 

Technology, 2009 
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