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Abstract — This paper presents the results of the Power To Melt and Maneuverability (P2M) Simulation Exercise 
on past fuel melting irradiation experiments, organized within the Organisation for Economic Co-operation and 
Development/Nuclear Energy Agency Framework for IrraDiation ExperimentS (FIDES) framework by the Core 
Group (CEA, EDF, and SCK‧CEN) and open to all FIDES members. The exercise consisted in simulating two past 
power ramps where fuel melting was detected: (1) the xM3 staircase power transient [ramp terminal level (RTL) 70 
kW‧m−1, average burnup 27 GWd‧tU−1], carried out in 2005 in the R2 reactor at Studsvik (Sweden), where the 
rodlet maintained its integrity, and (2) the HBC4 fast power transient (RTL 66 kW‧m−1, average burnup 48 GWd‧ 
tU−1), carried out in 1987 in the BR2 reactor at SCK‧CEN (Belgium), where the cladding failed during the 
experiment. The exercise was joined by 13 organizations from 9 countries using 11 different fuel performance codes. 
In this paper, the main results of the Simulation Exercise are presented and compared to available postirradiation 
examinations (PIE) or on-line measurements during the power ramps (fuel and clad diameters, rod elongation, 
pellet-clad gap, and fission gas release). Since the focus of the Simulation Exercise is on fuel melting assessment, 
determination of the boundary between melted/nonmelted fuel and the consequent definition of a melting radius 
from PIE are first discussed. During the HBC4 ramp, fuel melting was predicted by most of the codes despite 
differences in the melting models. Higher discrepancies were observed for the xM3 rod that can be attributed partly 
to power uncertainty and partly to the limited capability of the models to describe partial melting of the fuel during 
this ramp. Finally, possible code developments to improve simulation results are presented.

Keywords — Pressurized water reactor, power ramp, fuel melting, fuel performance codes, postirradiation 
examinations. 
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I. INTRODUCTION

The continuous need for safer, more efficient, and 
more reliable use of nuclear energy requires constant 
development and optimization of fuels and materials. 
This has to be based on solid and extended experimen
tal evidence that can be obtained through laboratory- 
scale analyses and irradiation programs in dedicated 
research reactors called material testing reactors 
(MTRs) allowing integral tests under representative 
conditions (neutron flux, thermal-hydraulic conditions, 
etc.). These programs aim at improving the understand
ing of physical phenomena, at qualifying the behavior 
of innovative fuels and materials, and at validating the 
simulation tools that support their development. In the 
past years, the availability of MTRs has been strongly 
reduced by the shutting down of several reactors such 
as R2 in Sweden (2005), OSIRIS in France (in 2015), 
and HBWR in Norway (in 2017). The Organisation for 
Economic Co-operation and Development/Nuclear 
Energy Agency (OECD/NEA) initiative in 2021 to 
form the Framework for IrraDiation ExperimentS 
(FIDES) resulted from the need for an international 
framework triggering governmental investments as 
well as decisions and thus supporting researchers, 
industrial companies, and regulators to perform irradia
tion programs on fuels and materials. Today, FIDES 
has gathered 27 organizations from 12 countries around 
3 Joint ExpErimental Programs1 (JEEPs):

1. Power To Melt and Maneuverability (P2M), pro
posed by the Belgian Nuclear Research Centre (SCK‧ 
CEN, Belgium), the Commissariat à l’Énergie Atomique 
et aux Énergies Alternatives (CEA, France), and 
Électricité de France (EdF, France), to study the behavior 
of light water reactor (LWR) high-burnup fuel during 
slow and high-power transients leading to fuel centerline 
melting without clad failure.

2. Inpile Creep Studies of ATF claddings (INCA), 
proposed by the Czech Republic nuclear organizations 
(CVŘ, UJV, ALVEL) and supported by the CEA 
(France) and the Technical Research Centre of Finland 
(VTT, Finland), where tests focused on irradiation- 
induced cladding creep are planned.

3. High burnup Experiments in Reactivity initiated 
Accident (HERA), proposed by Idaho National 
Laboratory (INL) and supported by the U.S. Department 
of Energy, the U.S. Nuclear Regulatory Commission 
(NRC), the Westinghouse Electric Company, the Japan 

Atomic Energy Agency (JAEA), and the Institut de 
Radioprotection et de Sûreté nucléaire (IRSN, France), 
to improve the understanding of LWR high-burnup fuel 
and accident tolerant fuel behavior during reactivity 
initiated accidents (RIA).

This paper presents the simulation results and the fuel 
melting assessment obtained during the international 
Simulation Exercise on Past Fuel Melting Experiments 
that took place in 2021 within the P2M program. Since 
the design of the P2M transient tests, leading to partial 
fuel melting, is expected to be challenging for existing 
fuel performance codes, the Simulation Exercise was 
launched purposely to calibrate the codes on fuel melting 
under slow transient power ramp conditions. In this 
paper, the P2M Joint Experimental Program and the 
objectives of the Simulation Exercise are detailed in 
Sec. II. The studied past power ramps leading to fuel 
melting are then presented in Sec. III. The determination 
of the fuel melting radius from ceramographies is dis
cussed in Sec. IV. The fuel codes that joined the 
Simulation Exercise are briefly described in Sec. V with 
a focus on the implemented fuel melting models. 
Simulation results are presented in Sec. VI and discussed 
in Sec. VII. The conclusions of the Simulation Exercise 
together with future improvement steps identified from 
this work are drawn in Sec. VIII.

II. THE P2M INITIATIVE

II.A. The P2M Joint Experimental Program

The P2M program arose from the lack of up-to- 
date data on the consequences of incipient centerline 
fuel melting on the integrity of fuel rods during slow 
power transients. The current understanding of fuel rod 
behavior at high temperatures, of the phenomenology 
occurring during fuel melting, and of its impact on 
cladding is based on old tests performed on former 
fuel rod designs with limited instrumentation.2–5 P2M 
aims at providing new data on modern fuel rods thanks 
to advanced on-line measurements. This will help in 
improving the knowledge, models, and simulation 
codes in support of fuel performance optimization and 
related safety margins.

In the P2M program, two slow staircase power ramps 
on high-burnup fuel rods are planned. The high linear heat 
generation rate (LHGR) will be reached by successive 
LHGR steps separated by long holding times to allow clad 
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relaxation and thus minimize the risk of clad failure. The 
irradiation protocol aims at reaching a fraction of melted 
fuel of up to 15% at the pellet center. The main objectives 
are characterization of the local irradiation conditions lead
ing to activation of fuel centerline melting, study of the 
impact of fuel partial melting on fuel rod behavior and on 
clad deformation, and quantification of fission gas release 
(FGR) at high LHGR from high-burnup fuel.

Two fuel rods will be refabricated at the CEA LECA- 
STAR hot cell facility according to the FABRICE refab
rication process widely used in the past.6 The rodlets will 
be instrumented with an in-fuel centerline thermocouple 
at the bottom of the fuel stack and with a pressure sensor 
based on linear variable differential transformer (LVDT) 
technology in the upper plenum.7 The power ramps will 
be performed in the BR2 reactor (SCK‧CEN, Belgium) in 
the pressurized water capsule (PWC) device.8 Postirr- 
adiation examinations (PIE) are planned at the CEA 
LECA-STAR hot cell facility in Cadarache, France.

II.B. The Simulation Exercise on Past Fuel Melting 
Irradiation Experiments

To design the P2M power ramps, precalculations are 
performed with the codes of the core group members: 
ALCYONE by CEA (Refs. 9, 10, and 11), TRAN- 
SURANUS by SCK‧CEN (Ref. 12), and CYRANO3 by 
EdF (Refs. 13 and 14). In order to calibrate the codes in 
these high LHGR conditions leading to fuel melting, 
a Simulation Exercise was organized by the core group 
and opened to the FIDES members. A preliminary litera
ture review led to the selection of two power ramps of 
interest:

1. The xM3 staircase power ramp, very close to the 
power ramp protocol planned for P2M, involving 
a Mitsubishi Heavy Industries (MHI) large grain UO2 
fuel with stress relieved (SR) Zirlo cladding preirradiated 
up to an average burnup of 27 GWdtU� 1 (Refs. 15 and  
16). A ramp terminal level (RTL) of 70 kW:m� 1 was 
reached with 10 successive LHGR steps of ,5 kW:m� 1:

The fuel rodlet kept its integrity, and PIE provided some 
evidence of fuel centerline melting.

2. The HBC4 fast power ramp (72 kW:m� 1min� 1), 
performed on a UO2 fuel with cold worked stress relieved 
(CWSR) Zircaloy-4 cladding preirradiated up to an aver
age burnup of 48 GWdtU� 1 (Refs. 17 and 18). The 
LHGR reached 66 kW:m� 1 at the end of the transient 
and led to rodlet failure after a few tens of seconds. PIE 
also indicated fuel melting during the test.

The xM3 power ramp was considered of great interest as 
it showed evidence of fuel centerline melting with no clad 
failure. Also, extensive and detailed PIE were available. 
The P2M power transients are designed based on this 
experiment. Interest in the HBC4 power ramp stems 
from the fact that it was performed in the BR2 reactor 
and in the same irradiation device that will be used for the 
P2M experiments. However, it led to clad failure, which 
is not the objective in P2M. The Simulation Exercise was 
joined by 13 organizations (from industry, research insti
tutes, and regulatory bodies) from 9 countries using 11 
different fuel performance codes. More information on 
the fuel performance codes involved is given in Sec. V.

III. THE XM3 AND HBC4 TEST CASES

III.A. The xM3 Test Case

The xM3 test case was previously simulated by sev
eral organizations during the third modeling workshop 
that took place within OECD/NEA Studsvik Cladding 
International Program (SCIP) II (Ref. 16). The workshop 
aimed at studying and explaining the beneficial impact of 
slow power ramp on fuel performance under pellet- 
cladding interaction (PCI) conditions. It was therefore 
not focused on fuel pellet melting but rather on thermo
mechanical analysis of clad behavior during slow and fast 
power transients. The xM3 rodlet was part of a segmen
ted rod manufactured by ENUSA in Spain. The father rod 
consisted of seven segments screwed and welded 
together. The xM3 segment contained large grain UO2 
fuel pellets manufactured by MHI in Japan within SR 
Zirlo cladding. The main characteristics of the fuel rods 
are reported in Table I.

The father rod was irradiated during two cycles in the 
Vandellos II pressurized water reactor (PWR) in Spain, 
up to an average burnup of 27 GWdtU� 1. During the first 
cycle, the average LHGR on the xM3 segment reached 26 
kW:m� 1. During the second cycle, it decreased to 18 
kW:m� 1. The power evolution during base irradiation 
and the axial power profiles are plotted in Figs. 1a and 
1b, respectively. The axial power profile was nearly flat 
leading to small axial variation of the burnup.

After refabrication, the xM3 rodlet was power 
ramped in 2005 in the Studsvik R2 reactor (Sweden). 
Pressurized water loop N°1 was used for the irradiation 
test, simulating PWR conditions at the clad outer wall 
(147 bars, 315°C). In the loop, the rod surface tempera
ture was limited by subcooled surface boiling, initiated at 

P2M SIMULATION EXERCISE · D’AMBROSI et al. 3

NUCLEAR TECHNOLOGY · VOLUME 00 · XXXX 2023                                                                                         



a local LHGR of 40 kW:m� 1. The rod was precondi
tioned at a LHGR of 20 kW:m� 1 during 18 h before the 
first power step. Then, the power was progressively 
increased up to 70 kW:m� 1 by steps of ,5 kW:m� 1. 
Each 5 kW:m� 1 step was maintained during 1 h as well 
as the RTL of 70 kW:m� 1. The main characteristics of the 
xM3 power ramp are presented in Table II. The power 
history and the axial power profiles are represented in 
Figs. 1c and 1d. The axial profiles are normalized with 
respect to the average power along the rod.

Figure 1c shows the power ramp irradiation protocol. 
The control rod position changed during the ramp, lead
ing to modification of the axial power profile. Figure 1d 
shows the average axial power profile during the power 
ramp. The rodlet did not fail during the test.

After the base irradiation, PIE were performed. 
They include the following data of interest for the 
simulation exercise: clad diameter axial profile, fuel 
stack length, average burnup of the rodlet, and final 
average fast fluence of the fuel rod (E > 1 MeV). PIE 

TABLE I 

Main Characteristics of the As-Manufactured Fuel Rods

xM3 HBC4

Rodlet

Rod length (mm) 522 1136
Pellet stack length (mm) 441 996
Plenum length (mm) 44 95
Diametral gap (μm) 170 200

Fuel Pellet

Outer diameter (mm) 8.2 8.0
Height (mm) 10 12.3
Enrichment (%) 4.5 8.2
Grain size (μm) 30 11

Cladding

Outer diameter (mm) 9.5 9.5
Thickness (mm) 0.57 0.63

Fig. 1. Power histories and axial power profiles during the xM3 base irradiation and power ramp.
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were also performed after the power ramp and provide 
the following data of great interest for the simulation 
exercise19,20: rodlet elongation during the power ramp 
(pressurized water loop 1 was equipped with a LVDT), 
residual and relocated pellet-clad gap at several axial 
locations (see Appendix A for more details), FGR 
(volume of released gas, rodlet pressure, and rodlet 
free volume), and clad diameter axial profile. Local 
measurements of the clad diameter, pellet diameter, 
central hole diameter, and external zirconia thickness 
near the peak power node (PPN) were also extracted 
from a transverse cross section of the rodlet observed 
by light optical microscopy (LOM), as detailed in 
Sec. IV.A.

III.B. The HBC4 Test Case

The HBC4 rod was manufactured by 
BELGONUCLEAIRE and base irradiated in the BR3 
experimental reactor.17,18 It was made of standard 
dished UO2 pellets and CWSR Zircaloy-4 cladding. 
The main characteristics of the rod are summarized in 
Table I. The rod was irradiated during three cycles in the 
BR3 reactor between 1976 and 1983. The assembly, 
representative of a 17×17 lattice, experienced standard 
PWR thermal-hydraulic conditions. The LHGR history 
during base irradiation and the axial power profile (nor
malized with respect to the average power in the rod) are 
shown in Figs. 2a and 2b, respectively. At the end of the 
base irradiation, the fuel reached an average burnup of 

48 GWdtU� 1. Because of the marked axial power pro
file, the maximum burnup in the rod reached 
61 GWdtU� 1.

The power ramp was performed in 1987 in the PWC 
of the BR2 reactor on the same rod in order to character
ize the power-to-melt of high-burnup fuel.17,18 The irra
diation consisted first in a gradual and slow power 
increase by steps of 5 kW:m� 1 up to the preconditioning 
level of 40 kW:m� 1. The conditioning period lasted 20 h. 
A fast transient at 72 kW:m� 1min� 1 was then applied up 
to the maximum RTL, maintained during 40s. Figure 2c 
shows the power ramp irradiation protocol. Figure 2d 
gives the average axial power profile. During the test, 
the radiation detector located along the sampling line 
gave no sign of fuel rod damage and fission product 
(FP) release in the loop. During depressurization of the 
rig, a considerable rise in activity was measured, indicat
ing that the cladding had failed. The failure time was 
determined by PIE and located at the end of the RTL. 
The delayed measurement of FP release was attributed to 
the reopening of the pellet-clad gap following the 
decrease of the external pressure in the test rig. The 
RTL estimated from on-line measurements of thermal 
fluxes during the test was 70.5 kW:m� 1. From 95Zr 
gamma spectrometry after testing, the shape factor 
resulted in an estimated RTL of 66 kW:m� 1. For this 
Simulation Exercise, it was decided to use the lowest 
RTL as reference and to perform calculations with an 
estimated � 7% power uncertainty that covers the high
est RTL of 70.5 kW:m� 1.

TABLE II 

Main Characteristics of the Simulated Power Ramps

Rodlet Name xM3 HBC4

Fuel UO2 UO2
Cladding type SR Zirlo CWSR Zircaloy-4
Base irradiation reactor Vandellos-II (Spain) BR3 (Belgium)
MTR R2 (Sweden) BR2 (Belgium)
Year 2005 1987
Burnup (GWdtU� 1) average/peak 27/27 48/61
Conditioning power (kW:m� 1) 20 40
Conditioning power duration (h) 18 20
Ramp step (kW:m� 1) 5 —
Ramp step rate (kW:m� 1min� 1) 10 —
Ramp step holding time (h) 1 —
RTL (kW:m� 1) 70 66
RTL step rate (kW:m� 1min� 1) 10 72
RTL holding time 1 h 13 min 40s
Uncertainty on RTL � 5% � 7%
Clad failure No Yes
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After the base irradiation, PIE were performed.17,18 

The main data of interest for the simulation exercise are 
clad diameter axial profile, rod length, fuel stack length 
(measured by neutron radiography), rod average and 
peak burnup, and FGR from a sibling rod irradiated in 
close conditions. The PIE performed after the power 
ramp include the following data of interest: clad dia
meter axial profile (measured by spiral profilometry) 
and measures of the fuel and central hole diameters, of 
the external zirconia thickness from three transverse 
cross sections of the rod studied by LOM. The axial 
extension of the central hole was estimated from neutron 
radiography.

IV. FUEL MELTING ASSESSMENT FROM PIE

IV.A. xM3
Figure 3 shows the ceramography of a transverse 

cross section close to the PPN of the xM3 rod after the 
power ramp.19 The section was positioned at about 170 to 

190 mm from the bottom of the fissile column (BFC) and 
studied by LOM. It is the only ceramography available 
after the power ramp.

The following microstructures have been identified 
from the ceramography:

1. A central hole at the pellet center.

2. A recrystallized zone with dense fuel (blue and 
green boxes), containing spherical pores close to the 
central hole. No grain boundaries were observed in this 
region after etching.

3. A net boundary at a radius of 1.2 mm (yellow 
box) is observed between the recrystallized zone and 
a region where elongated grains in the radial 
direction (columnar structure) and intergranular bub
bles appear.

4. The columnar structure with intergranular bub
bles extends radially until the red box where an equiaxed 
grain structure with numerous intragranular bubbles is 
found.

Fig. 2. Power histories and axial power profiles during the HBC4 base irradiation and power ramp.
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5. The boundary of the intragranular bubble preci
pitation zone is easily identified after etching and 
observed in the purple box.

The net boundary between the dense region with no 
apparent grains and the surrounding material, at 1.2 mm 
from the pellet center, has been considered as an indica
tion that fuel had melted during the ramp test.19 This is 
further discussed in Sec. IV.C.

IV.B. HBC4

After the HBC4 power ramp, the rodlet was first 
examined by neutron radiography.17 Three zones where 
voids had formed in the centerline of the fuel column 
were found. They were located near the PPN and at an 
axial level of 300 to 385 mm/BFC. The voids were not 
continuous in the axial direction but sometimes filled with 
fuel. Three transverse cross sections (named CT1 and CT2 
in the failed region, CT3 out of the failed region) and one 
longitudinal cross section (named CL1) were cut from the 
rodlet. Figure 4 shows the axial diameter profile of the 
HBC4 rod after the power ramp, where the clad cracks 
are characterized by local peaks. The location of the three 
transverse cross sections (CT1, CT2, and CT3) and of the 
longitudinal cross section (CL1) are reported in Fig. 4 as 
well as the central holes obtained from neutron radiogra
phy. A fourth ceramography was obtained, CT1’, by grind
ing and polishing downward the CT1 cross section. The 
CT1, CT1’, CT2, and CL1 ceramographies are shown in 
Figs. 5, 6, 7, and 8, respectively.

The following microstructures have been identified 
from the ceramographies:

1. Elliptic central holes are found in CT1 and CT2.

2. The central holes in CT1 and CT2 are sur
rounded by a region of dense fuel containing large 
pores. The microstructure is better seen in the magnified 
picture of the CT1’ center; see the red box in Fig. 6. It 
presents large spherical and pear-shaped bubbles, radially 

oriented. The size of the bubbles reduces in the radial 
direction.

3. The central hole in CT1’ is partly filled with 
dense material. In consequence, the diameter of the cen
tral hole is reduced when compared to CT1. The outer 
radius of the dense fuel region with large pores is how
ever unchanged when compared to CT1.

4. Regions with elongated columnar grains and 
intergranular bubbles and then equiaxed grains with 
numerous intragranular bubbles are observed when pro
ceeding toward the pellet periphery; see the green and 
blue boxes in Fig. 6.

5. The boundary of the intragranular bubble preci
pitation zone is close to the circumferential crack that can 
be seen in the orange box of Fig. 6.

Evidence of melting during this power ramp was asso
ciated with two distinctive features17: The discontinuous 
cavities observed along the central axis of longitudinal 
ceramography CL1 indicated that molten fuel relocation 
had plugged the central hole at some axial locations21; the 

Fig. 3. Transverse cross section of the unfailed xM3 rod after the power ramp.
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central void radii were larger than expected from the 
columnar grain formation process known to take place 
when ramping at high power,22 considering the short 
holding period at RTL (40 s). The structural boundary 
between the high dense fuel containing large spherical or 
pear-shaped pores and the surrounding material was con
sidered as the melt radius. This is further discussed in 
Sec. IV.C.

IV.C. The Fuel Melting Radius

Identification of the microstructural changes that are 
associated with fuel melting is an old topic of debate that 
started with the first power-to-melt experiments in the 
1960s (Refs. 2, 3, and 4). The distinctive features in 
ceramographies of once molten fuel samples depend on 
several factors: pre-ramp and post-ramp irradiation 

Fig. 5. HBC4 rodlet. Transverse cross section CT1. Clad failure is visible on the right side.

Fig. 6. HBC4 rodlet. Transverse cross section CT1’, obtained by grinding and polishing downward CT1.

Fig. 7. HBC4 rodlet. Transverse cross section CT2.
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conditions (power and duration); unloading rate; axial 
position of the fuel sample in the rod, of importance in 
the case of fuel relocation21; presence of impurities in the 
fuel. When fuel relocation is not seen and unloading 
occurs rapidly after short periods at RTL, the following 
microstructures have been reported from PIE of power-to 
-melt experiments2–5,21,23,24: A central hole can be 
observed, generally surrounded by a ring of dense fuel 
with large grains and numerous pores radially orientated, 
sometimes followed by a high-density fuel layer com
posed of large columnar grains with little or no porosity.

There is general consensus on the fact that the central 
hole and the columnar grains are not clear signs of fuel 
melting since they can form below the melting point by 
uranium dioxide vaporization/condensation within the 
pores.22 In 1962, Robertson et al.3 defined the molten fuel 
radius at the interface of the two dense fuel rings and not at 
the outer radius of the high-density fuel layer. The same 
definition of the molten fuel radius was proposed by De 
Halas and Horn4 based on different power-to-melt experi
ments. In later experiments, Freshley,5 Freund et al.,24 and 
Inoue et al.21 included the dense fuel layer with no pores in 
the molten fuel region. Fresley distinguished the “molten 
boundary at time of shutdown” (outer radius of the inner 
dense ring) from the “maximum melt radius” (outer radius of 
the outer dense ring).

In their analysis of the xM3 ceramography, Arimescu 
et al.16 identify two rings in the recrystallized region of 
Fig. 3: an inner ring with spherical pores and a pore-free 
outer ring. The fuel melting radius was thus located at the 
interface of the two rings, i.e., with a radial extent of 0.4 mm 
instead of 1.2 mm if the outer radius of the recrystallized 

region is considered. Another argument for this low-melt 
radius is given by Arimescu et al.16 based on the size of the 
central hole. Assuming it is formed by shrinkage of the once 
molten fuel core upon cooling down, and considering a 10% 
volume expansion when fuel melts, no axial deformation, 
and no axial movement of molten material, the central hole 
radius rv is related as follows to the melted fuel radius rm:

rv ¼
ffiffiffiffiffiffiffi
0:1
p

rm : ð1Þ

For a measured hole radius of 0.15 mm, the melt radius is 
0.48 mm, consistent with the interface between the por
ous and nonporous dense rings.

In the postirradiation report of the HBC4 ramp,17 

the melt radius is defined at the boundary between the 
high-density UO2 fuel region with large spherical and 
pear-shaped pores and the surrounding material. This 
corresponds to a melt radius of 0.8 mm in CT1 and 
CT1’ and a melt radius of 1.1 mm in CT2. While the 
central holes are obviously elliptic, the melt regions in 
HBC4 ceramographies were found to be relatively cir
cular. The only asymmetry was related to the clad 
cracks that led to an offset with respect to the center 
of the holes. By comparison to xM3, there is no pore- 
free ring in HBC4; furthermore, the pore size and form 
in the dense ring are very different. This may be 
related to the different loading sequences and durations 
of the holding period at RTL in the two ramps: in 
HBC4, straight ramp, 40s at RTL, and in xM3, several 
intermediate steps of 1 h before RTL. Some equili
brium might have been reached in xM3 (spherical 
pores) and not in HBC4 (radially inward moving pear- 

Fig. 8. HBC4 rodlet. Longitudinal cross section CL1.
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shaped pores).25 De Halas and Horn4 show that a long 
holding period at RTL can drastically change the 
observed microstructure at the once molten pellet 
center.4 Freund et al.24 indicate that a long preirradia
tion phase with fuel restructuring increases the power- 
to-melt of a given fuel rod.

For the Simulation Exercise, a fuel melting radius 
range has been defined for xM3 since the literature 
review indicated that some authors include the pore-free 
ring in the molten fuel region.5,24 There is therefore no 
consensus in the definition of the melt radius in case 
a pore-free ring is observed. For HBC4, there is 
a variation in the melt radius from one ceramography to 
another, in spite of similar local burnups and RTL. The 
central hole and melt radii considered in the Simulation 
Exercise are reported in Table III.

V. MAIN CHARACTERISTICS OF THE FUEL CODES

Brief descriptions of the codes that joined the 
Simulation Exercise are reported below. Most of the 
codes are based on a similar description of the fuel rod 
geometry [1.5-dimensional (1.5D)] and include modeling 
of heat conduction in the fuel and the cladding, heat 
exchanges at the pellet-clad and clad-coolant interfaces, 
fuel densification and swelling, fuel and clad thermal 
expansion, fuel-clad mechanical interaction, clad creep 
and/or plasticity, and FGR, which are not detailed here. 
The readers can refer to the reference papers where the 
codes are described for more details on these aspects. 
Only specifications of each code that can explain some 
of the results presented in Sec. VI are mentioned. Details 
and references when available on the models relative to 
fuel melting are given in Appendix B. It is important to 
stress that no code is validated beyond the melting 
temperature.

1. TRANSURANUS (Ref. 12) is a 1.5D code that 
can deal with both steady-state and transient analyses. 

Among the important features included in the code, fuel 
and clad creep are described, as well as pellet cracking 
and relocation. The correlation of the MAPLIB 
handbook26 is used to evaluate the fuel melting tempera
ture, which depends on Pu content and fuel burnup. The 
dependency of UO2 melting temperature on the stoichio
metry has been recently implemented in the code.27,28 

The solidus and liquidus temperatures are assumed 
equal. TRANSURANUS can deal with phase changes, 
it accounts for the volume increase during phase transi
tion, and it models the formation and closure of the 
central hole.29 Different versions of TRANSURANUS 
are used by SCK‧CEN (V1M1 of January 7, 2020) and 
UJV (V1M3J12). A clad failure model is included in the 
version of SCK‧CEN.

2. FRAPCON-4.0 (Ref. 30) is a 1.5D code that 
calculates the steady-state response of LWR fuel rods 
during long-term irradiation and generates initial condi
tions for a transient fuel rod analysis with the 
FRAPTRAN code.31 Under the hypothesis of small fuel 
and clad deformations, the fuel pellets are modeled as 
rigid, and they deform due to thermal expansion, swel
ling, and densification only. The displacement of the fuel 
is calculated independently of the cladding deformation. 
When the gap is closed, the cladding is assumed to follow 
the fuel dimensional changes related to thermal expansion 
only. The code uses the MATPRO database for material 
properties.32 The FRAPCON/FRAPTRAN code accounts 
for the fuel thermal expansion associated with melting 
and for the latent heat of melting. In the FRAPCON/ 
FRAPTRAN version used by ALVEL, the melting tem
perature is based on the correlation given in Ref. 33. The 
solidus and the liquidus temperatures are assumed equal 
when there is no Pu in the fuel. The melting temperature 
decreases with the fuel burnup. A stress/strain criterion is 
used to evaluate clad failure during power ramps. Central 
Research Institute of Electric Power Industry (CRIEPI) 
used FRAPCON-4.0 and FRAPTRAN-2.0 with the melt
ing temperature equal to that of fresh stoichiometric UO2 

TABLE III 

Melting Fuel Radii Based on the Available xM3 and HBC4 Cross Sections

xM3 HBC4-CT1 HBC4-CT1’ HBC4-CT2

Axial position/BFC (mm) 180 362 to 368 362 to 368 334 to 340
RTL (kW:m� 1) 70 63.6 63.6 64.4
Local burnup (GWdtU� 1) 27 60.7 60.7 57.9
Central hole radius (mm) 0.15 0.31 to 0.38 0.15 to 0.2 0.61 to 0.77
Melt radius (mm) 0.4 to 1.2 0.8 0.8 1.1
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fuel. The heat transfer between the pellet and the cladding 
was tuned for this simulation exercise in order to obtain 
central fuel melting and melting radii close to the mea
sured ones. The default version of the code stops when 
reaching melting. In order to pursue the calculation, the 
melting temperature was shifted to an unrealistic higher 
value. During the postprocessing phase, the calculated 
temperatures were used to estimate the melting radii 
and bounded in the plots by the real melting temperature.

3. FAST-1.0 (Ref. 34) is a 1.5D code that merges 
the FRAPCON-4.0 and FRAPTRAN-2.0 codes. FAST 
calculates the steady-state and transient behavior of 
LWR fuel rods during normal operations, anticipated 
operational occurrences, and design-basis accidents. The 
code uses an updated version of the MATPRO material 
properties database. In the FAST-1.0 version used by the 
NRC, the melting temperature depends on the burnup and 
on the Pu and Gd contents. No distinction is considered 
between the solidus and the liquidus temperatures.35

4. FINIX (Ref. 36) is a 1.5D code developed by 
VTT since 2012 and designed to be encapsulated in 
multiphysics applications (coupled with thermohydrau
lics, neutronics codes, etc.). It is used for steady-state 
and transient analyses. As in FRAPCON/FRAPTRAN, 
FINIX models the fuel pellets as mechanically rigid 
while the clad behavior is assumed to be elastoplastic. 
Once strong pellet-clad contact is established, a no-slip 
condition at the pellet-clad interface is assumed. Slip is 
possible only in the case of weak contact (if the contact 
pressure is lower than the rod pressure). FINIX-1.19.1 
has been validated against centerline temperature data 
from HBWR steady-state irradiation experiments (IFA- 
429, IFA-432, IFA-515, IFA-677, and IFA-681) and 
benchmarked to FRAPTRAN simulations of selected 
RIA tests and a limited number of loss-of- 
coolant–accident (LOCA) tests.36 No melting model is 
at present available in FINIX. The melting temperature37 

considered is the solidus temperature, evaluated as 
a function of burnup and of Pu content.

5. ALCYONE (Refs. 9, 10, and 11) is a finite 
element (FE)–based, multidimensional code for PWR 
fuel performance co-developed by CEA, EdF, and 
Framatome within the PLEIADES simulation environ
ment. It includes a 1.5D scheme for the calculation of 
the entire fuel rod behavior and a two-dimensional (2D) 
scheme (r,θ) and a three-dimensional (3D) scheme for 
local assessments of PCI during power ramps. 
ALCYONE is validated on a wide range of base irradia
tions, power ramps, and RIA tests performed on UO2 fuel 
and mixed oxide (MOX) fuels with Zircaloy-4 and M5 

claddings, up to burnup of 80 GWdtU� 1. Recently, a fuel 
melting model has been implemented in the code that 
relies on thermochemical equilibrium calculations per
formed with the OPENCALPHAD solver38,39 and on 
the Thermodynamics for Advanced Fuels–International 
Database40 (TAF-ID). The solidus temperature is defined 
as the temperature at which the liquid fuel fraction 
reaches 10% and therefore differs from the liquidus tem
perature. The impact of partial fuel melting on the ther
momechanical analysis is taken into account by the 
dependency of the thermomechanical properties (thermal 
conductivity, heat capacity, thermal expansion, and elastic 
properties) on the liquid fuel fraction.

6. CYRANO3 is the 1.5D thermal-mechanical 
industrial code developed and used by EdF to simulate in- 
pile nuclear fuel rod performance under normal and tran
sient conditions (power ramp tests) within PWRs, as well 
as during transport and storage periods. CYRANO3 was 
recently extended from normal and incidental operating 
sequences to accidental scenarios (RIA and LOCA) 
(Ref. 41). The code validation database includes several 
types of fuel (UO2, Gd-doped UO2, and MOX) and clad
ding (Zircaloy-4, M5, and Zirlo). An internal correlation 
depending on the burnup and the Pu content of the fuel (a 
different model is used for UO2 and MOX) is used for the 
melting temperature. CYRANO3 includes a stress or 
strain energy density (SED) criterion to assess clad fail
ure during power ramps. The thresholds are based on the 
simulations of the large database of power ramps avail
able at EdF.

7. TEmperature and Strain Probabilistic Analysis 
of a Fuel ROD (TESPA-ROD) (Ref. 42) is the code used 
by GRS to investigate the thermomechanical behavior of 
fuel rods during design-basis accidents (LOCA and RIA), 
transients, and long-term storage, mainly to determine 
radiological consequences. The code has been validated 
on irradiations performed at Argonne National 
Laboratory and at the HBWR. As the TESPA-ROD 
code was not developed for nominal irradiation condi
tions, burnup and specific boundary conditions are pre
scribed to initialize power ramp simulations. No melting 
model is currently implemented in Tespa-Rod.

8. FEMAXI-8 (Version 8.1) (Ref. 43) is the latest 
version of the 1.5D fuel performance code FEMAXI, 
developed by the JAEA to analyze the thermomechanical 
behavior of a single fuel rod under primarily normal 
operating conditions and anticipated transient conditions. 
In addition to thorough validation work against irradia
tion data of 168 rods with various designs, burnups, and 
power histories, significant improvement in the numerical 
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stability and structure of the code has been achieved in 
the present version. A specific model has been imple
mented to account for the thermal barrier and additional 
deformation associated with pellet circumferential cracks, 
whose treatment is self-consistent between thermal and 
mechanical calculations. Recently, a mechanistic FGR 
model has also been implemented to describe the 
dynamic behavior of intragranular bubbles and the por
osity evolution in the high-burnup structure region. The 
melting temperature is the one provided by Christensen,44 

as reported in Ref. 45. It evolves with the fuel burnup, but 
no distinction is made between the solidus and the liqui
dus temperatures.

9. BISON (Ref. 46) is a FE nuclear fuel perfor
mance code developed by INL, based on the Multiphysics 
Object-Oriented Simulation Environment (MOOSE) 
Framework and used in a wide range of applications, 
e.g., LWR, TRISO fuel, and metallic fuel. The fully 
coupled equations of thermomechanics and species diffu
sion can be solved in one dimension, 2D axisymmetric, 2D 
plane-strain, and three dimensions. The code can be used 
for steady-state and transient thermal analyses. A pellet 
relocation model that accounts for the formation of radial 
cracks is included in the one-dimensional scheme used for 
the Simulation Exercise. Currently, a fuel melting model is 
not available in the code, but a reference value is used. The 
fuel melting temperature used in the simulations is that of 
stoichiometric, nonirradiated UO2 fuel. The fuel melting 
radius is established on a thermal criterion.

10. Fuel Analysis and Licensing COde–New47 

(FALCON) has been developed and extensively employed 
at the Paul Scherrer Institute (PSI) for the analysis of LWR 
fuel. The code has been validated up to high burnup and is 
based on a robust FE thermal/mechanical 2D numerical 
solver. It can be used to solve both steady-state and tran
sient thermal analyses. Material properties from the 
MATPRO and the NFIR (Ref. 48) databases are used. 
The fission gas swelling and release model used is 
GRSW-A (Ref. 49). The central hole diameter is not 
calculated by FALCON. Only the melting temperature is 
calculated by the code; the correlation is from MATPRO 
(Ref. 32). This temperature is evaluated as a function of 
the Pu content and of the fuel burnup. The codes bound the 
temperature to the melting one. The thermal conductivity 
of molten fuel is taken into account when melting is 
reached. Fuel melting does not impact the other thermal- 
mechanical properties.

As can be inferred, most of the codes used by the 
participants are already validated for the fuel and clad 

materials of the xM3 and HBC4 rods. All the codes except 
TESPA-ROD can perform steady-state and transient ther
mal analyses to evaluate the pre-ramp conditions of the 
fuel rods. Nevertheless, the participants pointed out that 
the two test cases considered here are far more extreme 
than those available in the code validation databases.

Tables B.I and B.II in Appendix B detail the main 
models included in the codes related to fuel melting, e.g., 
thermal conductivity with or without phase change, heat 
capacity including or not the latent heat of melting, melt
ing criteria, consideration of thermal expansion upon 
melting, and clad failure criteria. As reported in Table 
B.II, melting is predicted in the codes according to 
a thermal criterion. The melting temperature model is 
code dependent and varies with several parameters, the 
main ones being the Pu content and the burnup of the 
fuel. Most of the codes consider a unique melting tem
perature when the Pu content is negligible (as in the xM3 
and HBC4 rods), and the melting temperature decreases 
when the burnup of the fuel increases.50–52 This results in 
a binary evaluation of melting. The fuel is considered 
fully molten once the local temperature exceeds the melt
ing temperature. A melting initiation criterion is imple
mented in ALCYONE based on the phase diagram of the 
irradiated fuel considered, calculated with the thermoche
mical solver OpenCalphad38,53 and the thermodynamic 
database TAF-ID (Ref. 40). The methodology is based 
on the work of Guéneau et al.54 The evolution of the 
liquid fuel fraction when the local temperature is between 
the solidus temperature Tsol (melting initiation) and the 
liquidus temperature Tliq is derived from the thermody
namic calculations.

VI. SIMULATION RESULTS

For each experiment, the base irradiation was first calcu
lated and then used as input for the power ramp (except for 
TESPA-ROD). The power ramp was then calculated at nom
inal LHGR. A sensitivity analysis on the LHGR was also 
performed with the following uncertainties: � 5% for xM3 
and � 7% for HBC4. In the following sections, the main 
simulation results are presented, first at the end of the base 
irradiations and then during and at the end of the power 
ramps. The results are then discussed in Sec. VII.

VI.A. Base Irradiation Results

Base irradiation results obtained by the codes are 
presented in Figs. 9a through 9d and compared to avail
able measurements.
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The xM3 simulation results at the end of the base 
irradiation were in reasonable agreement with available 
PIE. As shown in Fig. 9a, a limited deviation (of max
imum 30 μm) from the measured external clad diameter 
profile (black line with no symbol) was observed. The thin 
external zirconia thickness (5 to11 μm) was also correctly 
estimated by most of the codes. The deviation between 
codes on the calculated fuel stack diameter profile was 
similar to that obtained on the clad diameter (around 30 
μm). Figure 9b shows the calculated axial profiles of the 
residual gap at the end of the base irradiation, for which no 
measurement is available. A convergence on the gap 
between codes is important for the power ramp that fol
lows the base irradiation since pellet-clad contact can be 
delayed in case the predicted gap is still widely open. In 
relation to the moderate average burnup of the xM3 fuel 
(27 GWdtU� 1), the calculated residual pellet-clad gaps 
vary between 5 and 25 μm with most predictions between 
5 and 17 μm. The measured fuel stack length was correctly 
estimated by the codes, within � 1 mm.

The HBC4 simulation results at the end of the base 
irradiation were on average satisfactory despite the general 
struggle to correctly evaluate clad and fuel pellet deforma
tion, as shown in Fig. 9c for the cladding. This discrepancy 
is due to the higher LHGR than usual in a standard PWR 
during the first cycle of irradiation (30 kW:m� 1). Most of 
the codes overpredict the contribution of gaseous swelling 
of the fuel to the clad loading (mechanical pressure applied 
when the gap is closed), leading to bell-shaped profilome
tries, even though this differs from the measurements. 
Consequently, the maximum deviation from the measured 
clad diameter is higher for HBC4 (,50 μm) than for xM3 
(,30 μm). For the same reason, higher deviation between 
codes is obtained also on the calculated rod and fuel stack 
length at the end of the base irradiation (around � 3 to 
4 mm for a length approximately twice that of xM3). The 
calculated axial profiles of the residual gap are plotted in 
Fig. 9d. They reflect the strong axial power profile during 
base irradiation in the case of HBC4. At PPN where the 
burnup is maximum (61 GWdtU� 1), some codes predict 

Fig. 9. Calculated clad diameters and pellet-clad gaps at the end of xM3 and HBC4 base irradiations compared to available 
measurements.
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gap closure. The null pellet-clad gaps estimated by 
FEMAXI-8 for both rods may be due to the fuel relocation 
model introduced into the current version 8.1. Most of the 
other codes led to a 5- to 12-μm residual gap. At rod ends 
where the burnup does not exceed 30 GWdtU� 1, the resi
dual gap can reach up to 50 μm. This is the major difference 
with xM3 that presents nearly flat clad diameter and residual 
gap profiles.

VI.B. Power Ramp Results

VI.B.1. Thermal Behavior

Figure 10 shows the calculated evolution of the fuel 
centerline temperature at PPN during the staircase xM3 
power ramp.

At the end of the conditionning plateau, most of the 
codes (except FRAPCON/FRAPTRAN by CRIEPI and 
FALCON) led to temperatures below 1000°C (the average 
temperature given by these codes is 924°C). Below about 
2000°C, the dispersion of the calculated temperatures for all 
codes expect FRAPCON/FRAPTRAN by CRIEPI and 
FALCON is limited to about � 50°C while above 2000°C, 
the dispersion increases to about � 110°C. The two codes’ 
calculated temperatures at the end of the conditioning plateau 
are 135°C to 225°C larger than the average temperature 
calculated by the other codes. The overprediction increases 
with the LHGR. At LHGR greater than 60 kW:m� 1, the 
melting threshold is reached by both FALCON and 
FRAPCON/FRAPTRAN by CRIEPI, and the centerline tem
perature is bounded. The threshold used by CRIEPI 

corresponds to the melting temperature of fresh UO2 (2847° 
C) (Ref. 55). Burnup-dependent thresholds are considered by 
all the other codes, leading to a maximum temperature at 
RTL lower than the melting temperature of stoichiometric 
fresh fuel.

Figures 11a and 11b show the axial profiles of the fuel 
centerline temperature, calculated at RTL (nominal 
LHGR), for the xM3 rod and the HBC4 rod, respectively. 
At the PPN of the two rods (,200 mm/BFC for xM3 and 
,300 mm/BFC for HBC4), the average temperatures cal
culated by the codes are ,2750°C for xM3 and ,2810°C 
for HBC4. The scatter in the calculated temperatures at 
PPN is greater for xM3 (average deviation of 55°C) than 
for HBC4 (average deviation of 80°C). Surprisingly, the 
temperature dispersion increases sharply near the rod extre
mities and in particular at the upper end of the rods. The 
calculated maximum clad temperatures during the two 
ramps do not explain the dispersion on the fuel centerline 
temperatures. All the clad temperatures provided by the 
participants are within � 5°C except for one of them in 
the HBC4 simulation. There is however no correlation 
between the fuel and the clad temperatures in this case. 
Potential differences in the heat exchanges at the fuel-clad 
interface were not investigated, assuming that the closed 
pellet-clad gap during the ramps would limit this effect.

VI.B.2. Thermomechanical Behavior

The PIE after the xM3 power ramp provide a complete 
set of data for assessing the thermal-mechanical behavior of 
the rod during pellet-cladding interaction. Figure 12a 
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Fig. 10. Calculated fuel centerline temperature evolution at PPN during the xM3 power ramp.
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presents the calculated and the measured clad hoop strain 
axial profiles at the end of the power ramp. About half of 
the codes overpredict clad strains while the other half 
underpredict them. Since the dispersion on the calculated 
clad diameters at the end of the base irradiation was small 
(less than 30 μm), these results are mostly due to differ
ences in the calculated clad diameter increase during the 
power ramp. At PPN, the calculated maximum residual 
strain is ,1.7% to be compared with the measured strain 
of 1.1%. One trend that is caught by only a few codes is the 
relatively flat residual strain axial profile in the PPN region 
(200 to 300 mm/BFC) in spite of the pronounced LHGR 
axial profile; see Fig. 1d.

Figure 12b gives the axial profile of the fuel diameter at 
the end of the xM3 power ramp. The black filled squares 
indicate the local measurements obtained from the ceramo
graphy presented in Sec. IV.A. The prediction provided by 
FINIX overestimates the residual pellet deformation. TESPA- 
ROD does not include a fission gas swelling model. 
FRAPCON/FRAPTRAN and FAST-1.0 model pellets as 
rigid, and neither include fission gas swelling in the calcula
tions when the fuel burnup is below 40 GWdtU� 1. These 
modeling hypotheses explain the flat fuel stack profiles cal
culated. BISON and FEMAXI-8 calculation results are the 
closest to the measured pellet diameter.

Figure 12c reports the calculated gap axial profiles and 
some measurements from rod compression at different axial 
positions. As explained in Appendix A, the relocated gap is 
always larger than the residual gap since it is measured after 
fuel fragment relocation by rod compression. The measured 
relocated gaps (black filled squares) follow the LHGR profile 
showing that fuel pellet expansion (the solid fuel pellet expan
sion) is mostly driven by temperature. The residual gaps 
(black filled circles), measured when fuel fragments are not 
relocated, have no observable axial evolution. The codes that 

predict well the measured residual gaps are the ones giving 
a correct estimation of the measured fuel pellet diameter. 
They usually consider that fuel strains are irreversible leading 
to close to zero residual gaps and high fuel residual diameters.

The observed dispersion in Figs. 12a, 12b, and 12c is 
related to the differences among codes in the thermal- 
mechanical modeling of the fuel and the cladding. This may 
be attributed to the differences in the calculated temperatures 
as discussed before, to differences in the thermal expansion 
models including or not melting, to the consideration or not of 
fission gas swelling, to differences in the clad mechanical 
models (plastic, viscoplastic) or in the pellet mechanical 
models (elastic, rigid, viscoplastic). During the simulation 
exercise, it was mentioned that a proper clad mechanical 
model for Zirlo is not available in all codes. In consequence, 
several codes used Zircaloy-4 models or tuned the Zircaloy-4 
behavior to better represent the measured clad residual strains. 
Results were also user/version dependent: TRANSURANUS 
results provided by UJV using the modified in-house 
Rogozyanov model for Zirlo are consistent with the measure
ments while the results provided by SCK‧CEN tend to under
estimate the residual strains. Differences in the discretization 
of the pellet and cladding in the simulations may also con
tribute to the dispersion of calculated results.

During the xM3 power ramp, the rod elongation was 
measured on-line. Figure 13 shows the recorded and calcu
lated rod elongations. All the results are normalized with 
respect to the rod length at the end of the conditioning plateau.

As can be seen, there is a huge variation in the calculated 
results, ranging from 0 to 5.5 mm at RTL for a 1.5-mm 
recorded maximum elongation. A majority of codes over
predict rod elongation. It is in particular the case of those 
considering the pellet as rigid and assuming a no-slip condi
tion at the pellet-clad interface once strong contact is estab
lished. Conversely, the codes considering friction sliding at 
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Fig. 11. Calculated axial profiles of the fuel centerline temperature at RTL, calculations at nominal power.
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the pellet-clad interface or independent pellet and clad axial 
deformation lead to underestimated clad elongations. The 
measurements show that stress relaxation occurred during 
the holding period at each step, due to pellet and clad creep. 
This mechanism is predicted to some extent by TESPA-ROD, 
ALCYONE, and FALCON, where fuel creep is implemented. 
This topic was already addressed in detail during the Third 
Modeling Workshop of SCIP II (Ref. 16). At the end of the 
power ramp, the calculated residual elongations range 
between −1 and 5.2 mm, showing that the differences 
between codes are related to the way they model fuel swelling 
during the power ramp and not to the clad mechanical models. 
As discussed by Arimescu et al.,16 the calculated cladding 
stress evolution is monotonically increasing after gap closure 
as the pellet is the main driver of clad deformation. Also, the 
modeled gaseous swelling dampens the stress relaxation 
occurring during the holding time.

Figure 14 shows the calculated and measured clad dia
meter axial profiles after the HBC4 power ramp. Out of the 
failed region that can be clearly identified by the several peaks 

related to clad cracks, most of the codes tend to overpredict 
the residual clad diameter. ALCYONE and CYRANO3 
rather show a tendency to underpredict by 50 μm the clad 
diameter. This is due to the cumulated error from the base 
irradiation calculation, where an underprediction of the same 
range was observed.

During the Simulation Exercise, it was proposed to assess 
the clad failure during the two ramps. Since only a limited 
number of codes provided some damage indexes, the results 
are not presented here. The timing of rod failure during the 
HBC4 power ramp is also still a matter of debate,18 which 
makes conclusions speculative at this point.

VI.B.3. Fission Gas Release

The calculated FGRs are compared in Fig. 15 to the 
measurement available after the xM3 power ramp. As can 
be seen, the dispersion of calculated FGR is very high, and 
there is a general tendency to underpredict the released gas 
fraction. This trend was already observed during the Third 

Fig. 12. Calculated and measured residual strain, pellet diameter, and gap axial profiles at the end of the xM3 power ramp.
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Modeling Workshop of SCIP II (Ref. 16). No obvious corre
lation with the calculated fuel temperatures is observed. It 
must be stressed that the xM3 power ramp leads to very high 
calculated temperatures in all the codes and that there is no 
other experiment of this kind available to benchmark the 
calculated FGR. The large grain size of the fuel limits also 
the number of experiments available even at lower tempera
tures. It is thus not that surprising that the code results are 
generally far from the measured FGR. It may however be 
inferred that the codes including a mechanistic model for 
FGR give closer estimations of the FGR: FEMAXI-8, 
TRANSURANUS (SCK‧CEN), ALCYONE, FALCON, 
BISON, and FINIX. The codes that underestimate the FGR 
the most are those using empirical correlations and neglecting 
gaseous swelling in fuels irradiated below 40 GWdtU� 1 

(FRAPCON/FRAPTRAN and TESPA-ROD).

VI.C. Fuel Melting Assessment

Fuel melting assessment was performed by comparing 
the measured fuel melting radii (see Sec. IV) with simulation 
results obtained at the end of the RTL of each power ramp 
(i.e., at hot state). Since melting is temperature dependent and 
modeled as reversible in the codes, no melting is predicted at 
the end of the power ramps after shutdown. The measure
ments can thus be compared only to the calculated results at 
maximum RTL. Three simulations of each power ramp were 
performed to study the impact of power uncertainty on melt
ing (nominal power, for xM3, +5% and −5%, and for HBC4, 
+7% and −7%). Out of the 13 participating organizations, 
nine codes provided an evaluation of the melting radii.

The calculated axial profiles of the melting fuel radius 
from the HBC4 and xM3 simulations are reported in Fig. 16. 
The calculated melting radii at PPN accounting for the power 
uncertainty are given in Fig. 17, together with the corre
sponding fuel centerline temperatures. The estimates of the 
melting radii in both ramps, detailed in Sec. IV, are indicated 
by the black squares.

As can be seen in Fig. 16a, all the codes that could 
provide an evaluation of the melt radius predict fuel melting 
during the HBC4 power ramp. The axial extension of melting 
varies from code to code, beginning at 180 mm/BFC and 
ending at 550 mm/BFC. The largest fuel melting radii are 
calculated in the region where the central hole was observed 
(300 to 400 mm/BFC). At nominal LHGR, the calculated fuel 
melting radius range is 0.5 to 1.4 mm while the measured fuel 
melting radius at 337 mm/BFC (CT2) is 1.1 mm. The calcu
lated fuel melting radius range is 0.2 to 1.6 mm at 365 mm/ 
BFC (CT1) while the measured fuel melting radius is 0.8 mm. 
The impact of power uncertainty on the calculated fuel melt
ing radii is shown in Fig. 17a for HBC4. An increase by 7% of 
the LHGR can lead to a factor up to 2 on the calculated fuel 
melting radius. When the power is decreased by 7%, melting 
is still predicted by three codes: ALCYONE, FRAPCON/ 
FRAPTRAN (CRIEPI), and FEMAXI-8.

Figure 17c gives the calculated fuel centerline tempera
tures at RTL and at PPN during HBC4, with error bars 
indicating the sensitivity to power uncertainty. At nominal 
power, most of the codes evaluate a fuel centerline tempera
ture around 2810°C, with a maximum at 2914°C and 
a minimum at 2578°C. The � 7% uncertainty on the max
imum LHGR leads for most of the codes to a temperature 
variation of � 100°C. The FRAPCON/FRAPTRAN results 
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by CRIEPI do not show any difference in the fuel centerline 
temperature due to the prescribed temperature threshold 
(2847°C).

Figure 17b presents the calculated axial profiles of the 
fuel melting radius during the simulation of the xM3 power 
ramp at nominal LHGR. The estimated radii from the 
experimental cross section are also reported. At nominal 
LHGR, most of the codes predict no melting. Three codes 
evaluate a fuel melting radius larger than zero: FRAPCON/ 
FRAPTRAN (CRIEPI), ALCYONE, and CYRANO3. It 
should be recalled that the FRAPCON/FRAPTRAN results 
were tuned to fit well the experimental results. The axial 
extension of melting calculated by ALCYONE is 120 to 
340 mm/BFC while CYRANO3 predicts melting between 

210 and 300 mm/BFC. According to these codes, the axial 
extension of fuel melting is much larger than in HBC4, due 
to the flatter axial power profile.

Figure 17b is focused on the PPN location and 
accounts for the power uncertainty of � 5%. With +5% 
on the nominal power, four more codes predict melting: 
BISON, FEMAXI-8, TRANSURANUS (SCK‧CEN), and 
FAST-1.0. Considering the calculations performed at +5%, 
the calculated fuel melting radius varies between 0.6 and 
1.6 mm, in reasonable agreement with the experimental 
molten range of 0.4 to 1.2 mm. Figure 17d shows the 
predicted fuel centerline temperatures at PPN and at 
RTL, accounting for the power uncertainty. In the nominal 
LHGR calculations, the average calculated temperature is 
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close to 2775°C, slightly lower than in the HBC4 ramp 
(2810°C), with a maximum at 2939°C and a minimum of 
2616°C. Power uncertainty leads in most of the codes to 
a temperature variation of about � 90°C. From the cross 
comparison of the calculated melting fuel radii and fuel 
centerline temperatures, no correlation can be identified 
between the two quantities. A higher calculated fuel tem
perature does not lead to a larger fuel melting radius 

because of the differences in the melting criteria imple
mented in the codes.

The only code providing an evaluation of the central hole 
radius is TRANSURANUS by SCK‧CEN. The model was 
developed for Sodium-Cooled Fast Reactors (SFRs). The 
mechanism driving its formation is the migration of pores 
induced by the high temperatures and thermal gradient. The 
model is applied here to PWR conditions. With the known 

Fig. 16. Axial profiles of calculated melting radii at RTL compared to measurements.

Fig. 17. Calculated melting fuel melting radii and centerline temperatures at PPN and RTL in the simulations of xM3 (power 
uncertainty � 5%) and HBC4 (power uncertainty � 7%).
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uncertainty on the LHGR during the HBC4 power ramp, the 
calculated central hole radius at PPN and RTL varies between 
0 and 0.33 mm. This calculation underestimates the central 
hole radius according to the measurements: 0.61 to 0.77 mm 
at 337 mm/BFC (CT2) and 0.31 to 0.38 mm at 365 mm/BFC 
(CT1). The underestimation may be related to the fact that the 
shrinkage of molten fuel upon cooling, detailed in Sec. IV, is 
not considered in this calculation. During the xM3 simula
tion, the calculated central hole radius is zero, compared with 
the measured value of 0.15 mm.

VII. DISCUSSION

Fuel melting has been mostly studied in the case of 
severe accidents driven by LOCA and RIA events.56–58 

These scenarios led to very different conditions compared 
to what is expected during the P2M experiments where the 
temperature rise and the evolution of the melting front in the 
fuel are much slower; the cooling capability is guaranteed 
during the entire irradiation, which ensures the extraction of 
the generated power; the staircase protocol limits the risk of 
clad failure due to stress relaxation. The localization and 
magnitude of melting are also significantly different: 
Melting is expected at the pellet periphery during a RIA 
(Ref. 57); molten fuel extrusion from the pellet center into 
pellet-pellet interfaces and into radial cracks down the tem
perature gradient can be expected in LOCA conditions when 
departure from nucleate boiling is reached58 (leading to very 
high clad temperatures). During a staircase power ramp with
out clad failure, melting fuel should remain confined at the 
pellet center due to the strong radial temperature gradient.

The P2M Simulation Exercise was organized to support 
the calibration of fuel performance codes up to fuel melting 
temperatures and consequently better pre-design the transi
ent tests that are planned in the P2M program, as presented 
in Sec. II. One of the first questions that had to be addressed 
was the definition of the fuel melting radius from ceramo
graphies. Both xM3 and HBC4 ceramographies presented 
central holes surrounded by a region of recrystallized dense 
fuel, having a characteristic grain size much larger than that 
of the as-fabricated fuel and containing some pores. 
Differences between xM3 and HBC4 microstructures were 
however observed. In xM3, few spherical pores were located 
in a ring of dense fuel surrounding the central hole, and this 
ring was itself surrounded by a pore-free band of highly 
dense fuel. In HBC4, the dense fuel ring contained larger 
spherical and pear-shaped pores, radially oriented. No pore- 
free band was observed. The origin of these marked differ
ences is probably related to the different loading sequences 
and holding times at RTL used in the two power ramps.

In power-to-melt experiments of the 1960s, debate took 
place on whether the pore-free band should be included in the 
molten fuel region. Arguments against were given by 
Robertson et al.3 based on numerous experiments at AECL. 
This definition was considered by Arimescu et al.16 in their 
analysis of melting during xM3. The central hole was attrib
uted to the sole shrinkage of the once molten fuel region upon 
cooling down. Later, several authors did however include this 
pore-free band in the definition of the fuel melting radius.5,21 

One of the main conclusions of the Simulation Exercise is 
therefore that further work is required to better define what 
microstructure is really representative of fuel melting and how 
the power history impacts this microstructure. Consensus was 
reached among the participants on the occurrence of melting 
during both the xM3 and the HBC4 power ramps.

From the analysis of the fuel melting models imple
mented in the the participating codes (see Sec. V), it 
appears that fuel melting is related in most of the codes 
to the liquidus temperature. Also, the solidus and liquidus 
temperatures are often assumed equal when the Pu con
tent is negligible, as in PWR fuel. Once this temperature 
is locally exceeded, the fuel material is considered as 
fully molten. In ALCYONE, thermodynamic calculations 
are used to precisely define the evolution of the liquid 
fuel fraction between the solidus and the liquidus tem
peratures, which may differ by a few tens of degrees 
Celsius depending on the fuel burnup. Melting initiation 
is thus related to the lower solidus temperature rather than 
to the liquidus temperature. Despite the differences 
observed among the calculated maximum fuel tempera
tures at RTL, all the codes capable of evaluating fuel 
melting agreed in predicting melting in the case of the 
HBC4 power ramp. Melting radii relatively consistent 
with the measurements range were also obtained by all 
the codes, even without accounting for the power uncer
tainty of þ 7%. The axial cross section of the HBC4 rod 
cut near the PPN (see Fig. 8) showed a marked axial 
relocation of molten fuel, therefore indicating that the 
liquidus temperature was reached during the ramp. In 
this case, considering the sole liquidus temperature to 
assess melting appears sufficient to properly estimate 
the melting radius.

The simulations of the xM3 power ramp showed that 
only a few codes predicted melting at nominal power. This is 
consistent with the calculated temperatures that are lower by 
,40°C compared to HBC4. It must be recalled that the 
melting temperature as modeled in the involved codes 
decreases with burnup. Hence, a higher melting temperature 
is expected for xM3 compared to HBC4. Consequently, 
a correct estimation of the fuel melting radius in xM3 was 
provided by the codes only if the power uncertainty of þ 5% 
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was taken into account, which leads to an increase of the 
maximum temperature by approximately 100°C. PIE did not 
include a neutronography of the xM3 rod or an axial cross 
section to look for irregularities in the central hole that would 
indicate molten fuel relocation. The microstructure presented 
in Fig. 3 shows a well-defined and symmetric central hole that 
suggests that molten fuel relocation did not occur.

One possible explanation for the simulation results is 
that xM3 experienced partial fuel melting: The solidus 
temperature was reached but not the liquidus one. The 
thermodynamic-based approach proposed in ALCYONE 
behaved well for both ramps. The burnup dependency of 
melting is taken into account since FPs lower the solidus 
and the liquidus temperatures with respect to nonirradiated 
stoichiometric UO2. The good estimations of the melting 
fuel radii depend however on the liquid fuel fraction thresh
old considered for melting (10% in the simulations pre
sented in this paper). Note that the liquidus temperature is 
not reached in the calculation of xM3 at nominal power with 
ALCYONE, which is consistent with the other code results.

A second possible explanation for the simulation results 
is that xM3 did not melt at all. The dense fuel layer may 
indeed have been the consequence of the sole pore migra
tion mechanism at high temperature: The pores concentrate 
at the centerline leaving behind a region of highly dense 
fuel. Pore migration is a thermoactivated mechanism22,29 

that can occur in PWR fuels at lower than melting 
powers.59,60 Recently, Novascone et al.61 performed 2D 
simulations of central hole formation coupled to thermal 
analysis in irradiated UO2 fuel power ramped at 0.3, 3, and 
30 kW:m� 1min� 1, up to a peak LHGR of 50 kW:m� 1. They 
showed that development of the central hole, favored during 
slow transients, significantly reduces the maximum fuel 
pellet temperature reached at the central hole boundary 
because of the increase in thermal conductivity in conse
quence of the fuel densification. In the same idea, De Halas 
and Horn4 have suggested that molten fuel solidification 
might take place at hot state in consequence of the fuel 
densification of the adjacent restructuring region. These 
results illustrate the importance of central hole formation 
kinetics and of the associated fuel densification with respect 
to fuel melting assessment in the planned P2M tests.

The proposed analysis so far assumes that the current 
code models are sufficient to correctly describe the evolution 
of the fuel during power transients up to high power levels. 
At the high temperatures reached during these loading 
sequences, another source of uncertainty concerns the mate
rial properties and especially the thermal conductivity, 
which is of course a first-order parameter with respect to 
the temperature in the fuel. This may also partially explain 
the difficulty in predicting fuel melting in the case of xM3. 

However, uncertainty on the material properties is expected 
to increase with the fuel burnup and should therefore have 
had more impact on HBC4. The uncertainty on the LHGR 
being higher for HBC4 (� 7%) than for xM3 (� 5%), 
a similar conclusion holds on the impact of the LHGR on 
the fuel melting prediction.

Another aspect of interest for P2M is fuel melting 
detection and characterization by means of on-line instru
mentation and advanced PIE. The simulations did not show 
any marked impact of fuel melting on the fuel rod perfor
mance: No temperature plateau induced by the latent heat of 
melting was observed in the HBC4 fast transient: no clear 
increase or decrease of the fuel or clad diameter upon melt
ing in spite of the swelling associated to phase change, no 
fission gas burst release upon melting. As concluded during 
the Simulation Exercise workshop, the codes that have 
melting models implemented are not validated or are vali
dated at lower powers than those of the cases studied here. It 
is therefore difficult to conclude in the absence of visible or 
measurable effects of fuel melting on the fuel rod thermal- 
mechanical behavior. This should be one of the outcomes of 
the P2M project where on-line instrumentation is planned.

VIII. CONCLUSIONS AND FUTURE WORK

The P2M Simulation Exercise on past fuel melting irra
diation experiments was organized within the OECD/NEA 
FIDES framework by the Core Group (CEA, EDF, and SCK‧ 
CEN) and opened to all FIDES members. Thirteen organiza
tions from 9 countries using 11 different fuel performance 
codes joined the exercise. The objective was to help calibrat
ing codes against high-temperature fuel behavior and improve 
fuel melting modeling in preparation of the power ramps 
planned in the P2M project. The exercise showed the impor
tance of relying on accurate models for fuel melting thermal- 
mechanical modeling and fuel restructuring with central hole 
formation. Two past power transients were simulated by the 
participants:

1. xM3 staircase power ramp, very close to the irradia
tion protocol of the planned P2M ramps, where the rodlet 
showed signs of centerline fuel melting without cladding 
failure.

2. HBC4 fast power ramp, held in the BR2 reactor 
at SCK‧CEN, where future P2M ramps will take place, 
which led to fuel centerline melting with fuel axial relo
cation in the central hole and to clad failure.
From the simulation results and their comparison to 
numerous PIE, the following main conclusions can be 
drawn from the Simulation Exercise:
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1. Determination of fuel melting occurrence from the 
microstructure of the fuel after power ramp tests is complex. 
The fuel melting radius is related to a sharp variation in 
microporosity in a region where dense fuel is formed, sur
rounding a central hole. The size and shape of the residual 
porosity depend on the loading history of the rodlet during the 
ramp. The inclusion or not in the molten fuel zone of a pore- 
free band that sometimes appears in ceramographies of 
power-to-melt fuel samples is debatable.

2. Modeling of fuel melting and of its consequences on 
the thermomechanical behavior of the rod and on fission gas 
transport mechanisms during power ramps in fuel perfor
mance codes presents strong simplifications with respect to 
the complex microstructure observed in fuel pellets where 
melting took place.

3. Codes using a single temperature criterion based on 
the liquidus temperature provide consistent evaluations of the 
fuel melting radii when the liquidus temperature is clearly 
exceeded (as deduced from the simulations of the HBC4 case, 
where clear signs of molten fuel axial relocation were reported).

4. Partial fuel melting appears more difficult to repro
duce as shown by the simulations of the xM3 power ramp. The 
liquidus temperature is in this case not sufficient to model the 
phenomenon. A thermodynamic-based approach used to eval
uate the solidus temperature and the evolution of the liquid fuel 
fraction up to the liquidus temperature showed to be a promising 
way to improve the modeling of melting in this case.

Future studies are required for the following:

1. To better assess experimentally what are the 
consequences of melting on the fuel microstructure and 
how the loading sequence and the holding time have an 
impact on its evolution.

2. To improve the understanding of the link between 
the formation of the central hole, the consequent fuel 
densification, and fuel melting initiation.

3. To couple fuel melting with the thermomechani
cal properties of the material and with fission gas trans
port mechanisms in order to evaluate the impact of 
melting on the fuel rod on-line measurable data (e.g., 
fuel and cladding strains, elongation, internal pressure).

4. To determine the impact of uncertainties on the 
relevant material properties (e.g., thermal conductivity, melt
ing temperature, etc.) with respect to melting assessment.

5. To reduce the dispersion of calculated melt radii 
between the codes. On this aspect, one solution could be to use 
the power ramp simulations to recommend a melting tempera
ture/criterion that would then be implemented in all the codes.

APPENDIX A  

COLD GAP MEASUREMENT

To estimate the pellet-clad residual gap, the rod is 
compressed between two parallel plates. The experi
mental setup at the beginning of the compression test 
is represented schematically in Fig. A.1. The load and 
plate displacement are recorded during the test. The 
measurements are corrected for the compliance of the 
setup and for the cladding elasticity. The residual gap 
is arbitrarily defined as the displacement when the load 
reaches a specific value F�. The load is then further 
increased until the pellet fragments are pressed 
together, thus minimizing the contribution from pellet 
cracks to the gap. The displacement measured at the 
same specific value F� during the unloading phase 
defines the relocated gap.

APPENDIX B  

PARTICIPATING CODES AND MODELING SPECIFICATIONS

Details and references when available on the models 
relative to fuel melting are given in Tables B.I and BII. It 
is important to stress that no code is validated beyond the 
melting temperature.

Fig. A.1 Setup for the gap measurements.
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