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Abstract 

A finite element model of pellet fragment relocation in the r-θ plane of advanced gas-cooled 

reactor (AGR) fuel is presented under conditions of both ‘hard’ and ‘soft’ pellet–clad 

interaction. The model was able to predict the additional radial displacement of fuel 

fragments towards the cladding as well as the stress concentration on the inner surface 

resulting from the azimuthal motion of pellet fragments. The model was subjected to a severe 

ramp in power from both full power and after a period of reduced power operation; in the 

former, the maximum hoop stress in the cladding was found to be increased by a factor of 1.6 

as a result of modelling the pellet fragment motion. The pellet-clad interaction was found to 

be relatively insensitive to the number of radial pellet crack. However, it was very sensitive 

to both the coefficient of friction used between the clad and pellet fragments and power ramp 

duration. 

 

Highlights 

· Finite element modelling of pellet relocation in the (r-θ) plane of nuclear fuel. 

· ‘Soft’ and ‘hard’ PCI have been predicted in a cracked nuclear fuel pellet. 

· Stress concentration in the cladding ahead of radial pellet cracks is predicted. 

· The model is very sensitive to the coefficient of friction and power ramp duration. 

· The model is less sensitive to the number of cracks assumed. 
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1. Introduction 
There are currently fourteen advanced gas-cooled reactors (AGRs) in operation at seven 

locations in England and Scotland. Operation is now projected to continue into the 2030s. 

The reactors can be characterised by a graphite moderator, carbon dioxide primary circuit at 

4.1 MPa and the use of stainless steel cladding surrounding annular fuel pellets. Operations 

involve a much greater range of conditions than light water reactors (LWRs), with typical 

inlet and outlet gas temperatures of 612 and 912 K respectively [1]. 

 

Pellet-clad interaction (PCI) has been associated with fuel failures in a number of reactor 

systems [2-11]. Consequently, fuel designs have been altered [12, 13] and operating 

restrictions imposed [3, 14], the latter resulting in financial loss and a decrease in the ability 

for nuclear power to respond to our fluctuating energy demands. Increasing the fraction of 

our energy derived from low-carbon sources will inevitably cause an increase in demand for 
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nuclear power plants to perform flexible operation and necessitate greater focus upon 

operational PCI limitations [15].  

 

During the initial rise to power, non-uniform thermal expansion across the radius of the pellet 

produces thermal strains that cause the fuel pellets to crack [5, 14, 16, 17]. These cracks are 

predominantly radial and azimuthal and result in a number of pellet fragments [16, 18]. 

Typically there are approximately eight radial cracks (in the r-θ plane) [11, 19, 20] and 

between one and three cracks in the (r-z) plane [21] in AGR fuel. Later, additional radial 

cracks can develop close to the pellet surface [22] as a result of power changes. Following the 

initial rise to power, sintering of the fuel pellet decreases its outer radius whilst matrix and 

gaseous fission product swelling causes the radius to increase. Overall, this results in the 

motion of the fuel pellets outwards, towards the cladding, over time. 

 

Thermal and irradiation creep of the cladding causes its diameter to decrease and the 

cladding-fuel gap to reduce and eventually close [5]. Due to the use of stainless steel 

cladding, a smaller gap (25 µm in an AGR compared to 80 µm in a PWR) and higher coolant 

temperature, the gap closes much more rapidly in the AGR than the PWR system. During 

initial contact, only parts of the fuel pellet outer surface are in contact with the cladding and 

the pellet cracks are open; this is sometimes referred to as soft-PCI [21]. Later, the whole of 

the pellet outer surface is in contact with the cladding and the radial cracks close; this is 

sometimes referred to as hard-PCI [20]. Radial and azimuthal motion of the pellet fragments 

during both routine reactor operation and fault transients can result in stress concentrations in 

the cladding [4]. This mechanism is often referred to as pellet-clad mechanical interaction 

(PCMI) [23-25] and does not consider the role of aggressive fission products such as iodine 

[26]. 

 

PCI is therefore a complicated combination of physical, mechanical and metallurgical 

processes. To understand it better, a number of assessment methods have been developed, 

which include operational rules based upon experiments / operating limits and models within 

fuel performance codes [27]. Traditional fuel performance codes such as ENIGMA and 

TRANSURANUS have considered azimuthal slices of fuel discretised into a number of radial 

annuli. The slices are then weakly linked and so the models are sometimes referred to as 1.5 

D models [28]. The finite element method and greater computing power has enabled fully 

coupled 2D models to be developed in either the r-z [29-32] or r-θ planes [22, 33-35]. The 

2D (r-z) models are able to model an entire fuel pin but are unable to model the azimuthal 

opening of the fuel pellet cracks and associated stress concentrations. Meanwhile, the 2D (r-

θ) models neglect axial effects such as stress concentration at the pellet ends and progressive 

clad ratcheting due to the movement of pellet ends during power-cycling in AGR fuel. 

Finally, although entire fuel pins have been modelled by BISON [36, 37], 3D models [4, 14] 

are frequently only able to rapidly model a single cracked pellet or small stack of cracked 

pellets [4, 14, 38-40].  

 

The motion of fuel pellet fragments and the opening and closing of pellet cracks are 

introduced into fuel performance codes through either smoothed cracking models or 

empirical correlations based upon experimental data [5, 21, 41, 42]. Smoothed cracking 

models differ between fuel performance codes, but typically approximate cracks by 

significantly reducing the elastic modulus of the fuel either globally, or in the direction 

perpendicular to open cracks [5, 43-46]. 
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‘Relocation’ is a term used to describe three broad phenomena [20] in LWR fuel pins. Firstly, 

the radial motion of pellet fragments towards the cladding reducing the pellet-clad gap [47] 

and therefore centre-line temperature. Secondly, the closing of pellet cracks following contact 

through a process known as ‘relocation accommodation’ [5]. Thirdly, the change in pellet 

crack surface morphology giving rise to the non-recoverable transfer of pellet free volume 

from the gap to the pellet bulk [42], causing a reduction in the macroscopic elastic modulus 

and thermal conductivity [45]. 

 

PELICAN is a finite element model for PCMI in thermal reactor fuel under development at 

Imperial College London [48, 49]. Previous work considered bonded cladding in the AGR 

system and the resultant short (5 µm), benign, incipient clad bore crack on the inner surface 

of the cladding  [48]. It relied upon EDF Energy’s ENIGMA fuel performance code to 

determine the dimensions of the inner 11/12
th

 of the fuel pellet and the pin internal pressure 

and showed considerable sensitivity to the radial displacement of the pellet fragments. This 

lead to the realisation that more effort was needed to accurately model the motion of pellet 

fragments during reactor power transients. 

 

This paper details the extension of PELICAN to model the entire r-θ mid-pellet plane in the 

AGR system. Three transients were considered:  

1. The fuel undergoes a period of extended low power operation before returning to full 

power;  

2. The fuel experiences a fault transient immediately following the return to full power;  

3. The fuel experiences a fault transient without a previous period of low power operation.  

(Note that the duration and power levels were chosen to reflect the non-availability of a 

single boiler in the AGR system out of a total of four.) 

 

2. Methodology 

2.1. Model Construction 

PELICAN consists of a combination of an Abaqus finite element model and a series of user-

defined subroutines. A number of models, within PELICAN, are available for physical 

properties of uranium dioxide fuel, stainless steel cladding and Zircaloy. These are selected 

by setting parameters in a separate fuel properties file.  

 

Fig. 1 shows the geometry of finite element models created for PELICAN, together with the 

mesh applied to the cracked pellet model. They consist of: 

· A cracked AGR fuel pellet, with 8 idealized radial cracks, together with stainless steel 

cladding. 

· An un-cracked AGR fuel pellet, together with stainless steel cladding. 

· A cracked BWR fuel pellet, with 8 idealized radial cracks, together with Zircaloy 

cladding. This model was used for thermal validation as described later. 

In addition, models with an inter-crack angle between 5 and 120 degrees (3 and 72 cracks) 

were created to determine the effect of the number of radial cracks upon the stress 

concentration in the cladding. ‘Idealized’ cracks refer to straight radial cracks at uniform 

separation. 

 

For the AGR simulations the fuel dimensions and enrichments are typical of those used in 

British reactors. The dimensions for the BWR simulation was based upon those used in 

Halden instrumented fuel assembly IFA-507, which included two sizes of pellet-clad gap 

[50].  
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A coolant pressure was applied to the outer surface of cladding. It had a magnitude of 4.1 

MPa in the AGR simulations and 3.33 MPa for the Halden simulations. A variable internal 

pressure was applied to the internal surfaces, including the cracks; this is described in section 

2.7. A radial power profile was applied to the pellet using Palmer’s RADAR model [51], its 

inclusion into PELICAN has been discussed previously [49]. 

 

In PELICAN, the volumetric swelling strain, εsw,i, thermal strain, εth,i, creep strain, εcr,i, elastic 

strain, εel,i, and plastic strain, εpl,i,  are considered; the total strain is calculated from the sum 

of these. For some physical phenomena, a number of materials models are available but for 

brevity only the default models used in this work are discussed. 

    

2.2 Thermal Expansion 

The instantaneous thermal expansion, α, is a function of temperature shown in eq. 1, where 

a1, a2 and a3 are fitted coefficients. The increment of thermal strain is calculated by 

integrating the instantaneous coefficient of thermal expansion with respect to temperature, T. 

 

        (1) 

 

For uranium dioxide, the coefficients are given by Ainscough and Hedger [31, 52]; for 

stainless steel, by Bond [31, 53]; and for Zircaloy, by Harbottle and Donaldson [54]. For the 

cladding materials, α3 is set to zero. 

 

2.3 Volumetric Expansion 

Volumetric swelling in the fuel is the sum of terms relating to in-pile densification, matrix 

swelling, intra-granular fission product swelling and inter-granular fission product swelling. 

Volumetric swelling in cladding materials was not considered as this is not encountered in the 

AGR system. 

 

By default, the in-pile densification model by White [55] is used in PELICAN, although 

models by Assmann & Stehle [56, 57] and ESCORE are also available [58]. The White 

densification model is based upon data from fuel stack elongation experiments carried out at 

Halden and Harwell [59]. The fractional fuel porosity is partitioned into a proportion which 

can be sintered at a given temperature, of which a further proportion sinters more rapidly. 

The rate at which these proportions sinter is a function of temperature, burn-up and grain-

size. The implementation of this model in PELICAN is discussed in more detail in [49]. 

 

The matrix swelling rate is assumed to be proportional to the local fission rate. In this work, it 

was assumed to be 2.5x10
-29

 (fissions m
-3

)
-1

 in BWR fuel [60] and in AGR fuel, 8.0x10
-3

 per 

% atom burn-up [61]. The different units represent the different sources and methods of 

calculation. 

 

By default, PELICAN utilises the gaseous fission product swelling model developed by 

Spino [62]; alternatively the MATPRO approach can be taken [58, 60]. Spino’s model 

considers a population of gas atoms, the production rate of which is proportional to the 

fission rate. The gas atoms are initially dissolved into the matrix, but can migrate to, and be 

re-dissolved from, inter-granular and intra-granular bubbles. The volumetric gaseous swelling 

strain, is given by eq. 2; where cg is the density of dissolved gas atoms; a is the lattice 

parameter, given by [63]; rb is the radius of intra-granular bubbles, assumed to be 0.216 nm; 

cb is the intra-granular gas bubble density; Rb is the inter-granular gas atom radius, calculated 

in the model and Cb, the inter-granular gas density. 
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       (2) 

 

2.4 Creep 
Both irradiation and thermal creep are modelled in uranium dioxide and Zircaloy. Irradiation 

creep is not considered in AGR stainless steel cladding. This is in part due to the lower 

neutron flux in AGRs compared to other reactor designs, but chiefly because of the 

considerably higher operating temperatures than in other reactor systems. This means that 

any irradiation component is insignificant compared to the thermal component. 

 

The default creep model for uranium dioxide creep is that of Clough and Beatham [64]; 

alternatively, the models described for MATPRO [60] and BISON [58] can be used. The 

Clough and Beatham model takes the functional form given in eq. 3, with constants given in 

[31].The three terms account for a low stress component (a function of equivalent stress, σ, 

and temperature, T), an irradiation component (a function of fission rate, Ḟ) and a power-law 

creep component (dependent upon the grain size, G); PF is a porosity correction factor and all 

other parameters constants. 

 

     (3) 

 

The default creep model for Zircaloy is that of Donaldson [54]; alternatively, that of Wood 

and Watkins can be used [65]. The Donaldson model assumes that Zircaloy creep is isotropic 

and gives the total creep strain as the sum of four terms given in eq. 4, representing secondary 

irradiation creep, εSe,Ir, secondary thermal creep, εSe,Th, transient creep, εTr, and primary creep 

respectively, εPr. Equations 5-9 define each term in Donaldson’s creep model; t is the total 

time and ϕF the fast neutron flux. The time-hardening hypothesis was applied and an effective 

time approach used, together with the Newton-Raphson method, to calculate increments of 

strain. 

 

       (4) 

 

       (5) 

 

       (6) 

 

        (7) 

 

        (8) 

 

        (9) 

 

The Nichols relation [66] for the creep strain in stainless steel, εCr,SS, is given by eq. 10, with 

parameters reported in [31]. The first term accounts for diffusion creep and the second for 

dislocation creep.  
 

      (10) 
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2.5 Instantaneous Plasticity 

Plasticity is considered in the cladding materials but not uranium dioxide. The yield stress, σy, 

is given by eq. 11 in Zircaloy and 12 in stainless steel. It is a function derived by empirical 

correlations given in [48] and [61] of the temperature, the fast flux dose, qF, in Zircaloy, and 

helium concentration [He] in stainless steel. 

 

       (11) 

 

       (12) 

 

Strain hardening is incorporated through eq. 13; in Zircaloy, the linear term is set to zero. 

Note that the parameters P8-P10 differ between materials. 

 

         (13) 

 

2.6 Elasticity 

The elastic properties are a function of temperature and in the case of uranium dioxide, 

porosity, P. The functional form of the Young’s modulus, E, takes the form shown in eq. 14 

with parameter values given by [67] and [55]; for cladding materials E3 is set to zero.  

 

       (14) 

 

Poisson’s ratio for stainless steel is assumed to be 0.325 and 0.390 for Zircaloy [55]. For 

uranium dioxide, the shear modulus, G, given by eq. 15 (taken from [67]) is used to 

determine Poisson’s ratio. All materials are assumed isotropic. 

 

       (15) 

 

2.7 Internal Pressure Calculation 
PELICAN does not currently have the ability to model fission gas release into the pin as at 

the low burn-ups currently modelled, fission gas release is negligible. The internal pressure is 

calculated by using the ideal gas law and assuming that the gas temperature is that of the 

cladding inner surface. This approximation made the simulations more stable and made little 

difference to either the time to contact or stress to the cladding. The total volume is adjusted 

for the clad inner radius, pellet outer radius and bore radius. The pellet crack volume is 

neglected; this approximation is more appropriate for AGR than LWR fuel due to the 

presence of the central bore in the AGR fuel. 

 

2.8 Gap & Contact Modelling 

Following the approaches used in the URGAP [68, 69], GAPCON [70] and ENIGMA [55], 

heat transfer is assumed to be the result of three parallel mechanisms: 

· Conductance within the fill gas, with a thermal conductance, kgas; 

· Solid-solid conductance between surfaces in contact, with a thermal conductance, 

kcontact; 

· Radiation, with a thermal conductance, krad. 

The total conductance is the sum of the three terms listed above. 
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The thermal conductance within the fill gap is calculated using eq. 16. The gas thermal 

conductivity, λgas, is a function of temperature taken from the work of Hashimito [71] and is 

divided by a ‘thermal gap’. This ‘thermal gap’, used for modelling heat transfer within the 

‘GAPCON’ subroutine, is the sum of the gap determined by Abaqus, dmech, the minimum gap 

size associated with the surface roughness, dmin, (which takes the value given by Beyer et. al. 

[70]) and the gas jump distance, djump (which takes the value used in ENIGMA [61]). 

 

        (16) 

 

The approach to calculating the gap conductance due to surface-surface contact was that 

described by Lassmann for the URGAP model  [68, 69]. It takes the form given in eq. 17, 

where P is the contact pressure between the surfaces; λav is the average thermal conductivity 

of the two surfaces; Rav is the average surface roughness; Hmin is the lower of the Meyer 

hardness of the two surfaces and k1 and k2 are constants.  

 

       (17) 

 

The heat transfer through radiation is calculated by applying eq. 18, where σSB is the Stefan-

Boltzmann constant; T1 and T2 are the temperatures of the two surfaces; and ε the emissivity, 

assumed to be equal to 0.8. Radiative heat transfer was incorporated via the Abaqus contact 

formulation rather than the GAPCON subroutine. This was found to give more rapid 

convergence due to more effective coupling between the mechanical and thermal response. 

 

         (18) 

 

Finite-sliding surface-surface interactions were used throughout, with a coefficient of friction 

of 0.2 between fuel pellet fragments and by default, 0.8 between the cladding and fuel. 

Previous work [6, 38, 48] has shown the sensitivity to the coefficient of friction used between 

the cladding and fuel. The default value of 0.8 was chosen on the basis of the default 

assumption for AGR fuel made in ENIGMA. This is towards the upper range of experimental 

values for LWR fuel with a coefficient of friction between 0.4 and 0.6 considered more 

typical for PWR ramps [6]. To investigate the sensitivity to this value, simulations were run 

with coefficient of friction varying between 0.01 and 1.40. 

 

2.9 Validation  

To validate the thermal response of the model, the centreline temperature predicted by 

PELICAN was compared to that measured by thermocouples installed in an instrumented fuel 

assembly irradiated at the Halden test reactor. The IFA507 experiment consisted of six pins 

of BWR fuel irradiated in stress relieved Zircaloy-2 cladding. The experiment is described in 

detail elsewhere [50]. The fuel pellets had two different diameters, resulting in wide and 

narrow gapped fuel pins, allowing the performance of the clad-fuel gap subroutine to be 

tested. In the experiment, only the narrow-gapped pins gave rise to clad-pellet contact and so 

only these are considered in this work. Validation was carried out against a detailed 

irradiation history out to a burn-up of approximately 15 GWd/tU, together with thermocouple 

measurements at positions of peak rating.  
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To validate the mechanical response of the model, the clad and pellet bore radii predicted by 

PELICAN were compared to that measured by post irradiation examination of an 

instrumented fuel assembly irradiated at the Halden test reactor. The pin was initially 

irradiated at Hinkley Point B and then transferred to Halden and encapsulated in a Zircaloy 

capsule. The bottom half of the pin was ramped and the top half not. Pins chosen were IFA 

583_2_2 and IFA 583_4_15. 

 

2.10 Demonstration Simulations 

Three test transients were used to demonstrate pellet relocation in PELICAN (summarised in 

Fig. 2). These were a ramp to 150% power from full power; a ramp to 150% power from 

reduced power (70%) and a period of reduced power operation with no ramp followed by a 

return to full power. In each case, the fuel was brought to full power of 20.1 kW m
-1

 and 

cladding temperature of 974.75 K over one day. The ramp was carried out at 7.5x10
6
 s 

(approximately 3 months) after full power was reached. This time was chosen to be towards 

the end of a period of operation between refuelling outages at a station that doesn’t refuel on-

load. The ramp lasted by default 100 s. It was assumed that the coolant temperature remained 

unchanged during the ramp. For the simulations requiring a reduction in power, power was 

reduced to 70% over 10 hours and held at this level for 2.5x10
6
 s (approximately 1 month). 

This represents a period of operation on three rather than four steam generators. The cladding 

surface temperature at reduced power was 882.75 K and the linear rating 14.1 kW m
-1

. In 

order to examine the effect of reduced power operation with no ramp, the power and 

temperature were returned to their full power values over 10 h and held for 2.5 x10
6
 s. In 

addition the duration of the ramp was varied between 3 and 10,000 s. All simulations 

modelled transients when the fuel had a burnup of 1.5 GWd tUO2
-1

. This was sufficient time 

for the stresses in the cladding to condition to a steady state value and reflects the several 

months between refuelling programmes in an AGR. 

 

The AGR cracked-pellet model had 13,950 nodes and 10,405 elements; the un-cracked model 

had 12,151 nodes and 9,629 elements. For the ramp from 70% power, the cracked pellet 

model took 18.3 h to run and the un-cracked model 13.4 h. Simulations were carried out on a 

single Intel Xeon E5-1630 v3 3.70GHz core, on a workstation with 32 GB of memory, 

running Ubuntu 14.04 and Abaqus 6.14-3 with Intel Fortran 64 Compilers (version 

16.0.2.181 B). An extensive mesh convergence study was carried out. The LWR centre-line 

temperature was most sensitive to the element size in the bulk pellet; reducing the element 

size from 0.4 to 0.1 mm reduced the maximum temperature during the simulation by 4 K. 

The maximum hoop stress recorded in the AGR cladding was most sensitive to the size of the 

element in the cladding ahead of the crack; reducing the element size from 10 to 2.5 µm 

increased the stress by 3 MPa. 

 

3. Results  

3.1 Validation 

Fig. 3 compares the fuel centre-line temperature predicted by PELICAN to that measured by 

thermocouples at the peak of each power cycling experiment for the thin walled pins of IFA-

507. Of the thirteen cycles, for which data were available, PELICAN predicted a temperature 

within the range measured on three occasions, under-predicted the temperature on six 

occasions and over-predicted on four occasions. The maximum over-prediction was by 69 K 

at 5 GWd tUO2
-1

 and the maximum under-prediction 49 K at 2 GWd tUO2
-1

; there was no 

overall trend of under or over-prediction with time. Contact between the cladding and pellet 

was first predicted by PELICAN during the ramp at 4 GWd tUO2
-1

. After this time, contact 

was predicted during power cycling but not the periods in between. 
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Fig. 4 shows the clad and pellet bore radii predicted by PELICAN and measured by post 

irradiation examination. In both experiments, the ramp test increased the clad radius and 

decreased the bore radius. For pin IFA 583_2_2, the clad radius was under-predicted by 24 

µm and for IFA 583_4_15, over-predicted by 23 µm. For pin IFA 583_4_15, the bore radius 

was under-predicted by 21 µm and for IFA 583_2_2, by 2 µm. 

 

3.2 Stresses within Fuel  

Fig. 5(a) shows that for both the cracked and un-cracked pellet, the radial stress was 

negligible and following contact the pellet remains in radial compression throughout the 

simulation. At the end of the initial ramp to power, the hoop and axial stresses were very 

similar at 475 and 470 MPa respectively in the un-cracked pellet; the stress then decreased 

through creep relaxation. The peak hoop and axial stresses in the un-cracked pellet at the end 

of the ramp from 100% power were 560 and 550 MPa, whilst for the ramp from 70% power 

the values were 510 and 505 MPa. For both hoop and axial components, the peak tensile 

stresses were always found on the outer surface, whilst the inner surface remained 

compressive. 

 

Modelling the pellet with eight radial cracks reduced the magnitude of the stress on both 

inner and outer pellet surfaces, in both the hoop and axial directions, compared to the un-

cracked pellet simulations. At the end of the initial rise to power, the hoop and axial stresses 

were reduced, compared to the un-cracked pellet, to 100 and 360 MPa. Following the ramp 

from 100% power, the hoop and axial stresses were also reduced compared to the uncracked 

model, to 100 and 385 MPa respectively. 

 

3.3 Pellet Fragment Motion during Early Life 

Studying Fig. 6a it is possible to identify the onset of soft-PCI, in the cracked pellet model, at 

around 30.0 h. This was followed by a period of soft-PCI lasting around 2.8 h, by which time 

full contact was made with the pellet outer surface.  

 

Fig. 6b shows the closure of the pellet-clad gap during start up and the following 24h. The 

maximum gap was larger for the un-cracked pellet at 45.6 µm, compared to 40.5 µm for the 

cracked pellet. Following contact the cladding and pellet remained in contact throughout the 

rest of the simulation. Initial contact at the pellet cracks was 1.8 h earlier in the cracked 

model. This was due to the additional radial displacement of the pellet outer surface shown in 

Fig. 6a. Although not shown it is worth noting that the maximum temperature reached during 

the rise to power was therefore slightly higher for the un-cracked pellet at 1330 K (compared 

to 1322 K for the cracked pellet). The temperature then decreased for both models to the 

same value of 1278 K when pellet-clad contact occurs.  

 

Fig. 6c shows the changes in the width of the cracks at the pellet inner and outer surface. It 

shows that during creep-down of the cladding onto the pellet, the decreasing pellet 

temperature caused the cracks on both surfaces to continue to open. Following initial contact 

between the cladding and pellet, the cracks at the pellet bore closed completely and those at 

the surface closed partially. This closure of pellet cracks at the bore is a phenomenon 

associated with soft-PCI. The cracks at the pellet surface closed by 3.4 µm during the 1.8 h 

period of soft-PCI and close by only another 1.3 µm during the following 86 days at full 

power. The model is therefore considered to be able to predict part of the relocation 

accommodation phenomenon, the full phenomenon occurs due to the 3D motion of the pellet 

fragments.  



Page 10 of 20 

 

 

Fig. 6a shows the pellet outer radius during and the following 24h. After reaching full power 

at 24 h, the pellet radius decreased due to the reduction in thermal strain with temperature 

during creep down. The pellet radius reduced more slowly for the cracked model until the 

onset of soft-PCI, when the pellet radius decreased rapidly by 4.6 µm over a few hours. Fig. 

6d shows that the bore radius for the cracked and un-cracked models during early life. 

Following full power at 24 h, the bore opened in the cracked model and closed in the un-

cracked model. During the period of soft-PCI (cracked model) the bore closed by 4.4 µm. 

The bore of the un-cracked model remained smaller than the cracked model throughout the 

simulation. 

 

The temperature of the cladding at the end of the initial rise to power was 981 K. The 

temperature of the pellet outer surface was 1037 K for the cracked pellet and 1041 K for the 

un-cracked pellet; at the pellet bore, the temperatures were 1325 and 1326 K respectively. 

 

3.4 Cladding Response to Transients 

Fig. 7 summarises the stress in the cladding during key points in the simulations. Fig. 8a 

shows that generally, the hoop stress in bulk cladding (in the centre of the cladding, well 

away from the radial pellet cracks) was the same for the bulk cladding in the case of cracked 

and un-cracked pellets. The hoop stress ahead of the pellet crack was generally greater in 

magnitude than in bulk cladding. During the ramp from full power (Fig. 8b), the hoop stress 

in the bulk cladding increased from -1 MPa, in bulk cladding, to 132 MPa in the un-cracked 

model and 123 MPa in the cracked model. Ahead of the radial pellet crack, the hoop stress 

increased to 217 MPa by the end of the transient. During the ramp from low power (Fig. 8c), 

the cladding hoop stress in the un-cracked model increased to 209 MPa over the first 89 s of 

the 100 s uprate before increasing more slowly to 211 MPa by the end of the transient. The 

bulk cladding hoop stress increased to 173 over the whole transient in the cracked model, 

with a slower increase after around 70 s. The hoop stress ahead of the pellet crack increased 

to 281 MPa during the transient, the most rapid rise was between 8 and 30 s.  

 

The pattern of similar hoop stresses in the bulk cladding of the cracked / un-cracked models 

and a greater magnitude stress ahead of the radial crack was broken during the period at 

reduced power (Fig. 8d). During the down-rate to reduced power (0 days on Fig. 8d), the 

hoop stress in the bulk cladding of the un-cracked model increased to 2.7 MPa, whilst in the 

cracked model the hoop stress became compressive at -42.5 MPa. Ahead of the pellet crack, 

the hoop stress in the cladding decreased less to -26.9 MPa. The difference in the hoop stress 

in bulk cladding was due to the greater decrease in the pellet outer radius during the down 

rate in the cracked pellet model. This resulted in the compressive hoop stress in the cracked 

model and tensile in the un-cracked model. The lower magnitude stress in the cladding ahead 

of the pellet crack, during the hold at full power, compared to bulk cladding was a result of 

previous creep in the cladding at that location. The peak in the hoop stress in the cladding at 

the same location, at 30 days, was a result of the pellet cracks opening during the uprate from 

70% to full power. 

 

Table 1 reports the changes in creep strain, in bulk cladding, surrounding both the cracked 

and un-cracked pellet, together with the creep strain in the cladding ahead of the radial pellet 

cracks. The ramp from low power was much less damaging than that from high power. 

Ahead of the radial crack, the creep strain increased by 0.254% during the ramp from full 

power and by only 0.029% during the ramp from 70% power. The strain was also strongly 

concentrated at positions above radial pellet cracks. The creep strain accrued in bulk cladding 
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during the ramps was an order of magnitude lower than ahead of the radial pellet cracks. 

Finally, compared to the pre-transient value, the creep rate increased ahead of the radial 

cracks during the 10 days following the return to full power, but not in the bulk cladding of 

the cracked model, where the creep rate reduced. This can be explained by the partial closure 

of the pellet cracks following the uprate in power reducing the hoop stress in the cladding at 

this point. 

 

3.5 Effect of Ramp Duration 

Fig. 9a shows the peak hoop stress measured during the ramp for each model in both bulk 

cladding and ahead of the pellet crack. For the cracked pellet model, the maximum peak 

stresses were found for the 30 s ramp of 133 MPa in bulk cladding and 224 MPa ahead of the 

pellet crack. For the un-cracked pellet model, the maximum peak stress of 132 MPa was 

found for 100 s ramp. As shown in Fig. 9b, the creep strain accrued in the cladding increased 

with ramp duration; the 3s ramp gave rise to negligible creep strain in both models at all 

locations. For the 10,000 s ramp, the creep strain in bulk cladding was 0.06 % for the un-

cracked model and 0.07% for the cracked model. The larger increase in the creep strain ahead 

of the radial pellet crack (seen in Fig. 9b) is a result in the larger stress (Fig. 8a) whilst the 

larger creep strain with ramp duration is mainly the result of a longer period of time over 

which creep occurred. 

 

3.6 Sensitivity to Coefficient of Friction 

Fig. 10a shows that increasing the coefficient of friction increased the peak hoop stress in the 

cladding ahead of the radial crack. Increasing the coefficient of friction from 0.01 to 1.4 

increased the hoop stress by a factor of 2 from 121 to 242 MPa. The default coefficient of 

friction of 0.8 gave a stress of 217 MPa. A similar trend was seen in the creep strain accrued 

at the same position (Fig. 10b). At the beginning of the ramp, the creep strain increased from 

0.91 to 3.05% over the range of coefficients of friction investigated. The creep strain accrued 

during the ramp itself increased from 0.02% to 0.50%. 

 

3.7 Sensitivity to Angle between Radial Pellet Cracks 

Fig. 11a shows that decreasing the angle between radial cracks from 120 to 5˚ (i.e. increasing 

the number of radial cracks in the pellet from 3 to 72) increased the radial displacement of the 

pellet surface during the ramp from full power from 9.2 to 11.5 µm. Conversely, it decreased 

the pellet crack tip opening displacement from 17.3 to 1.0 µm. Fig. 11b shows that decreasing 

the angle between cracks over the same range reduced the hoop stress in the cladding ahead 

of the radial crack from 420 to 364 MPa and on the outer surface mid-way between two 

cracks from 249 to 182 MPa. This had the effect of reducing the creep strain in the cladding 

ahead of the radial crack from 0.48 to 0.12% (see Fig. 11c). Relative sliding of the pellet-

pellet crack surface was not observed and the model was not found to be sensitive to the 

coefficient of friction applied between the pellet fragments. 

 

4. Discussion 

Comparing the temperature predicted by PELICAN to those measured in IFA 507, for 

narrow-gapped rods, showed a good agreement. The spread of measured values 

demonstrating the difficulty of making these measurements in reactor. PELICAN maintained 

an agreement to within 70 K between the experimental mean, with just under half of the 

centreline temperature predictions within the spread of experimental data, around a quarter 

under and a quarter over (see Fig. 3). Sheppard gives [50] a calibration error in the fuel 

channel rating of 4.5% and an error in the flux profile of 2.0% giving a total error of 6.5%. 
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Given a temperature drop across the pellet of around 1,300 K, during power ramps, an 

uncertainty in the temperature measurements of around 85 K is to be expected. 

 

Power ramps after 4 GWd tUO2
-1

 burn-up resulted in contact between the cladding and pellet, 

whilst those with lower burn-up did not. If there were any systematic over prediction of the 

centreline temperature before regular contact, this would suggest that the gap size was being 

over predicted; neither this nor the converse were the case. It can therefore be argued that the 

gap and therefore swelling and heat transfer was predicted accurately by PELICAN. 

Similarly, a systematic under or over prediction following contact would reflect poor 

modelling of the thermal conductivity within the pellet and again this was not the case. 

 

Again, validation against the cladding and pellet bore strains was satisfactory (Fig. 4). The 

correct trend with ramping of increase in radius at the clad and decrease at the bore was 

predicted. In one pin, the clad radius was over-predicted by 24 µm, and the other it was 

under-predicted by a similar amount. 

 

Centre-line temperature data during irradiation is not readily available for AGRs fuel. We 

consider the thermal validation appropriate since the fuel temperatures in the central regions 

of the pellet are similar in AGRs and LWRs. 

 

The stresses within the pellet were dominated by the radial temperature profile and axial 

constraint applied. At full power, the pellet was around 300 K hotter at the inner than outer 

surface, leading to greater thermal expansion at the bore compared to the outer surface. Axial 

constraint, approximated here by generalised plane strain, led to compressive axial and hoop 

stresses at the bore and tensile stresses at the outer surface whilst at power. Stresses of the 

order 500-600 MPa in the un-cracked pellet are more than sufficient to crack the pellet given 

a typical fracture stress of un-irradiated UO2 in the range 150-250 MPa [72]. We can 

therefore expect a fuel pellet to crack both axially and radially at the outer surface and this is 

supported by both post irradiation examination [73] and previous models [16].  

 

This work models highly idealized radial pellet cracks. These are assumed to develop during 

the initial rise to power, which is supported by Mella and Wenman [16]. Hoop stresses of 100 

MPa in the cracked pellet fragments, at the end of the initial rise to power (see Fig. 5), 

suggest that further cracking is unlikely and supports the choice of eight radial cracks as a 

best estimate. The axial stress of 360 MPa on the outer surface suggests that the stress 

relaxation caused by radial crack growth is unlikely to be sufficient to prevent axial cracks 

from forming on the pellet outer surface. Again this is seen in the explicit crack modelling 

work, where an axial crack forms [14]. At the end of the ramp from 70% power, the 

maximum hoop stress on the outer surface of the pellet was 125 MPa (25 MPa greater than 

during the ramp from 100%). However, this is unlikely to cause more new radial cracks to 

form, although micro-cracking on the pellet surface might be possible. 

 

During the initial rise to power, the cracked pellet fragments relocated radially outwards and 

the pellet outer surface radial displacement is therefore greater for the cracked pellet (Fig 6a). 

In addition, the cracks at the pellet outer surface opened (Fig. 6c). This decreased the clad-

pellet gap by 5.1 µm compared to the un-cracked case (Fig. 6b) and reduced the pellet 

centreline temperature by a maximum of 8 K. Between 24h (the end of the raise to power) 

and 30h (initial pellet-clad contact in the cracked model) the clad crept back down onto the 

pellet, the pellet cooled due to the reduced pellet-clad gap and cracks began to open at the 
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pellet bore (Fig. 6d). At the same time, the bore continued to increase in radius in the cracked 

model and reduced in radius in the un-cracked model. 

 

Initial contact between the cladding and pellet was made at the pellet crack mouth at 29.8 h. 

The location of the position of initial contact was the result of the thermal expansion of the 

pellet fragment. This saw an initial rapid decrease in the pellet radius (Fig. 6a) over around 

two hours, associated with closure of the cracks at the pellet bore and partial closure at the 

pellet surface (Fig. 6c). This period is often referred to as ‘soft-PCI’ and can be associated 

with recovery of some of the radial displacement associated with the pellet fragment 

relocation (relocation accommodation). It is notable that the cracked pellet model can capture 

this behaviour.  

 

It should be noted that PELICAN is a 2D (r-θ) model, appropriate to the pellet mid-plane and 

the hour-glassing effect due to the thermal gradient and pellet cracking is not modelled. This 

can be justified as, in the AGR context, as clad bore cracks have been observed along the 

whole pellet length and the PCI of interest is not therefore limited to pellet ends. 

 

The slow closure of the pellet cracks at the outer surface, during steady state operation, 

caused the hoop stress in the cladding ahead of the crack to be more compressive than in bulk 

cladding (Fig 8a). The greater magnitude hoop stress above radial cracks caused the creep 

strain to rise more steeply here (Table 1). The similar stresses seen in bulk cladding in the 

two models can be explained by the similar radial displacement during the period of hard-

PCI. The greater total creep strain in the un-cracked model was a result of the reduced initial 

radial displacement of the pellet during the initial rise to power due to a lack of pellet 

relocation towards the cladding. Whilst pellet crack closure as a result of relocation 

accommodation was observed, the non-recoverable effect of crack ‘mis-fit’ and the effect of 

any creep recovery are not considered. 

 

During the power ramps, whether from 70 or 100% power, the cracks at the pellet surface 

opened once more. This increased the hoop stress ahead of the pellet crack (Fig 8c-d) and 

therefore the creep strain in the cladding. The accrual of cladding creep strain during 

operational transients (detailed in Table 1) is of interest in the AGR system since it is 

considered the dominant mechanism for PCI driven crack growth in the cladding and 

therefore a possible source of fuel failures. The ramp from 100% power produced a creep 

strain of 0.254%, ahead of the radial pellet cracks. This should be compared to the 0.020% 

strain accrued at this point in the 10 days prior to the reduction in power to 70%, each day at 

full power therefore has an equivalent worth of 0.002% creep strain. The ramp from 100 to 

150% power increased the creep strain ahead of the pellet cracks by an amount equivalent to 

127 days full power operation whilst the ramp from 70 to 150% power accrued only 14.5 

days worth of creep strain due to the lower coolant temperature meaning that the thermal 

creep was lower.  

 

Compared to steady state operation, spending thirty days at reduced power increased the total 

creep strain accrued in the cladding ahead of the pellet cracks from 0.082 to 0.093 %, but 

reduced it from 0.020 to 0.004 % in the un-cracked model. The reduced accrual in the un-

cracked model was due to the lower burn-up and hence reduced pellet swelling; the increased 

accrual in the cracked model was due to pellet motion. This demonstrates the importance of 

modelling relocation and relocation accommodation when calculating the creep strain 

resulting from a transient. A power manoeuvre in which the creep strain in cladding 
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surrounding an un-cracked pellet would be predicted to be significantly reduced has been 

predicted to increase the creep strain ahead of radial cracks.  

 

Before carrying out this work, it was expected that reducing the ramp duration would 

increase the opening of the pellet cracks due to the relative absence of creep and volumetric 

swelling in the fuel. This would in turn increase the cladding hoop stress ahead of the crack 

tip. The effect upon the creep strain in the cladding above radial pellet cracks would then be a 

competition between the increased stress and decreased time. This work has shown a peak in 

the stress in the cladding for ramps of an intermediate length of 30-100 s (see Fig. 9a). It 

should be noted that the range of coolant temperatures and fuel ratings encountered within the 

AGR system is greater than for other reactor designs and therefore, the maximum hoop stress 

is likely to vary in magnitude and timing across different fuel elements. It is not however 

surprising that Fig 9b shows an increased accrual of creep strain with ramp duration.  

 

It was found that increasing the coefficient of friction increased both the hoop stress in the 

cladding ahead of the radial crack in the pellet and the creep strain at the same point. The 

correct coefficient of friction to apply is difficult to determine experimentally and fuel 

performance codes typically use a value ranging from 0.4 to 1.2. This gives a range of values 

of the accrued creep strain during the ramp of 0.10 to 0.40% around a default value of 0.25%. 

Given this range of values, PELICAN, like other fuel performance codes, is therefore 

currently of more use in predicting the comparative effect of changes in fuel behaviour rather 

than the absolute value of the creep strain accrued in the cladding. 

 

Generally, decreasing the angle between cracks decreased the azimuthal opening of the pellet 

cracks and increased the amount of radial pellet displacement towards the cladding. Nuclear 

fuel performance codes frequently assume that the number of radial pellet cracks increases as 

a power of 2.  The logic for this assumption is that any transient giving rise to pellet cracking 

will split each fragment in half. Fig. 11b shows that increasing the number of cracks beyond 

eight (reducing the angle between cracks to below 45˚) reduced the hoop stress on the pellet 

outer surface by only around 20 MPa. Given that the outer surface pellet hoop stress for the 

power ramp modelled remained well above the fracture stress (400 c.f. 150-250 MPa) for all 

of the numbers of cracks modelled, it can be argued that the ramp would be likely to 

introduce a very large number of small cracks on the outer surface of the pellet. Fig. 11a 

suggests however, that as the number of radial cracks close to the surface increases, the pellet 

opening is likely to decrease and the stress concentration in the cladding decrease, giving rise 

to a reduced accrual of creep strain ahead of each radial crack (Fig. 11c). This has been 

suggested as one of the mechanisms, in addition to enhanced visco-plasticity, for the 

reduction of PCI in doped fuels for LWRs [74-76]. 

 

5. Conclusions 

1. Compared to an un-cracked model of pellet, pellet fragment relocation produces a 

significant additional radial displacement at the pellet surface of a cracked pellet 

during the initial rise to power. 

2. The use of a cracked pellet model was shown to be able to capture the ‘soft-PCI’ 

behaviour upon initial contact.  

3. The further slow closure of pellet cracks during steady state operation gave rise to a 

more compressive stress ahead of radial pellet cracks and a greater creep rate than in 

bulk cladding. 
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4. During a ramp from full power to 150% power, opening of the pellet cracks increased 

the hoop stress in the cladding ahead of the radial cracks by a factor of 1.6 compared 

to an un-cracked model. This behaviour is associated with ‘hard-PCI’. 

5. The modelling of PCI was very sensitive to the coefficient of friction used whilst 

showing little sensitivity to the number of radial pellet cracks. Increasing the number 

of cracks from 4 to 24 reduces the stress on the cladding by 14%, whilst changing the 

coefficient of friction from 0.4 to 1.4 increases the stress by 35%. 

6. A maximum in the peak stress ahead of pellet cracks was seen for the 30 s ramp in the 

cracked pellet model.  
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 Figure Captions 

 

1. Finite element models created for PELICAN. They consist of: (a) A cracked AGR 

fuel pellet, with 8 radial cracks, together with stainless steel cladding; (b) An un-

cracked AGR fuel pellet, together with stainless steel cladding; (c) A cracked BWR 

fuel pellet, with 8 radial cracks, together with Zircaloy cladding (used for thermal 

validation) and (d) The mesh applied to the 8-cracked pellet; the mesh applied to the 

un-cracked pellet is the same as that away from the pellet-pellet crack in the cracked 

model. 

 

2. A schematic of the linear rating (a) and cladding surface temperature (b) applied to 

PELICAN for the ramp from high (100%) power, reduced power (70%) operation and 

ramp from low power. 

 

3. A comparison of the pellet centre-line temperature predicted by PELICAN and 

measured by thermocouples on three narrow gapped instrumented fuel pins during the 

early irradiation of IFA-507. Error bars show the range of values recorded.   

 

4. The impact of power ramping upon the clad and pellet bore radii at the end of 

experiment IFA 583_2_2 (a) and IFA 583_4_15 (b). 

 

5. The radial, hoop and axial stress in the cracked and un-cracked fuel pellet at various 

points through the simulation. The magnitude of the crack opening has been 

multiplied by a factor of 100 and the pellet shapes should be regarded as being 

schematic. 

 

6. The mechanical response of the cracked and un-cracked pellet during the end of the 

initial raise to power and contact, including: (a) The pellet outer radius; (b) The clad-

pellet gap; (c) The width of the pellet cracks at the pellet outer surface and bore and 

(d) The pellet bore radius. 

7.  
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The radial, hoop and axial stress in the cladding at various points through the 

simulation.  

 

8. The hoop stress in the cladding surrounding the cracked and un-cracked pellet during: 

(a) The hold at full power; (b) The ramp from 100% power; (c) The ramp from 70% 

power and (d) The reduction to 70% power and subsequent return to 100% power. 

‘Bulk cladding’ refers to a position in the cladding well away from the pellet cracks 

and ‘crack tip’ refers to a position in the cladding immediately ahead of a pellet crack. 

 

9. The impact of the competing effects of the crack opening speed and time at elevated 

stress resulting from varying the ramp duration upon: (a) The peak cladding hoop 

stress during a ramp from 100% power and (b) The cladding creep strain accrued 

during the ramp.  

 

10. The effect of the coefficient of friction used in the interaction between the cladding 

and pellet upon: (a) The peak hoop stress in the cladding ahead of a radial pellet crack 

during the up-rate and (b) The creep strain accrued prior to and at the end of the up-

rate at the same location. 

 

11. The effect of changing the angle between cracks (i.e. the number of radial pellet 

cracks) upon: (a) The pellet outer surface and crack tip opening displacement during 

the ramp; (b) The peak hoop stress during the ramp in the cladding and the pellet and 

(c) The creep strain in the cladding ahead of the radial crack at the end of the 

transient. 

 

 Table Caption 

· The creep strain accrued in the cladding ahead of the radial pellet cracks, in bulk 

cladding (well away from radial cracks) and in the un-cracked model during each 

stage of the simulations. 
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