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Abstract 
This thesis presents a two dimensional (r-θ) finite element model (PELICAN) for pellet-

clad interaction in advanced gas-cooled reactors; it can also be applied to light water reactor 

designs. The model consists of a number of user-defined subroutines, together with a set of 

finite element models built using the commercial finite element software Abaqus. 

PELICAN can model cracked fuel pellets; slivers of fuel bonded to the cladding; a cross-

pin temperature tilt, due to carbon deposition; and clad bore cracks. 

Pellet bore closure during power ramps was predicted by this model. Closure of the pellet 

bore reduces the increase in pellet outer radius during ramps and therefore the intensity of 

pellet-clad interaction. 

It was found that radial cracks through the pellet act as significant stress raisers in the 

cladding. This stress concentration is increased further in the presence of fuel-clad bonding. 

The stress concentration was however reduced to close to that observed in un-bonded fuel 

when microscopic ‘ladder cracks’ in the adherent sliver of fuel were modelled as being 

open. The cracks were modelled by reducing the elastic modulus of the sliver when the 

hoop stress was tensile. This was achieved by using a non-local approach, which has not 

previously been applied to nuclear fuel. 

The same broad trends were seen in the inelastic cladding strains in the models with both 

cracked and un-cracked fuel pellets. In the upper fuel elements (which have hotter cladding 

and lower linear rating), the creep strain is highest and the instantaneous plastic strain 

negligible. In the lower (colder cladding and higher linear rating) fuel elements, 

instantaneous plastic strains were of more importance. In addition, whilst instantaneous 

plastic strains were due mostly to increases in power, creep strains were due mostly to 

continuous full power operation. 

The impact of a cross-pin temperature tilt was investigated. Despite some stress 

concentration due to greater pellet fragment motion, the maximum hoop stress and inelastic 

strains were bounded by models with uniformly deposited and un-deposited thermal 

boundary conditions. 





Chapter 1 - Background 
Nuclear Power in the United Kingdom 1 

Chapter 1 Background 
It could be argued that nuclear energy is the ultimate creative physical force. All of the 

elements in the periodic table heavier than hydrogen are the result of either nuclear fusion 

in stars or gigantic galactic nuclear explosions in supernovae. On earth, tectonic plates, set 

into motion by radioactive decay in the Earth’s core, create our planet’s epic mountain 

ranges. Heat and light from nuclear fusion in the sun drives our weather, powers 

photosynthesis and nourishes life. 

Whilst nuclear power offers great potential to deliver low carbon energy in order to enable 

us to continue to enjoy our current economic prosperity and standard of living, this needs 

to be achieved safely. Fission products and other radioactive material present a significant 

risk to the biosphere and their containment within well understood and engineered safety 

systems is of paramount importance. This thesis seeks to better understand pellet-clad 

interaction in fission reactors which, under certain circumstances, can cause nuclear fuel 

pins to fail and make the release of fission products into the environment easier. 

1.1 Nuclear Power in the United Kingdom 
1.1.1 The Need for Plutonium  
The history of nuclear power in the United Kingdom can be traced back to the end of the 

Second World War. Following the destruction of Hiroshima and Nagasaki, the United 

States and Soviet Union were engaged in a nuclear arms race and the Cold War was 

beginning to freeze. Against this backdrop, Britain’s empire was starting to crumble and 

the UK was keen to maintain her prestige as a world power. Despite being heavily involved 

in the Manhattan project, the United States banned the transfer of any nuclear knowledge 

to Britain. It was therefore decided that Britain should develop her own nuclear weapons, 

in part to convince the United States of the need of mutual support. To do this, Britain 

needed plutonium-239 and built the Windscale piles accordingly [1]. 

The Windscale piles were large graphite-moderated reactors, designed to breed plutonium-

239 and irradiate other materials needed for nuclear weapon programmes. The excess heat 

was removed by air cooling. Air was blown through the reactor, up a chimney, through a 

set of filters and into the environment. There were two barriers to the escape of fission 

products from the uranium fuel: the cladding and the filters. During the 1957 fire related to 

a Wigner energy release, a significant proportion of the fuel cladding failed due to over-
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heating and the metallic fuel, as well as graphite moderator, caught fire. Whilst the filters 

retained the majority of the radioactivity, a significant quantity of iodine-131 was released 

into the environment. Whilst no increase in cancer rate is attributable to the accident, it 

necessitated the destruction of a large quantity of milk and damaged the public perception 

of the nuclear industry. A few months later, the reactors were permanently shut down [1, 

2]. 

The early MAGNOX reactors at Calder Hall and Chapelcross were run by the United 

Kingdom Atomic Energy Authority (UKAEA) on fuel cycles designed primarily to breed 

plutonium for nuclear weapons from fertile uranium-238. In order to improve safety and 

performance, the reactors were run at a greater temperature than the Windscale piles and 

made use of a primary cooling circuit of carbon dioxide. Heat was transferred into a 

secondary water-cooled circuit and the steam generated used to turn turbines and generate 

electricity. In 1957, Calder Hall became the world’s first industrial nuclear power station 

[1, 3]. 

1.1.2 Civil Gas-Cooled Reactors 
The UK’s Central Electricity Generating Board (CEGB) used graphite-moderated, carbon 

dioxide cooled MAGNOX reactors for its early civil power reactors. The CEGB reactors 

were run on power generating fuel cycles - the plutonium generated had too high a yield of 

heavier isotopes to be weaponisable. The MAGNOX design was developed over the years, 

with improvements in capacity and containment [1, 4]. 

Unlike other countries, Britain stuck with the graphite-moderated, carbon dioxide concept 

and developed the prototype Windscale advanced gas-cooled reactor (WAGR), followed 

by fourteen commercial advanced gas-cooled reactors (AGRs) at six locations. 

Improvements made between the MAGNOX reactors and AGRs included stainless steel 

cladding, enriched uranium dioxide rather than natural metallic fuel, higher temperatures, 

improved containment and greater thermal efficiency [4, 5]. 

1.1.3 The Move to Water-Cooled Reactors 
By the 1970s, faced with construction problems and cost-overruns on the AGR fleet, the 

CEGB began to lose faith in gas-cooled reactors. Despite being announced as an AGR in 

1969, the design of Sizewell B was changed to a steam generating heavy water reactor and 

then again in 1980 to a pressurised water reactor (PWR). By the time Sizewell B opened in 
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1995, the CEGB had been privatised. Against this backdrop, plans for a sister station at 

Hinkley Point were dropped [4, 6]. Ownership of the civil nuclear fleet passed from the 

CEGB and South of Scotland Electricity Board to Nuclear Electric and Scottish Nuclear 

prior to privatisation. The more modern AGR and PWR fleets of Nuclear Electric and 

Scottish Nuclear were then combined into British Energy. 

1.1.4 The ‘Nuclear Renaissance’ 
In the early-2000s, environmental commitments and the high price of oil (in excess of $100 

a barrel [7]) meant that nuclear power was once more on the table. EDF Energy had taken 

over British Energy, the then owners of the AGR fleet and Sizewell B. EDF Energy 

proposed a French PWR design, with two reactors to be built at both Hinkley Point and 

Sizewell.  

Despite numerous delays, the Franco-Chinese investment in Hinkley Point C was finally 

approved in 2016. In addition, Hitachi-GE plan to build boiling water reactors (BWRs) at 

Wylfa and Oldbury; a consortium led by Toshiba plan to build three PWRs in Cumbria; 

and a partnership of China General Nuclear Power Corporation and EDF Energy plan to 

build several HP1000 PWRs at Bradwell [8]. 

Against a backdrop of: decreasing oil prices [7] (at the time of writing (January 2018) below 

$70 a barrel [9]); the reducing costs of renewables; economic instability; the cost over-runs 

and delays on reactors under construction; the cancelation of reactor programmes in some 

western countries; the decision not to invest in plant extensions in other countries; the 

challenges of decommissioning; uncertainty over the location of geological disposal 

facilities and international hostility to nuclear power, it remains to be seen how many of 

these planned plants are constructed [10, 11]. 
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1.2 Overview of Reactor Systems 
1.2.1 Reactor Designs 
Pressurised Water Reactors 
Figure 1-1 is a schematic diagram of a PWR. The light water acts as both a moderator (to 

slow the neutrons to thermal energies in equilibrium with the water at 300 ºC and increase 

their ability to cause fission) and coolant. The pressurised water is contained within a 

primary circuit, together with reactor coolant pumps and a pressuriser. The pressuriser 

maintains a primary coolant pressure of 15-16 MPa. This is sufficient to, apart from a small 

amount of nucleate boiling on the surface of the fuel pins, prevent bulk boiling in the 

primary circuit. Boiling occurs within the secondary cooling circuit and the steam generated 

turns a turbine and generator to generate electricity. The ultimate heat sink can either be a 

river, the ocean or a cooling tower. In the event of either an increase in temperature, loss 

of pressure or boiling, the reactivity of the reactor is reduced. PWRs and BWRs are both 

examples of light water reactors (LWRs). A BWR differs chiefly in lacking a secondary 

circuit and the occurrence of boiling in the primary circuit. 

 
Figure 1-1 – Schematic of a pressurised water reactor [12]. 
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Advanced Gas-Cooled Reactors 
Figure 1-2 shows a schematic of an AGR; it is a more complicated schematic than that in 

Figure 1-1, to aid the reader familiar with the PWR but not AGR design. The core consists 

of a large number of graphite moderator blocks. Carbon dioxide coolant is blown through 

the core by gas circulators. Most gas is pushed up through the core and past the fuel 

elements, however some initially by-passes the core, before being blown down through the 

graphite to cool it. Primary coolant gas then passes down through boilers, where heat is 

transferred to the secondary circuit. 

 
Figure 1-2 – Schematic of an advanced gas-cooled reactor [13]. 
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1.2.2 Fuel Design 
Fuel Pellets 
Fuel for both AGRs and PWRs consists of cylindrical pellets of ceramic uranium dioxide, 

enriched in 235U to 3-5%. The advantages of uranium dioxide are that it can accommodate 

a wide range of fission products within its lattice; it is dimensionally stable; and is resistant 

to melting to a high temperature (approximately 2,900 ºC [14]). The principal disadvantage 

is its low thermal conductivity. AGR fuel pellets are approximately 15 mm in diameter and 

height and contain a central bore of approximately 6 mm diameter. PWR pellets are 

approximately 8 mm in diameter, are of a similar length to AGR pellets and contain no 

central bore. Figure 1-3 shows typical AGR and PWR fuel pellets, including the chamfers 

at the pellet corners, which reduce the probability of pellet chipping when loading pellets 

into the pins; the stress at the pellet edges; and, the stress concentration in the cladding 

upon contact, as well as the dishes (depressions in the central regions of the pellet face) 

which accommodate fuel expansion. 

 
Figure 1-3 (a) - A typical AGR fuel pellet [15]. (b) - A typical PWR fuel pellet [16]. A chamfer at the pellet 
corners can be observed, together with a flat ‘land’ at the pellet end and a central dish. 
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Fuel Pins 
The fuel pellets are contained within metallic cladding to form fuel pins. In PWRs, the 

cladding is a zirconium alloy. In AGRs, the cladding is a specially modified stainless steel. 

The fuel pin is approximately 4 m long in the PWR and 1 m long in the AGR. Endcaps are 

welded into place at the ends of the fuel pins and in AGRs, alumina insulating pellets 

provide thermal protection for the welds. In order to accommodate gaseous fission products 

released into the pin, PWR fuel pins include a plenum and spring at the top; in AGR pins, 

the central bore performs this function. Two unique design features of the AGR fuel pin, 

shown in Figure 1-4, are pellet anti-stacking grooves (ASGs) and cladding ribs. The ASGs 

are milled into standard length pellets to prevent the axial ratcheting of pins. They are located 

at the top and bottom of the pin and then typically every three pellets [17], giving 22 ASGs per 

fuel pin [18]. The ribs are machined into the cladding in order to enhance turbulent flow in 

the coolant and therefore improve heat transfer from the cladding to coolant [3]. 

 
Figure 1-4 – An AGR fuel pin, with fuel pellets, end cap and anti-stacking groove [19]. The ribs on the 
cladding surface enhance turbulent coolant flow around the fuel pin and improve heat transfer. 
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Fuel Elements 
The fuel pins are grouped into fuel elements. An AGR fuel element, shown in Figure 1-5(a), 

contains thirty six fuel pins held together by spacer grids / braces, some containing burnable 

poison cables and surrounded by a graphite sleeve. Seven or eight fuel elements are placed 

on top of each other to form a single fuel stringer, linked together by a tie bar. A PWR fuel 

element, shown in Figure 1-5(b), contains typically 264 fuel pins (17x17 pins, less a central 

control guide tube and 24 other guide tubes [20]), held together using zirconium alloy grids 

with control rod guide tubes and nozzles.  

 
Figure 1-5 (a)– An AGR fuel element [21]. (b) – A PWR fuel pin and fuel element [22]. 
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1.3 Post-Irradiation Examination 
1.3.1 Pressurised Water Reactor Fuel 
Figure 1-6 shows typical optical macrographs of sections of irradiated PWR fuel. In Figure 

1-6(a), a number of large pellet cracks can be seen, some commencing at the centre of the 

pellet and some from a circumferential crack some way into the fuel. Figure 1-6(b) shows 

the cladding of fuel which has been experimentally ramp-tested and exhibits inside-out 

cracking resulting from pellet-clad interaction. In the left hand image of Figure 1-6(c), a 

central pellet region or core can be seen, with radial cracks extending from a circumferential 

crack defining it. In the right hand image of Figure 1-6(c), some radial cracks can be seen 

passing from the central pellet region into the outer region. It should be noted that the 

cladding and fuel are not normally reported as bonded, as evidenced in the clad shown in 

Figure 1-6(b). 

 
Figure 1-6 (a) – An optical macrograph of pressurised water reactor fuel irradiated to 40 GWd tU-1 [23]. 
(b) – An inter-granular failure in ramp tested fuel [24]. (c) – Power ramped fuel near the inter-pellet plane 
[24]; blue arrows show cracks thought to form pre-ramp and red arrows those thought to form during the 
ramp.  
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1.3.2 Advanced Gas-Cooled Reactor Fuel 
Figure 1-7 shows some of the key features seen in post-irradiation examination of AGR 

fuel. A number of radial pellet cracks are seen extending from the pellet bore to the 

cladding. These cross the path of a circumferential crack close to the cladding. Strong 

bonding between the cladding and pellet gives rise to an adherent sliver of fuel bonded to 

the cladding, in which hairline cracks, termed ‘ladder cracks’, are observed. Ahead of a 

radial crack extending through the sliver and underlying pellet, can be seen a short crack in 

the cladding, termed a ‘clad bore crack’. Clad bore cracks (CBCs) are normally benign, and 

many are observed, but in a small number of instances have grown through the cladding to 

cause fuel failure [25].  

 
Figure 1-7 Typical features observed in post-irradiation examination of advanced gas-cooled reactor fuel 
[26].  
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The features shown in Figure 1-7 are assumed [27, 28] to form by the following process: 

 During the initial rise to power, the temperature gradient across the fuel causes the 

pellet to crack radially. This is supported by peridynamic modelling by Mella and 

Wenman [29]. 

 The cladding creeps down onto the pellet, making contact with the pellet on the 

timescale of hours to years, depending upon the fuel element. 

 A strong bond forms between the cladding and fuel. Experiments have shown that 

in the absence of irradiation a strong bond, with a shear strength of 6 MPa, can form 

between uranium dioxide and stainless steel cladding held at 650 ºC for 1875 hours 

at a contact pressure of 4 MPa (AGR coolant pressure) [30]. 

 Subsequent decreases in reactor power cause central regions of the fuel to contract 

more than the outer regions. This results in circumferential cracks in the fuel pellet. 

 The result is the formation of cladding with a sliver of fuel bonded to it. Pellet 

fragments are able to move underneath the sliver. 

 Hairline radial ‘ladder cracks’ form in the sliver of fuel as the result of the larger 

coefficient of thermal expansion in the cladding than the fuel. 

The CBCs are not always coincident with a macroscopic radial crack through the pellet and 

sliver [31]. However, in cases where CBCs have been observed to cause failure, they are 

coincident with a macroscopic radial crack [32, 33]. 
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1.4 Pellet-Clad Interaction 
Figure 1-8 gives a schematic of pellet-clad interaction (PCI) in LWR and AGR fuel. 

Common features include the radial displacement of the pellet surface into the cladding and 

azimuthal frictional interaction between the cladding and pellet near the pellet crack tip. 

This gives rise to stress concentration in the cladding.  

1.4.1 Definition of Terms 
‘Pellet-clad interaction’ is a broad term describing a number of phenomena. 

Typically, in the light water reactor community, ‘PCI’ is understood to refer to the iodine-

assisted stress corrosion cracking of the zirconium alloy cladding due to contact with fuel 

fragments [34]. This is however a relatively modern understanding and places great 

importance upon the role of iodine as the chief aggressive species. In the same community, 

pellet-clad mechanical interaction, ‘PCMI’, is understood to be the result of relatively quick 

power transients, in which pellet fragments interact with the cladding and give rise to stress 

in the cladding. Under these conditions, iodine is assumed to play a minor role. Chemical 

interaction between the cladding and pellet can result in bonding and are sometimes 

referred to as pellet-clad chemical interaction, ‘PCCI’, or fuel-clad chemical interaction, 

‘FCCI’. 

In the United Kingdom AGR community, the term ‘PCI’ is used to refer to any interaction 

between the cladding and fuel [28]. The mechanistic role of iodine in the development of 

cladding cracks is not considered separately, and bonding between the clad and pellet is 

seen as an intrinsic part of ‘PCI’ rather than a separate process. One of the key aspects of 

PCI in the AGR system is the differential thermal expansion between the stainless steel 

cladding and the ceramic fuel bonded to it. 
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1.4.2 Mechanisms 
Tomalin et al. [35] describe pellet-clad interaction in light water reactor fuel, shown in 

Figure 1-8(a), as brittle fracture occurring as the result of interaction between localised 

cladding deformation, resulting from the motion of gaps between pellet fragments, and 

embrittling fission products. One fission product identified as being key to PCI failures is 

iodine [36-38]; the role of iodine in LWR PCI is discussed in more detail in Chapter Two. 

In AGR fuel, shown in Figure 1-8(b), a sliver of fuel is bonded to the cladding and the fuel 

fragments move underneath this composite [39]. Clad failure is thought to be the result of 

creep ductility exhaustion rather than fission product induced stress corrosion cracking 

[28]. Damage can take the form of either CBC growth or clad wall thinning; both are 

described in Section 2.1.3. 

 
Figure 1-8 - A schematic of pellet-clad interaction in: (a) – pressurised water reactor fuel and (b) – 
advanced gas-cooled reactor fuel. Reproduced from Fig. 1 in [35] and Fig.1 in [39]. 
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1.5 Differentiating Features in the AGR System 
Several key differences can be identified between pellet-clad interaction in AGR and LWR 

systems: 

 In the AGR system, the cladding is manufactured from (20% Cr, 25%Ni, Nb 

stabilised) stainless steel. This material has a greater creep rate than the zirconium 

alloys used in LWRs [40]. 

 AGRs operate at much higher temperature than a LWR. For a typical PWR, the 

coolant temperature increases from 290 ºC (inlet) to 325 ºC (outlet) [41]. For an 

AGR, coolant temperatures at full power can range from 510 to 795 ºC [42]. 

 As described above, the range of temperatures seen by the cladding is much greater 

in an AGR than a LWR.  

 The reactor power density is lower in an AGR than a LWR [3]. 

 Bonding between the cladding and fuel is observed much earlier in life in an AGR 

than a PWR. Typically, a bond is observed in PIE of AGR fuel after around eighteen 

months [43, 44]. In a LWR, bonding is associated with very high burn-up fuel [45, 

46]. 

 PCI induced cladding failures in LWRs are assumed to be caused by iodine-assisted 

stress corrosion cladding [36]. In the AGR system, they are assumed to be caused 

by creep ductility exhaustion [47-49]. 

 PCI failures in the LWR system are assumed to be a hairline crack, frequently at 

the pellet end [36]. In the AGR system, cracks are observed to extend axially over 

a number of fuel pellets [50, 51]. 

These differences will be examined in more detail in Chapter Two.  
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1.6 Key Objectives 
The work contained within this thesis has been financially supported by EDF Energy and 

the Engineering and Physical Sciences Research Council (EPSRC). The key objectives of 

the PhD are: 

 To better understand the mechanisms and processes likely to contribute to recent 

fuel failure through pellet-clad interaction in AGR fuel. 

 To develop a finite element model, better able than the current ENIGMA-based 

methods, to predict the impact of changes in operating conditions and procedures 

upon pellet-clad interaction and clad bore crack growth. 
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Chapter 2 Literature Review 
Pellet-clad interaction (PCI) is a complicated phenomenon due to the extreme conditions 

in a nuclear reactor. Many of the key processes are dependent upon the temperature, 

neutron flux, irradiation damage and morphological changes encountered during the dwell 

of fuel in reactor.  

Due to the nature of nuclear research and commercial sensitivity, a great deal of information 

about PCI and fuel performance more generally is held by regulators, operators and vendors 

and not therefore publically available. This work primarily covers sources available in the 

open literature. It also makes use of research and data obtained by the author from EDF 

Energy and its predecessors. 

Several reviews are available in the open literature and highly recommended. Cox’s 1990 

review of PCI [1] is wide-ranging and although focused slightly upon the Canadian 

CANDU design, considers all reactor systems and is rooted in experiments. The 

proceedings of an Organisation for Economic Co-operation and Development meeting in 

Aix-en-Provence in 2004 [2] provide a more modern update. The meeting focused upon 

fuel performance computer modelling and the results of a number of irradiation 

programmes. 

Due to the greater number of light water reactors worldwide, this review relies heavily upon 

research on light water reactor fuel, but places it in the advanced gas-cooled reactor context. 

Parts of this review have been previously published by the author [3-5].  
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2.1 Post-Irradiation Examination of Nuclear Fuel 
Failures due to PCI were first observed in boiling water reactors (BWRs) in the early 1960s 

[1, 6], and have since been observed in pressurised water reactors (PWRs) [7-9], Canadian 

heavy water CANDU reactors [10], Russian VVERs [11, 12] and British advanced gas-

cooled reactors (AGRs) [13, 14]. 

In this section, a summary of the rates of failure in each reactor system is given; examples 

of PCI failures, as seen in post-irradiation examination, of both light water reactor (LWR) 

and AGR fuel are shown and brief consideration made of the effect of different operating 

strategies.  

Stress-corrosion cracking is the widely accepted PCI failure mechanism in both light water 

and CANDU reactors. In AGRs, the dominant PCI failure mechanisms are the growth 

through creep of clad bore cracks and clad wall thinning [15, 16]. 

2.1.1 Overview of Fuel Failures 
Light Water Reactor Operational Experience 
The first part of this section concentrates on LWRs due to their prevalence and the wealth 

of information in the open literature about them. Figure 2-1(a) shows the number of fuel 

failures per unit of energy for LWRs in the USA between 1980 and early 2002 [17]. Whilst 

more recent country-specific data is available in the literature [217], it shows a similar trend 

to that presented here. Despite early failures being dominated by BWRs, their performance 

has improved significantly thanks to the measures detailed in Sections 2.5.2 to 2.5.5. As a 

result of these, PWRs have shown a greater failure rate than BWRs over the last thirty 

years. Both reactor designs have seen a decrease in the rate of fuel failures over time; this 

is an impressive achievement against a backdrop of increased burnup at discharge, shown 

in Figure 2-1(b). 
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Figure 2-1 – (a) - The rate of fuel failures per unit of energy in the United States between 1980 and 2002. 
(b) – The average discharge burnup over the same period. Reproduced from Figs. 1 and 2 in [17].  

Figure 2-2 breaks down, by primary mechanism, the US fuel failures in both PWRs and 

BWRs between 1980 and 2002; it is based upon data in [17]. Just 10% of failures in BWRs 

were due to PCI and none in PWRs. In PWRs, grid fretting (51%) and debris (14%) cause 

the most concern and in BWRs, crud & corrosion (40%) and debris (26%). In both systems, 

fabrication defects give rise to 4% of fuel failures. The greater influence of crud in BWRs 

is likely to be due to the much greater boiling fraction whilst grid fretting is an area of 

ongoing research [18-20]. In the PWR community, PCI remains a subject of research due 

to the loss of power generating capacity owing to the operational restrictions described in 

section 2.5.5. 

  
Figure 2-2 – The primary mechanism behind each fuel failure in the United States between 1980 and 2002. 
Based upon data from Tables 1 and 2 in [17].  

The data presented in Figure 2-1 and Figure 2-2 show that over a diverse range of operators, 

PCI has resulted in very few failures in the PWR system and a decreasing number of failures 

in the BWR system; the data is however over fifteen years old and limited to only one 

country. The importance of understanding PCI is in its impact upon reactor utilisation; this 

is discussed in Section 2.1.4. 
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CANDU Reactors Operational Experience 
Summarising the CANDU experience between 1969 and 1979, Wood noted that of 169 

confirmed fuel failures, 134 were due to PCI during operational ramps; 20 were due to 

other factors such as fretting, mishandling and manufacturing defects and 15 were not 

investigated [21]. The rate of PCI failures was reduced in these reactors substantially by 

the mitigation strategies discussed in Sections 2.5.1 to 2.5.5. 

Advanced Gas-cooled Reactors Operational Experience 
Figure 2-3 shows the number of fuel failures by year and element number for each fuel 

failure mechanism in the AGR system; the data does not include failures in the 

experimental Windscale AGR. The total installed capacity of the AGR fleet is 8.38 GW(e), 

meaning that the peak rate of fuel element failures was 2.4 failures per GW(e) in 2016 and 

0.7 failures per GW(e) over the preceding decade. The latter figure is between that typically 

observed for PWRs and BWRs in Figure 2-1(a) and the former is below that observed in 

BWRs in the early 1980s. In comparing these figures, it should be remembered that an 

AGR assembly consists of seven or eight fuel elements. The elements remain connected 

into a single assembly throughout their life in reactor and, unlike in a MAGNOX reactor, 

individual fuel elements are not routinely shuffled [22]; a failure in a single fuel pin will 

therefore result in the entire stringer being deemed to have failed [15]. Assuming a single 

pin failure per fuel failed element or stringer, the AGR fuel pin, AGR fuel element and 

AGR fuel stringer failure rates will be the same. Given that the number of pins in an AGR 

stringer is 288 (252 at Dungeness B), the pin and channel failure rates in AGR and LWRs 

(typically 264 pins) will be comparable.  

 



Chapter 2 - Literature Review 
Post-Irradiation Examination of Nuclear Fuel 25 

 
Figure 2-3 – The primary mechanism behind each fuel failure in AGRs by (a), element number and (b), 
year. Elements are numbered from the bottom of the reactor and no failures have been observed in element 
one. The category ‘inconclusive’ includes failed fuel awaiting post-irradiation examination; fuel deemed 
to not require examination; and, fuel in which no clear failure mechanism was identified under post-
irradiation examination. Produced by the author from [24]; correct to 14th February 2017.  
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Examining Figure 2-3 (a), a pattern can be seen whereby a fuel failure mechanism emerges, 

becomes dominant for around a decade and then decreases in importance following 

engineering or operational changes. In the 1980s, failures were mostly caused by either 

missing pellet surfaces or the failure of end-cap welds; following improvements to the 

manufacturing process, the last failure due to manufacturing defects was in 1993. In the 

1990s, a number of fuel failures were caused by rotating pins and ratcheting; these 

mechanisms were removed by the use of multi-start fuel ribbing on the pins [23]. In the 

early 2000s, a series of fuel failures due to overpressure were associated with the onset of 

heavy carbon deposition in a number of reactors; reductions in reactor power level reduced 

the number of these failures. In the 2000s and early 2010s, the dominant mechanism of fuel 

failures was pin-brace interaction; this mechanism was removed by the use of machined 

rather than welded braces as part of the ‘robust’ fuel programme [23] and no failures have 

been seen due to pin-brace interaction since 2013. The time taken for a mechanism to retire 

is due to the fuel dwell time of five to ten years in an AGR core and the engineering 

challenge in making changes to safety critical systems.  

A number of the fuel failures which have been detected since 2012 are either still in reactor, 

in cooling ponds, in buffer stores awaiting examination or disposed of without examination 

[15]. A significant number of the 2016 failures have been postulated to have been caused 

by secondary recrystallisation of the cladding due to heavy carbon deposition in 

conjunction with PCI. Due to the spike in fuel failures in 2016, the decision was taken to 

reduce power at affected stations and to ‘over-blow’ the reactor by increasing the coolant 

flow at a reduced power [25], thereby reducing the cladding and fuel temperatures.  

PCI was first observed in AGRs in 2001 and the role of clad bore cracking within PCI 

formally acknowledged from 2009. Figure 2-3(b) shows that whilst failures due to pin-

brace interaction are associated mainly with element four, failures due to PCI are associated 

with elements two, three and occasionally seven. The elements two and three failures were 

at reactors with heavy carbon deposits and therefore greater cladding temperature [15, 26-

28]. The significant number of failures in which the element number is unknown is of some 

concern, since the position at which PCI and clad bore cracking are important cannot 

readily be determined. Hopefully, if and when post-irradiation examination is carried out 

on failures since 2012, the picture of the location of recent failures in AGRs with mixed 

thickness and morphology of carbon deposits will become clearer. 
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2.1.2 Clad Bore Cracking in Advanced Gas-Cooled Reactors 
Typical Clad Bore Cracks 
Post-irradiation examination has revealed a population of clad bore cracks in bonded AGR 

fuel. Figure 2-4 shows six of the clad bore cracks observed in a single pin. This was an un-

failed pin from element eight at Hunterston B; a pin in element seven of the same stringer 

had failed. The clad bore cracks shown in Figure 2-4 were described as being “hairline and 

inter-granular” with lengths in the range 15-45 µm. Of interest, damage consisting of pitting 

and small penetrative attack, similar to volatile fission product attack, was seen to a depth 

of up to 8 µm [26]. This feature is not usually reported in AGR fuel. 

 
Figure 2-4 – Macroscopic images of typical benign clad bore cracks. The clad appears white with pits and 
cracks in black. The pellet appears dark grey. The pin is from Hunterston B, reactor 3, position 34:82, 
stringer P3019, element 8, pin 26 with a stringer mean irradiation at discharge of 14.8 GWd tU-1. 
Reproduced from Fig. 44.1, 44.3-4, 44.7-9 in [26]. 

Clad Bore Crack Initiation 
The initiation mechanism for clad bore cracks in AGR fuel is not currently well understood. 

Given that manganese has been found in the clad-pellet bonding layer [29] and that 

manganese is associated with hardening in stainless steel, the initiation mechanism could 

be similar to that of the short inter-granular incipient cracks, due to irradiation and fission 

product hardening, seen in other reactor systems [30]; these are described in Section 2.4.1. 

Whilst it is generally accepted that initiation of clad bore cracks coincides with the 

formation of a clad-pellet bond [22, 31], this might not be the case for all fuel. Post-

irradiation examination of the fuel shown in Figure 2-4, described in [26], revealed that the 

element eight pin was not significantly bonded and that clad bore cracks were observed 
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even in un-bonded sections. Given the high fuel temperature, the lack of bonding in an 

element eight pin at a burn-up of almost 15 GWd tU-1 is surprising. It could however be 

argued that the bonding was light and was broken either during blow-down (during which 

coolant pressure is removed from the fuel pin), storage in cooling ponds, transportation or 

examination.  

Clad Bore Crack Depth Statistics 
Research has focused upon predicting crack growth from a given incipient crack length 

since it is known that the vast majority of clad bore cracks are benign [14]. Based upon 

evidence from post-irradiation examination, clad bore crack growth has historically been 

postulated to be due to creep cavitation [32, 33]. However the role of fission products, 

mechanical and thermal fatigue cannot be ruled out. Creep cavitation is a tertiary creep 

mechanism, in which cavities grow and coalesce at grain boundaries [34]. Cavity 

nucleation depends upon shear stresses, whilst cavity growth requires vacancy 

condensation driven by stress components perpendicular to the grain boundary [35]. 

Figure 2-5 gives an overview of the entire clad bore crack database [36]. The database 

consists of fuel with either light or no carbon deposition. It is therefore of limited 

applicability to current AGR operations at stations with significant carbon deposition. In 

addition the database has not been updated since 2006; in particular the failures due to clad 

bore cracking in elements two and three, shown in Figure 2-3(b), are not included and there 

are relatively few samples in these lower elements. Bearing in mind these caveats, Figure 

2-5 shows that for un-deposited fuel: 

 The proportion of samples with clad bore cracks increases up the reactor core. It 

should be noted that fuel elements are numbered from the bottom to the top of the 

reactor core and that the cladding coolant temperature increases with fuel element 

number. 

 Clad bore cracks in fuel elements without carbon deposition are limited to elements 

four to eight; this is not true of deposited fuel. 

 The average number of clad bore cracks in a macrograph sample decreases from 8 

in element four to 1 in element eight. 

 The maximum crack length observed is between 36 and 72 µm in elements four to 

seven and 8 µm in element eight. 
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 The mean crack length decreases up the reactor from 22 µm in element four to 8 

µm in element eight. 

 
Figure 2-5 – The proportion of samples with clad bore cracks; the mean number of samples with a clad 
bore crack; the mean crack length; the maximum crack length and the number of samples from each 
element in the clad bore crack database. Produced by the author from transverse samples in [36]. 

Given that samples in post-irradiation examination frequently contain a number of clad 

bore cracks, the distribution of cracks within a pin can be described by a statistical 

distribution. An exponential distribution is used to describe the distribution of clad bore 

crack lengths in a pin [31]. This is given by equation (2-1), in which P(a) is the probability 

that a crack has a length greater than a. 

 𝑃(𝑎) = 𝑒(−𝑎
�̅�⁄ ) (2-1) 

Despite an extensive clad bore crack database with 1290 samples by 2006 [36], obtaining 

meaningful results has proved challenging. Figure 2-6 shows an example of the challenge 

faced when testing a simple hypothesis that either the number of, or the depth of, clad bore 

cracks should increase with fuel burn-up. The data points were limited to cases in which at 

least nine cracks were observed in a transverse section of an outer ring pin taken from an 
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element six position, discharged from Hinkley Point B, reactor four, between 1982 and 

1995. These criteria were chosen to give a large number of samples from fuel exposed to a 

similar irradiation history. It was difficult to demonstrate that either the maximum crack 

depth or number of cracks increased with fuel burn-up. Given the challenges associated 

with making use of clad bore crack statistics, attention has been directed towards the 

computer modelling of PCI and clad bore crack growth. 

 
Figure 2-6 – The longest crack measured; 95% probability crack length (assuming an exponential crack 
distribution) and the number of cracks observed in fuel pins under post-irradiation examination. Each 
data point represents a pin with at least nine clad bore cracks observed in transverse samples of un-
deposited fuel, taken from Hinkley Point B reactor four, element six outer ring between 1982 and 1995. 

2.1.3 Failures in AGRs due to Pellet-Clad Interaction 
Failures due to Clad Bore Cracking 
Figure 2-7 shows a micrograph of a typical failure resulting from a clad bore crack. Several 

features of the failure can be readily identified: 

 A radial crack in the fuel pellet, extending from the pellet bore to the pellet outer 

surface [37]. 

 A clad bore crack through the cladding, ahead of this radial crack. 

 Bonding between the cladding and pellet. 

 A circumferential crack in the pellet, leaving a sliver of fuel bonded to the cladding. 
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 Carbonaceous deposit on the cladding; it is possible that the spallation occurred 

following removal from the reactor. Note that this carbon deposit is not seen in all 

fuel failures. 

 Extension of the clad bore crack axially along several pellets – there are normally 

two pellets between each anti-stacking groove [38], labelled on Figure 2-7. 

 
Figure 2-7 - Post-irradiation examination of a failure in Torness reactor 1, element 3, pin 32. Reproduced 
from Figs. 28, 29, 30 and 39 in [28]. (a) – A photograph of the outside of the fuel failure taken along 
several stacks of pellets between anti-stacking grooves. (b) – A higher magnification photograph of the 
failure site, showing the spalling clad deposit at that point. (c) – A macrograph of the failure site, showing 
circumferential and radial fuel cracks and a sliver of fuel bonded to the cladding. (d) – An insert showing 
the failure site in more detail. 

Failures Involving Clad Wall Thinning 
Clad wall thinning can occur when a strain concentrator such as a crack through the sliver 

gives rise to bulk continuum damage in the cladding, rather than clad bore crack growth 

[15, 31]. In the PCI methodology, the combination of clad wall thinning and clad bore 

cracking is considered [39]. An example of the combined action of clad wall thinning and 

clad bore cracking is failure 121 in the prototype Windscale AGR (WAGR), shown in 

Figure 2-8. 
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Figure 2-8 - The combination of clad bore cracking and clad wall thinning observed in WAGR failure 121 
away from the failure site. Reproduced from Fig. 12 in [40]. 

Comparison to Failures in LWR & CANDU Fuel 
Fuel failures in LWRs are associated with stress-corrosion cracking rather than the growth 

of otherwise benign clad bore cracks. Three necessary factors can be identified as 

sufficiently high stress; an aggressive environment; and a susceptible material. In LWR 

fuel, zirconium alloys are susceptible to iodine-induced stress-corrosion cracking; the stress 

raisers are typically either missing pellet surface or a crack at a pellet end [41]. Stress-

corrosion cracks in LWR fuels are frequently pin-point punctures [1, 41, 42]. This should 

be contrasted with PCI failures in AGRs, which extend over a number of pellets and in 

which the initiation site is frequently at the centre of a pellet’s axial height [43].  

2.1.4 The Impact of Reactor Operation upon the Failure Rate 
Given that fuel undergoing load-following cycles is subjected to more power variations, it 

might be assumed that more fuel failures can be attributed to this fuel than fuel in baseload 

stations. This has not been the case in French and Canadian water-cooled reactors [1]. This 

good performance however might be due to operational restrictions discussed in Section 

2.5.5. 

The implementation of on-load re-fuelling at some AGR stations, during which reactor 

thermal output is cycled between 30% and 70%, over a period of several hours, increases 

the range of conditions routinely experienced in an AGR. Despite the increased range of 

conditions experienced at stations refuelling on-load, no statistical increase in the rate of 

fuel failures at these AGR stations has been observed [22].  
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Although on-load refuelling was associated with the first recorded instances of PCI, the 

mitigations discussed in Sections 2.5.1 and 2.5.3 have reduced the impact of on-load 

refuelling in CANDU reactors. 

2.2 Pellet Cracking 
During routine operation, the parabolic temperature gradient across the radius of the fuel 

pellets and associated thermal expansion causes both radial and azimuthal cracks to develop 

[44-47]. This gives rise to a ‘wheatsheaf’ shaped pellet, as shown in Figure 2-9. 

 
Figure 2-9 – The idealised 'wheatsheaf' shape taken on by a cracked pellet as a result of thermal 
expansion. Reproduced from Fig. 4 in [44]. 

Both modelling and experiments have shown that radial cracks develop during the initial 

increase to full power [48-50]. In the case of AGR fuel, Mella and Wenman used 

peridynamics, validated against early-life data from low burn-up fuel in the FUELCRAK 

database, to show that cracks were initiated on the inner and outer radii of the pellets 

simultaneously and coalesced [49]. The crack patterns observed in post-irradiation 
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examination were not therefore the result of crack branching, as might be expected from 

examination of the micrographs. In addition, Mella predicted the formation of a single mid-

pellet height crack in the horizontal plane, in agreement with operational experience. The 

peridynamics model relied upon the thermal output from an earlier finite element model 

[51] and did not report a threshold to cracking. It should be noted that the model did not 

consider the feedback between crack formation and pellet temperatures reported elsewhere 

[52]. This piece of work demonstrates the value of modelling to explain results seen in post-

irradiation examination and is one of the few pieces of readily accessible research on AGR 

pellet cracking in the open literature. 

Oguma compared the results of a simple finite element model of pellet cracking in BWR 

fuel to experiments on simulated fuel [50]. The experiment consisted of a fuel pellet with 

a tungsten heating element in a pellet annulus; the pellet was surrounded by annealed 

zirconium alloy cladding. The finite element model utilised volumetric heating within the 

fuel. The finite element model showed the pellet first cracked into two fragments at a linear 

power rating of 6 kW m-1. In the experiments, initial cracking occurred at 3.0 kW m-1, this 

lower value being associated with the steeper thermal gradient in the electrically heated 

pellets compared to the nuclear heating in the modelled pellets. The pellet fragments then 

each cracked in half in a stepwise fashion, as shown in Figure 2-10(a), with the total number 

of radial pellet cracks increasing linearly with power. As shown in Figure 2-10(b), it was 

found that the number of pellet fragments in the experiment also increased linearly with 

linear power rating in the model. 



Chapter 2 - Literature Review 
Pellet Cracking 35 

 

Figure 2-10 - The cracking of pellets during their initial rise to power. (a) – Experiments carried out using 
annular simulated fuel pellets with an electric heating element in the annulus. (b) – Predictions from a 
simple finite element model. Reproduced from Fig. 1 and 3 in [50]; 10 W cm-1 = 1 kW m-1. 

Bernaudat offers a good summary of the crack patterns observed in the post-irradiation 

examination of PWR fuel [8]. Figure 2-11(a) shows a micrograph of a fuel rod irradiated 

under ‘normal’ conditions. Pellet cracks can be seen to be predominantly radial in nature 

and extend through the pellet. No central ‘core’ region can be seen. Figure 2-11(b) shows 

a micrograph of a rod which has been ramped following a period at power. A central core, 

formed by a single circumferential crack can be seen. In the core, there are relatively few 

radial cracks and substantially more in the outer region. The cracks in the outer region are 

thought to be formed by the ramp. Meanwhile, the central core is formed by the process, 

shown in Figure 2-11(c), of crack healing and stress relaxation when the cracks are closed 

at power, followed by the formation of a circumferential crack during shut-down. 

 
Figure 2-11 – Typical micrographs of pressurised water reactor fuel following (a) irradiation under 
‘normal’ conditions and (b) ramp testing following a hold at power. (c) – A schematic of the crack patterns 
formed following (i), an initial rise to power (ii), crack healing at power and (iii), shut-down. Reproduced 
from Figs. 1, 4 and 5 in [8].  
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Since PWR fuel pellets contain no central bore, circumferential cracking in PWRs appears 

to commence at the boundary between the hotter central regions of the pellet in which creep 

can occur [8, 53] and those in which it cannot. In the AGR system, circumferential cracks 

are thought to form as a result of bonding between the cladding and pellets [22]. 

2.3 Pellet-Clad Contact 
One key difference between PCI in PWR and AGR fuel is that the clad and fuel in AGRs 

are thought to remain bonded in all but the most severe transients [14, 22, 31, 54, 55]. 

Meanwhile, the fuel and clad surfaces in light water reactors can slide under friction [9, 45, 

53] and only become bonded at high burn-ups, typically in the range 45-50 GWd tU-1 [56-

58]. 

2.3.1 Variation up the Reactor 
During operation, the pellets take the ‘wheatsheaf’ shape shown in Figure 2-9, with the 

over-lying cladding obtaining a ‘bamboo’ shape as it creeps onto the deformed pellets [7, 

59-62], as shown in Figure 2-12. In light water reactors, PCI tends to occur at the ‘triple 

point’ at which a radial pellet crack reaches the end of the pellet and impinges upon the 

cladding [7]. AGR fuel pellets have a larger chamfer and post-irradiation examination has 

shown clad bore cracks at all positions along the pellet, including the waist [63]. 

 
Figure 2-12 – The development of ‘bamboo’ shaped cladding deformation in LWR fuel. (a) – Schematic. 
(b) – Experimental data for the clad outer diameter change for prototype mixed-oxide fuel irradiated for a 
pressurised heavy water reactor irradiated at Petten . Taken from Fig 21.14 in [62] and Fig. 3 in [61]. 

AGR fuel is exposed to a greater range of operating conditions than light water reactor fuel 

due to the greater temperature change along the reactor's cooling channels as a result of the 

lower heat capacity of carbon dioxide compared to that of water. Combined with the higher 

temperatures and more rapid creep in the stainless steel cladding, this means that contact is 
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rarely made in the cooler element at the bottom of the reactor and, as shown in Figure 2-13, 

is made within hours in the hotter elements at the top of the core [38, 64]. 

2.3.2 Pellet-Clad Bonding 
The Formation of Bonding in Advanced Gas-Cooled Reactor Fuel 
Out of pile experiments on uranium dioxide and AGR cladding have found that a bond is 

formed between the steel and fuel by around 1875 h at 650 ºC, equivalent to approximately 

5 GWd tU-1[29]. Formation of a bond in a reactor is likely to be accelerated by irradiation-

enhanced diffusion and possibly slowed by minor fluctuations in temperature and pin 

motion. Out-of-pile adhesion tests on un-irradiated fuel and post-irradiation examination 

have revealed that the bonding layer between the cladding and pellets in AGR fuel consists 

of oxide phases containing chromium, caesium and enriched in manganese and silicon with 

respect to the cladding [29]. 

It is generally assumed that around 80 % of the fuel in an AGR core will be bonded [14, 

65]. Based upon predictions made by the ENIGMA fuel performance code, Figure 2-13 

shows the typical time taken for the clad and fuel to make contact and then bond for the 

eight elements in an AGR. In the presence of carbon deposition, the time to contact and 

bonding will be reduced due to the elevated fuel and clad temperatures [31]. 
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Figure 2-13 - The time taken for clad-pellet contact and bonding in an AGR reactor. Reproduced from 
Slide 12 in [31]. 

Ladder Cracking 
In AGR fuel microscopy, some instances of radial micro-cracking along fuel grain 

boundaries have been observed in the adherent sliver of fuel. These micro-cracks are 

termed ‘ladder cracks’. Although not frequently observed in AGR fuel [63], they are 

assumed to be present in all bonded fuel [22]. When bonded fuel is modelled using the 

NIMROD model within the ENIGMA fuel performance code, the elastic modulus of the 

sliver is reduced by a factor of 30 when the sliver is in tension to simulate heavily cracked 

fuel with open cracks [14]. Of interest, ladder cracks are observed more often in post-

irradiation examination of bonded PWR fuel than of AGR fuel [43].  

The implementation of sliver softening due to ladder cracking into ENIGMA’s NIMROD 

model for bonded PCI was necessary to prevent the prediction of unphysical numbers of 

fuel failures in bonded cladding [22, 31]. There is however some doubt as to whether they 

are actually present and whether some other mechanism might be responsible [43, 66]. 
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Arguments for the lack of ladder cracks include the difficulty in observing them in 

macrographs and the lack of grain de-coherence observed in post-irradiation examination. 

Evidence for their presence includes the observation of hairline cracks following extensive 

investigation of the mandrel tests at Berkeley Nuclear Laboratories and the likelihood that 

the cracks would be closed when the fuel is cold [67].  

The last argument follows from the necessity for contact and little relative motion between 

the cladding and fuel during the bonding process at power. When the reactor power is 

reduced, the temperature of both materials is reduced by several hundred Kelvin. Due to 

the greater coefficient of thermal expansion of the cladding, a compressive force will be 

exerted upon the fuel bonded to it, therefore closing the ladder cracks in the outer region of 

the fuel. 

It has been suggested that whilst ladder cracks might be present under certain 

circumstances, they might heal during periods of operation when the sliver is in 

compression [43]. 

‘De-bonding’ in Advanced Gas-Cooled Reactor Fuel 
‘De-bonding’, whereby the bond between the sliver of fuel and cladding breaks, has been 

observed in fast ramps of AGR fuel irradiated at Halden [65]. These ramps were typically 

from 13-20 kW m-1 to 35-53 kW m-1 over 90 seconds [15] and would have normally been 

predicted to cause multiple fuel failures [68]. The fact that they didn’t suggests that ‘de-

bonding’ reduces the stress concentration in the ‘ligament’ of cladding ahead of the radial 

crack through the pellet. For this reason, de-bonded fuel is not explicitly modelled in the 

AGR safety case since it is assumed to be non-limiting compared to bonded fuel [69]. 
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2.3.3 Relocation 
‘Relocation’ is a phenomenon whereby following the cracking of a pellet, the fragments 

move radially outwards. This reduces the clad-pellet gap, resulting in earlier contact and 

reducing the pellet temperature. The term is also sometimes used to describe the axial 

motion of the pellet fragments [70]. 

The standard conceptual model for pellet relocation and its impact upon the clad-pellet gap 

is described by [71] and [50]. Figure 2-14 is a schematic of the gap during an experiment 

in which the rod power is increased slowly with time. Initially, during period I, the pellet 

expands, does not crack and the gap reduces due to the thermal expansion of the pellet. At 

point C, the pellet cracks. During period II, the pellet fragments relocate towards the 

cladding and the gap reduces rapidly. At point A, the pellet fragments begin to touch the 

cladding and period III, sometimes referred to as ‘soft-PCI’ begins. During ‘soft-PCI’, the 

pellet fragments make progressively more contact with the cladding, the pellet fragments 

are pushed inwards and the cracks close. This process is often referred to as ‘relocation 

accommodation’. At point B, the pellet fragments become locked together, compressibility 

is lost and the pellet behaves like a rigid body. Region IV, termed hard-PCI, is entered. 

 
Figure 2-14 - Schematic of pellet relocation, relocation accommodation and ‘hard’ and ‘soft’ pellet-clad 
interaction. Reproduced from Fig. 5 in [50], with inserts from Fig. 10 in [71]. The ‘effective gap’ is derived 
from the cladding surface temperature, fuel centreline temperature and linear rating; it includes effects 
associated with the pellet cracks. 
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2.3.4 Friction 
Despite the movement of pellet fragments underneath the cladding or clad-sliver composite 

being important in determining the stress in the cladding [9, 44], very little information is 

available as to the correct coefficient of friction to use in fuel performance codes. In 

addition, the values which are used tend to have little experimental basis.  

Table 2-1 details the coefficient between the fuel pellets and cladding either assumed in 

models or found in experiments. Based upon limited experimental data from Japan, [72, 

73], French codes [45, 53] tend to apply a coefficient of friction of around 0.5. British codes 

[44, 74, 75] use a value of 1.0, closer to Canadian data [76]. Nakatsuka’s data [72, 73] was 

obtained at a contact pressure of 98 MPa and Woods [76] at 14-29 MPa. Of the two, the 

higher value is likely to be more typical of PWR transients [67] and so the British 

assumption represents a conservatism. The only data obtained in-pile is from a Russian test 

reactor [77] and gives a broad range of coefficients of friction, covering both assumptions.  

Table 2-1 - Coefficient of friction values between fuel pellets and cladding given in the literature. 

Model Value  Ref. Basis Notes 

Bozhko et.al., 1991 0.4-

1.2 

[77] Experimental in-pile data VVR-SM test reactor at 4 

MPa and 400 ºC 

NIMROD 

(Bonded AGR Fuel) 

0.0 [32] Used in a computer model. Frictionless between pellet 

and clad-sliver composite. 

Anghel et al., 2010 0.2 [78] Used in a computer model. Sensitivity to 0.4 investigated 

ALCYONE 0.5 [53] Used in a computer model.  

TOUTATIS 0.5 [45] Used in a computer model. Sensitivity to 2.0 investigated 

and the impact upon pellet 

cracking was investigated. 

Smith, 1979 0.5 [79] Theoretical study Based upon the material 

properties of the fuel and 

cladding. 
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Model Value  Ref. Basis Notes 

Nakatsuka, 1981 0.55 [73] Experimental lab-test Un-irradiated zirconium alloy 

and uranium dioxide at 98 

MPa and 300 ºC  

ENIGMA 

(Un-bonded Fuel) 

0.8 [80] Used in a Computer model Applied between the cladding 

and pellet. 

Wood 0.9 [76] Experimental data Un-irradiated zirconium alloy 

and uranium dioxide at 14-29 

MPa and 300 ºC.  

Jackson, 1987 1.0 [75] Used in a computer model  

Gittus, 1970 0.5 [81] Fitting of an empirical model 

to experimental data. 

Expanding mandrel test using 

UO2 pellets and Zircaloy-2 

cladding. 

Gittus, 1972 1.0 [44] Used in a computer model  

Roberts, 1978 1.0 [74] Used in a computer model  
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2.4 Factors Affecting Clad Cracking  
The mechanical loading of the cladding in AGRs differs from that in PWRs due to the 

formation of a strong clad-fuel bond; higher coolant temperatures; an annular fuel pellet; a 

significantly greater coefficient of thermal expansion of the stainless steel cladding 

compared to the fuel; and a wider operating envelope. The result is however similar: stress 

concentration opposite a radial crack through the pellet. 

2.4.1 Crack Initiation 
Short, 10 µm, incipient inter-granular cracks have been observed in the internal bore of the 

soft zirconium liner introduced to mitigate against PCI in the BWR system. A typical 

example is shown in Figure 2-15(a); the similarity to the AGR clad bore cracks shown in 

Figure 2-4 is uncanny. The cracks shown in Figure 2-15(a) are associated with a hardened 

layer of metal rich in fission products thought to be introduced by fission recoil [82]. The 

hardening of a region 10 µm from the clad-pellet interface is shown in Figure 2-15(b) and 

the increased concentration of fission products in Figure 2-15(c).  

 
Figure 2-15 (a) – Typical incipient cracks observed in the zirconium liner of ramped BWR fuel. (b) – 
Hardness of the zirconium liner decreasing with distance from the clad-pellet interface. (c) – 
Concentration of fission products decreasing with distance from the clad-pellet interface. Reproduced 
from Figs. 1a, 3 and 4 in [30]. 
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It should be noted that the location of the incipient cracks in the zirconium liner does not 

always correspond to that of the radial pellet cracks as they are frequently observed at the 

mid-pellet axial position [30]. It is possible that this is the result of pellet relocation and 

azimuthal motion of the pellet fragments.  

In addition to the above mechanism, an additional crack initiation mechanism has been 

proposed for zirconium alloys. Based upon the observation of intergranular cracking near 

to the origins of stress-corrosion cracks and the measurement of weight loss in specimens 

with intergranular attack, it has been postulated that iodine might cause material to be 

removed from the grain boundaries. This would cause slow intergranular cracking until a 

sufficient stress concentration factor is reached to allow faster trans-granular cracking to 

occur [83]. This mechanism is likely to be of less relevance to the AGR system not only 

because of the different cladding material, but also since benign inter-granular clad bore 

cracks are observed to extend to depths in excess of several grains. 

2.4.2 Crack Growth Mechanism 
The lower power density and higher temperatures of the AGRs means that thermal creep is 

more important in the cladding than irradiation creep [84]. Due to irradiation, the clad 

ductility reduces from 10% to 1% [54, 85]. Therefore, it is thought that the cladding 

experiences local creep ductility exhaustion [44, 54, 86], resulting in growth of the clad 

bore crack. Although creep ductility exhaustion is thought to be the dominating method of 

crack growth, fatigue cycling and plastic damage may also play a role. 

Three crack acceleration mechanisms have been proposed for zirconium alloys. Firstly, that 

the anisotropic thermal expansion and growth enhances stress concentration in zirconium 

alloys [87]. Secondly, that small radial hydrides can form close to the clad inner surface 

when the fuel is at lower temperatures and that these can give rise to pitting [88, 89]. 

Thirdly, that second phase precipitates close to the inner surface can cause previously inter-

granular cracks to become trans-granular [90].  

2.4.3 The Impact of Texture in Zirconium Metallurgy  
Historically, two zirconium alloys have been used for light water reactors. Zircaloy-2 has 

been used in BWRs and Zircaloy-4 in PWRs [91]. ZIRLO was introduced by Westinghouse 

in 1987 and M5 by the predecessors of Areva in the early 1990s. The aim of both new 

alloys was improved corrosion and hydrogen pick-up performance at higher burnups 
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compared to Zircaloy-4 [92]. Zircaloy-2 continues to be used in BWRs in conjunction with 

a zirconium liner, as discussed in Section 2.5.2.  

It is accepted that trans-granular cracking in zirconium alloys probably only occurs in the 

basal plane; crack velocities will therefore be texture and orientation dependent [1]. This 

was recognised in Smith and Miller’s analytical models for the crack growth threshold [93]. 

Peehs et al. [94] used a method developed by Tenckhoff to produce a tube from a thick 

plate with the basal pole orientation preferentially perpendicular to the plate surface [95]. 

This artificial tube had a basal pole relative intensity varying with angle, as shown in Figure 

2-16(a). As shown in Figure 2-16(b), it was found that the crack density varied with angle. 

A peak in crack intensity was observed when the angle between the basal pole and surface 

normal was between 50 and 70 degrees. This is clear evidence of the propagation of stress-

corrosion cracks along the basal plane. 

 
Figure 2-16 - (a) The basal pole distribution in the tube produced by Tenckhoff’s technique. (b) – The 
angular distribution in crack density found by Peehs et al. Reproduced from Figs. 5 and 6 in [94]. 

2.4.4 The Role of Fission Products 
‘C-ring’ [89, 96] and simulated fuel experiments [76, 78, 97-100] have been used in 

preference to either pressurised tube [101, 102] or simple mandrel tests to investigate the 

effect of volatile fission products such as iodine upon stress-corrosion cracking in 

zirconium alloys. In the ‘C-ring’ experiments, a section of cladding is cut lengthways and 

then opened in an aggressive environment, thereby creating a tensile stress on the inner 

surface of the cladding. In the simulated fuel experiments, either a brittle ceramic is 

introduced between a mandrel and cladding, or a ridged / cracked mandrel is employed. In 

some cases, the experiments used a pre-cracked cladding sample [103]. 

One notable series of experiments which provide evidence that PCI failures in zirconium 

alloys requires volatile fission products is that of MacDonald et al. [104]. Irradiated 
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cladding, with a low initial ductility due to irradiation damage, was ramp tested with fresh 

fuel pellets with no fission-product build up. The pins were ramp tested to a linear power 

of up to 84 kW m-1 over two five day periods and did not fail. Half of the pins were then 

returned to a lower power of 18 kWm-1 to build up fission products, ramped to a linear 

rating of up to 63 kWm-1 and then failed.  

Anghel et al. used a mandrel inside a notched alumina insert to examine the sensitivity of 

cracking in irradiated un-lined Zircaloy-2 to the iodine concentration [78]. They found a 

critical iodine partial pressure in the region of 0-60 Pa, with little sensitivity to the iodine 

partial pressure beyond this point.  

Whilst iodine has traditionally been held primarily responsible for cracking in zirconium 

alloys, possibly as a result of the body of Canadian work, early work on the subject noted 

the role of cadmium and, to a lesser extent, caesium [105].The process behind failure due 

to these fission products was liquid metal embrittlement rather than stress-corrosion 

cracking [106]. 

PCI in water-cooled reactors is thought to be dominated by stress-corrosion cracking 

caused by fission products [107-109]. In AGRs, the clad temperatures and iodine mobility 

are higher. If iodine were required for clad failure, it is assumed to be present in a sufficient 

concentration that its arrival at the crack process zone would not be the rate-determining 

step [22]. There is however no experimental evidence supporting this hypothesis. 

2.4.5 Carbonaceous Deposit 
The formation of a carbonaceous deposit, shown in Figure 2-17, on the cladding of AGR 

fuel is frequently observed in post-irradiation examination [66]. This acts as a thermal 

insulator and elevates the cladding temperature and, therefore, fuel temperature [110]. 

Evidence for the thermal insulation includes phase transformation in the cladding and 

increased fuel porosity. Of interest, it has been noted that the carbon deposit is frequently 

not uniform around the pin [111] and cross-pin temperature tilts of up to 250 ºC have been 

inferred [63]. Increased levels of deposition increase the fuel swelling and clad temperature. 

This increases the cladding creep rate and therefore, it has been hypothesised, the clad bore 

crack growth rate. 

Two methods can be used to assess the carbon deposit: endoscope surveys in reactor ponds 

and post-irradiation examination in hot cells. Measurements from the more expansive 
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endoscope surveys are validated by measurements in hot cells and used to derive a heat-

transfer impairment value. This is the ratio of the temperature drop between the clad and 

coolant in deposited fuel to that in clean fuel and is used in reactor assessments. Deposits 

have been observed with a range of thicknesses and morphologies [112]. Figure 2-17(a) 

shows granular deposits observed by pond endoscopy; Figure 2-17(b), columnar deposits 

observed by pond endoscopy; Figure 2-17(c), ‘light’ deposit observed in hot cells and 

Figure 2-17 (d), ‘heavy’ deposit observed in cave. Of interest, Figure 2-17(d) is an example 

of what is termed ‘duplex’ deposit, with light granular deposit on top of columnar deposit. 

This is a highly effective layer of insulation and gives rise to a significant heat-transfer 

impairment. 

 
Figure 2-17 – Carbon deposit on AGR fuel pins. (a) –Endoscopic photograph of ‘granular’ deposit. (b) – 
Endoscopic photograph of ‘columnar’ deposit. (c) – Hot-cell photograph of ‘light’ deposit. (d) – Hot-cell 
photograph of ‘heavy’ deposit.  Taken from Slide 6 in [113]. 

The mechanism for carbon deposition is thought to be the radiolysis of carbon dioxide and 

methane to form ethane, followed by catalytic deposition and polymerisation on nickel 

particles [113]. The nickel particles can be ‘intrinsic’, from the cladding itself, or 
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‘extrinsic’, from metal in the boilers [114]. The level of deposition differs from station to 

station and even reactor to reactor. Two approaches have been considered to mitigate 

against carbon deposition [115]. The pre-oxidisation of the cladding by annealing in a moist 

hydrogen atmosphere creates a thicker oxide film and is thought to impair the formation of 

nickel on the outer surface of the cladding and prevent intrinsic nickel from becoming 

available. This approach has been recently abandoned in favour of changes to the coolant 

chemistry [23]. Carbonyl sulphite forms in reactor from lubricant contamination; injection 

of additional carbonyl sulphite has previously been used to reduce the deposition in boilers 

[115].  

2.4.6 Microstructural Changes 
Sigma phase is a hard and brittle inter-metallic compound, composed mainly of iron and 

chromium and associated with high-chromium steels exposed to a specific range of 

elevated temperatures [116]. It is formed by the spinodal decomposition of delta-ferrite at 

temperatures in excess of 650 ºC [117], with optimum formation in the range 800-850 ºC 

[118] and is associated with a reduction in impact toughness and an increase in crack 

growth rates [119]. Sigma phase is not observed in clean AGR fuel, but is sometimes 

observed in heavily deposited fuel, in which it can act as an indicator of clad temperature 

during irradiation [63, 66]. Another cladding degradation mechanism which contributes to 

clad failure is secondary recrystallization at elevated temperatures. This has recently 

necessitated the reduction in power at a number of stations [25, 120]. 

2.5 Mitigation of Pellet-Clad Interaction 
A number of approaches have been taken to mitigate PCI. These have included lubrication 

of the fuel-cladding gap in CANDU and BWR reactors [81]; pure/low-alloy zirconium 

liners in BWRs [42]; changes to the pellet shape [121, 122]; doped fuel [130-133];and the 

implementation of operating limits [6, 10, 59, 123]. The implementation of operating limits 

was supported by computational modelling, post-irradiation examination [37, 66] and 

experimental campaigns [7, 124-127]. 

2.5.1 CANLUB Coatings 
In CANDU reactors, lubricants are added to the inner surface of the cladding [21]. These 

nominally make it easier for the pellet fragments to slide underneath the cladding. The 

additive can be either graphite or siloxane. The graphite takes the form of a layer of platelets 
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5-10 µm thick, aligned with their basal planes parallel to the clad surface. The siloxane 

lacquer is formed by baking in air. Whilst the additional lubrication provided by graphite 

remains throughout life, the siloxane only acts as a lubricant for non-irradiated and low 

burn-up fuel. The siloxane lacquer does however adhere strongly to the zirconia layer on 

the inside of the cladding and offers good protection against stress-corrosion cracking by 

preventing the attachment of volatile fission products.  

2.5.2 Zirconium Liners 
In BWRs, PCI has been reduced by the use of a liner on the inner surface of the cladding. 

Initially, pure zirconium was used as a liner [1]. Zirconium is softer and more ductile than 

standard Zircaloy-2 used for BWR cladding and does not allow cracks to propagate through 

it easily. Liner technology has since moved on and liners with either 0.25% tin or 0.4% iron 

are now available [91].  

2.5.3 Pellet Shape 
The shape and size of the pellet chamfer (shown in Figure 1-3) can have a significant impact 

upon the PCI performance of fuel. Following the spate of BWR fuel failures in the 1970s, 

the shape of BWR pellets was changed to make the corners less sharp [1]. Implementing 

this strategy resulted in a small reduction in the capacity of the reactor as less fissile material 

was contained in each pellet. Later, pellets with improved geometry were introduced to 

CANDU reactors [121]. Introducing a larger chamfer reduces the ‘bamboo ridge’ formed 

by contact between the pellet ends and cladding [122], however it decreases the land radius 

at the top of the pellet. This increases the maximum temperature in the land and therefore 

the amount of axial pellet expansion. The effects of this can be reduced by the 

implementation of more modern ‘double-chamfered’ pellets [128, 129].  

2.5.4 Doped Fuel Pellets 
Fuel pellets doped with chromia and alumina based additives have been proposed for LWR 

fuel [130-133]. The additives aid sintering during manufacture [132], giving rise to larger 

grain sizes. Previous work by Killeen showed that despite the linking of grain boundary 

bubbles in doped fuel, gas release and swelling in chromia-doped pellets is similar to un-

doped pellets [133]. The dopants increase the fuel creep rate at temperatures encountered 

during ramp tests, but not routine operation [130], during which ‘normal’ fuel has a greater 

creep rate. Improved PCI resistance has been hypothesised to be derived from three 

separate mechanisms. Firstly that, during ramps, creep into dimples, central holes and large 
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internal pellet porosity at the end of the pellet is increased and the displacement of fuel 

towards the cladding reduced. Secondly, that the grain boundaries are modified by the 

insoluble chromium and may trap fission products, preventing their ability to attack the 

cladding. Thirdly, that the finer crack pattern seen at the pellet outer surface reduces the 

stress concentration on the clad inner surface.  

2.5.5 Operational Restrictions 
CANDU Reactors 
Wood notes that the reduction in PCI failures was achieved through the combination of 

graphite CANLUB additive, discussed in Section 2.5.1, and operational restrictions. The 

operating restrictions involved adjustments to the on-load refuelling and control rod 

adjuster procedures to reduce the peak rating and to avoid transients on start-up following 

short shutdown [21]. 

An example of the experiments underpinning operational PCI restrictions is the work 

detailed by Hardy et al. [123]. This was the result of the observation that fuel failures caused 

by PCI were associated with on-load refuelling and fuel shuffling [21]. Figure 2-18 gives 

examples of the thresholds to failure in CANDU reactors for fuel with and without 

CANLUB additives. 

 
Figure 2-18 - The development of thresholds to pellet clad interaction failure in CANDU reactors. The 
maximum permitted increase in power with CANLUB additives is shown in (a) and without in (b). The 
maximum ramped power is shown in fuel with additives in (c) and without in (d). Reproduced from Figs. 
5,7,6 and 8 in [123]  
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Light Water Reactors 
Following the first observation of PCI failures in 1971, manoeuvring limits were introduced 

from 1973 [1]. An example of the limits applied to PWRs is a limit in the rate of change of 

power to 8-10% h-1 in down-rates; a limit of 3-5 % h-1 when increasing power between 30 

and 80 %; a minimum hold of 6-12 hours at 90 % power and a final limit of 1-2% h-1 in the 

rise to 100% power [134]. Restrictions such as these considerably reduced the load-capacity 

of BWR plants and were significantly eased from 1986, following the introduction of 

zirconium-lined fuel and improved computer modelling codes.  

In 1981, Franklin estimated the economic impact of operational restrictions due to PCI at 

BWR and PWR power stations [135]. The relative impact of restrictions at the different 

types of reactor was assessed and is shown in Figure 2-19. The estimated annual financial 

impact of restrictions was predicted to be $400M in 1995, equivalent to $645M in today’s 

prices using an annual inflation of 2.2% [136]. Manoeuvring restrictions were postulated 

to result in a load reduction factor of 0.0025 at PWR stations and 0.01 at BWR stations. 

The figure at BWR stations was forecast to reduce by two thirds upon the introduction of 

zirconium lined fuel and adjusted fuel pellet geometries. 

 
Figure 2-19 - The impact of fuel manoeuvring restrictions to avoid PCI upon the load capacity of light 
water reactors (a) and the cost of these to the industry (b). Taken from Fig. 1 & 3 in [135]. Costs are at 
1981 prices. 

Despite the lack of failures due to PCI in PWRs, shown in Figure 2-2, the annual cost of 

loss of capacity shown in Figure 2-19(b) is the reason why research has continued [137] as 

a reduction in restrictions is potentially lucrative.  
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Advanced Gas-Cooled Reactors 
Debate as to the contribution of on-load refuelling operation to PCI in AGRs is ongoing 

and inconclusive.  

Shea notes that despite the increased range of conditions experienced at stations refuelling 

on-load, no statistical increase in the rate of fuel failures at these stations has been observed 

[22].  

Barker comments that stations which refuel on-load generally show greater clad bore crack 

depths and that the only fuel failures explicitly verified as being due to PCI are from 

shuffled fuel at Hunterston and heavily carbon deposited fuel at Torness [15], although fuel 

failures in which PCI has been implicated have occurred at other stations [138].  

Historically, it was believed that over-power spikes due to xenon transients at the end of 

the return to power was the most damaging part of the cycle. This is however no longer 

understood to be the case and Barker notes that both the cycling between exchange power 

(30%) and parking power (70%) and the return to full power are considered principal causes 

of PCI damage over the life of a pin [15].  

As described in Section 0, clad bore crack statistics offer a crude measure of the propensity 

of fuel to fail. In addition, post-irradiation examination is cost-intensive. Given the need to 

demonstrate the safety of fuel, particularly in the face of operational changes, use has 

therefore been made of computer models for PCI.  

Veenstra carried out an analysis of different refuelling strategies using NIMROD, the 

model for PCI in bonded AGR fuel within ENIGMA. He concluded that power overshoots 

by up to 15% have little effect upon clad bore crack growth; that power over-shoots by 25% 

increase clad bore crack growth by 15%; that cycling between exchange and parking power 

accounts for 70% of crack growth and that a reduction of full power by 10% would decrease 

clad bore crack growth by 35% [139]. 

As a counter-measure to avoid PCI and clad bore cracking, parking power and ramp rates 

during low-power refuelling at Torness have recently been reduced [140]. Work by Black 

[141] noted that, based upon an analysis by ENIGMA and NIMROD, these changes would 

reduce the amount of clad damage, but recommended that the azimuthal variation of carbon 

deposition was modelled. This is not currently possible using NIMROD.   
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2.6 Analytical Models for Pellet-Clad Interaction 
A number of analytical models for the stress concentration ahead of radial pellet cracks 

have been developed. In all cases, these were developed for cylindrical fuel and zirconium-

based claddings. AGR fuel has annular pellets and stainless steel cladding. Whilst the 

models can be applied to AGR fuel, the presence of the bore might make the work less 

applicable. In addition, the presence of a pellet-clad bond and a different tribology might 

affect the applicability of the coefficients of friction employed. 

2.6.1 Gittus’s Models for Steam Generating Heavy Water Reactor 
Fuel 

Gittus’s models for the stress concentration above radial cracks are for cylindrical fuel 

pellets surrounded by Zircaloy-2 cladding [44, 81, 142-144]. This configuration was 

appropriate to the prototype steam generating heavy water reactor (SGHWR) then being 

operated at Winfrith and the commercial SGHWRs planned for Sizewell and Torness [145].  

Figure 2-20 shows a schematic of the pellet-cladding configuration in the models, which 

includes a core of plastic fuel; an annulus of cracked pellet fragments; and a ‘bridging 

annulus’ through which forces are exerted upon the outer annulus. Thermal creep is 

possible in the ‘plastic core’ whilst irradiation creep is possible throughout the pellets. 

 
Figure 2-20 – A schematic of pellet-cladding configuration in Gittus’s models, including a core of plastic 
fuel; an annulus of cracked pellet fragments; and a ‘bridging annulus’ through which forces are exerted 
upon the outer annulus. 



Chapter 2 - Literature Review 
Analytical Models for Pellet-Clad Interaction 54 

Opening and closing of pellet cracks changes the radial displacement of the pellet outer 

surface and was hypothesised to cause significant strains in the cladding ahead of the radial 

cracks. These strains would be reduced by allowing the pellet fragments to slide underneath 

the cladding. In the absence of an azimuthal temperature profile, the motion of the 

fragments was deemed to be maximal at the pellet crack, θ0, zero at the inter-crack position, 

θM; and symmetric about θM. 

Three pressures were identified [81] as acting upon the cladding inner surface: the normal 

pressure exerted by the radial motion of the fuel, PN; the coolant pressure, PC and the 

internal pressure, PI. The hoop stress, σθ, in the cladding of radius R, is given by (2-2). It is 

assumed to be uniform across the thickness of the cladding, t.  

 
𝑃𝑁 − 𝑃𝐶 + 𝑃𝐼 =

𝜎𝜃𝑡

𝑅
 (2-2) 

Given that an azimuthal frictional force of µPN is exerted by the pellets on the cladding, the 

force exerted per unit length, Fθ, over an arc Rdθ, is given by (2-3), in which µ is the 

coefficient of friction. 

 
𝐹𝜃 = 𝜇𝑃𝑁𝑅𝑑𝜃 = 𝜇 (

𝜎𝜃𝑡

𝑅
+ 𝑃𝐶 − 𝑃𝐼) 𝑅𝑑𝜃 (2-3) 

As shown in (2-4), the frictional force in (2-3) is balanced by the difference between the 

hoop stress at the points θ and θ +dθ.  

 
𝜎𝜃(𝜃 + 𝑑𝜃)𝑡 − 𝜎𝜃(𝜃)𝑡 + 𝜇 (

𝜎𝜃𝑡

𝑅
+ 𝑃𝐶 − 𝑃𝐼) 𝑅𝑑𝜃 = 0 (2-4) 

Rearranging (2-4) gives (2-5): 

 𝑑𝜎𝜃

𝑑𝜃
= −𝜇 (𝜎𝜃 + (𝑃𝐶 − 𝑃𝐼)

𝑅

𝑡
) (2-5) 

Integrating (2-5) with respect to θ and using the hoop stress above the crack (at θ = 0), 

σθmax, gives (2-6). 

 
𝜎𝜃 = (𝜎𝜃𝑚𝑎𝑥 + (𝑃𝐶 − 𝑃𝐼)

𝑅

𝑡
) 𝑒−𝜇𝜃 − (𝑃𝐶 − 𝑃𝐼)

𝑅

𝑡
 (2-6) 
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Examining (2-6), it can be seen that: 

 The hoop stress is at its maximum ahead of the radial crack. 

 The hoop stress decreases with angle from the crack tip. 

 The hoop stress concentration is dependent upon the coefficient of friction. 

 The hoop stress concentration is dependent upon the normal pressure across the 

cladding (the difference between the coolant and internal pressure). 

To obtain an appropriate coefficient of friction, Gittus used an experiment in which annular 

fuel pellets were expanded using a mandrel. This caused cracking in the fuel and the 

generation of strains ahead of radial cracks. Using the plasticity relations measured from 

un-irradiated cladding and (2-6), a coefficient of friction of 0.5 was derived. Gittus then 

used an early fuel performance code to predict the azimuthal variation of the hoop stress in 

the cladding during its irradiation and the plastic strain ahead of radial cracks observed in 

post-irradiation examination.  

Later in the 1970s, Gittus developed and expanded upon the initial model described above. 

His 1972 paper [44] further developed the mathematical framework of the model in the 

presence of both creep and plasticity. The paper relied upon the assumption of negligible 

coolant pressure, which might not be applicable to either PWR or AGR fuel. 

The 1972 paper [44] starts by stating that the stress in a material, as shown in (2-7), is a 

function of the strain applied to it. 

 𝜎 = 𝑓(𝜀) (2-7) 

Equation (2-9) can be obtained by stating that the azimuthal force in the cladding is given 

by (2-8); equating it to (2-7) and differentiating with respect to the azimuthal angle whilst 

applying the chain rule. 

 
𝜎𝜃 =

𝐹𝜃𝑒𝜀

𝑡
 (2-8) 

 𝑑𝐹𝜃

𝑑𝜃
= (𝑓′(𝜀) − 𝑓(𝜀))𝑡𝑒−𝜀

𝑑𝜀

𝑑𝜃
 

(2-9) 
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Next, the force per unit area normal to the cladding surface, FR was stated to be given by 

(2-10). This represents a significant approximation compared to more modern finite 

element models [53, 60, 146-148]. 

 
𝐹𝑅 = 𝑃𝐶 +

𝐹𝜃

𝑅
 (2-10) 

By assuming that the frictional force is proportional to that normal to the surface, using 

(2-10) and considering an arc of material of length Rdθ, (2-11) may be obtained. 

 𝑑𝐹𝜃

𝑑𝜃
= −𝜇(𝐹𝜃 + 𝑃𝐶 𝑅) (2-11) 

Equating (2-9) and (2-11) gives (2-12). 

 
(𝑓′(𝜀) − 𝑓(𝜀))𝑡𝑒−𝜀

𝑑𝜀

𝑑𝜃
= −𝜇(𝐹𝜃 + 𝑃𝐶𝑅) (2-12) 

Rearranging (2-8), equating it to (2-7), and substituting the result into (2-12) gives (2-13). 

 
(𝑓′(𝜀) − 𝑓(𝜀))𝑡𝑒−𝜀

𝑑𝜀

𝑑𝜃
= −𝜇𝑓(𝜀)𝑒−𝜀𝑡 − 𝜇𝑃𝐶𝑅 (2-13) 

By assuming that the coolant pressure is negligible and rearranging (2-13), (2-14) may be 

found. 

 
(1 −

𝑓′(𝜀)

𝑓(𝜀)
) 𝑑𝜀 = 𝜇𝑑𝜃 (2-14) 

Integrating (2-14) yields (2-15). 

 𝜀 − ln(𝑓(𝜀)) = 𝜇𝜃 + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2-15) 

By rearranging (2-15) and recognising that the peak stress will occur ahead of the radial 

rcrack (where θ = 0), the strain at intermediate positions is given by (2-16).  

 𝜀 − ln(𝑓(𝜀)) − 𝜇𝜃 = 𝜀𝑚𝑎𝑥 − ln(𝑓(𝜀𝑚𝑎𝑥)) (2-16) 

Rearranging (2-16) and taking an exponential yields (2-17). 

 𝑓(𝜀)𝑒𝜀𝑚𝑎𝑥

𝑓(𝜀𝑚𝑎𝑥)𝑒𝜀
= 𝑒−𝜇𝜃 (2-17) 
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The mean strain in the cladding may be found by integrating the strain with respect to θ 

between θ = 0 and θM (the inter-crack position), as per (2-18).  

 
𝜀 ̅ =

∫ 𝜀
𝜃𝑀

0
𝑑𝜃

∫ 𝑑𝜃
𝜃𝑀

0

 (2-18) 

Dividing (2-14) by the coefficient of friction and substituting it into (2-18), gives (2-19). It 

should be noted that this makes the assumption that the strain is negligible at θM 

 
𝜀 ̅ = −

1

𝜃𝑀𝜇
∫ (𝜀 −

𝜀𝑓′(𝜀)

𝑓(𝜀)
) 𝑑𝜀

𝜀𝑚𝑎𝑥

0

 (2-19) 

Addressing plastic strain, Gittus assumed that the strain follows a relationship given by 

(2-20) [in which K and m are constants]. It should be noted that this neglects elastic strains 

and the important dependence of plasticity upon temperature, irradiation and burn-up. 

Subsequent results are therefore of only limited applicability to complicated irradiation 

histories.  

 𝑓(𝜀) = 𝐾𝜀𝑚 (2-20) 

By using (2-19) and (2-20), (2-21) may be found, the solution to which is (2-22). 

 
𝜀 ̅ = −

1

𝜃𝑀𝜇
∫ (𝜀 −

𝑚𝐾𝜀𝑚

𝐾𝜀𝑚
) 𝑑𝜀

𝜀𝑚𝑎𝑥

0

 (2-21) 

 
𝜀 ̅ =

1

𝜃𝑀𝜇
(𝑚𝜀𝑚𝑎𝑥 −

𝜀𝑚𝑎𝑥
2

2
) (2-22) 

The inter-crack angle is given by (2-23), in terms of the number of radial cracks, N. 

 𝜃𝑀 =
𝜋

𝑁
 (2-23) 

Substituting (2-23) into (2-22) and ‘completing the squares’ gives (2-24). 

 
𝜀𝑚𝑎𝑥 = 𝑚 − √𝑚2 −

2𝜇𝜋𝜀̅

𝑁
 

(2-24) 

Using (2-24), it is possible to predict that increasing the number of radial cracks reduces 

the stress concentration. Similarly, decreasing the coefficient of friction decreases the stress 

concentration factor. 
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Addressing creep and azimuthal temperature variation, Gittus assumed that the strain is 

given by (2-25), in which Q, n and a are constants. It should be noted that firstly, for AGRs, 

a two term creep relationship is appropriate and secondly, the interaction between creep 

and plasticity is important and not dealt with in Gittus’s model. 

 
𝜀 = 𝜎𝑛𝑡𝑎𝑒−

𝑄
𝑅𝑇  (2-25) 

Using a similar methodology to that applied to (2-8) yields (2-26). Comparing (2-26) to 

(2-14), Gittus identifies a negative azimuthal temperature gradient as increasing the 

coefficient of friction and therefore stress concentration factor. A temperature gradient of 

–10 K rad-1 was calculated to cause a 25% increase in the stress concentration factor. It 

should be noted that a 250 K cross-pin temperature tilt due to carbon deposition would give 

rise to a -40 K rad-1 temperature gradient and so potentially an even more significant stress 

concentration in the AGR system. 

 
(1 −

𝑎

𝑛𝜀
) = (𝜇 −

𝑄

𝑛𝑅𝑇2

𝑑𝑇

𝑑𝜃
) 𝑑𝜃 

(2-26) 

Using the interfacial pressure given by (2-10) and considering an element of area Rdldθ, 

the axial force, Fz, is given by (2-27).  

 
𝑑𝐹𝑧 = 𝜇 (𝑃𝑐 +

𝐹𝜃

𝑅
) 𝑅𝑑𝜃𝑑𝑙 

(2-27) 

By substituting (2-11) into (2-27), integrating with respect to z, using the maximum value 

of Fθ (Fθmax, which occurs at θ = 0) and the maximum value of Fz (FZmax) gives (2-28). 

Integrating (2-11) with respect to θ gives (2-29) and substituting (2-29) into (2-28) gives 

(2-30). 

 𝐹𝑍𝑚𝑎𝑥 − 𝐹𝑍 = 𝑙(𝐹𝜃𝑚𝑎𝑥 − 𝐹𝜃) − 𝜋𝑅2𝑃𝐶  (2-28) 

 𝐹𝜃 = (𝐹𝜃𝑚𝑎𝑥 + 𝑃𝐶𝑅)𝑒−𝜇𝜃 − 𝑃𝑐𝑅 (2-29) 

 
𝐹𝑍𝑚𝑎𝑥 − 𝐹𝑍 = 2𝑁𝑙(𝐹𝜃𝑚𝑎𝑥 + 𝑃𝐶𝑅) (1 − 𝑒−(

𝜇𝜋
𝑁

)) − 𝜋𝑅2𝑃𝐶  (2-30) 

Using the cross-sectional area of the cladding, (2-30) may be approximated by (2-31). This 

in turn gives (2-32) under the conditions of zero coolant pressure. Given the assumptions 

that the axial strain tends to zero at the pellet waist and that the pellet radius and length are 

similar, the stress would be approximately biaxial at the pellet ends.  
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 2𝜋𝑅𝑡𝜎𝑍 ≈ 2𝑁𝑙(𝑡𝜎𝜃𝑚𝑎𝑥 + 𝑃𝐶𝑅)
𝜇𝜋

𝑁
− 𝜋𝑅2𝑃𝐶  (2-31) 

 
𝜎𝑍 ≈ 𝜎𝜃𝑚𝑎𝑥

𝑙

𝑅
 

(2-32) 

In his 1974 paper [144], Gittus examined the impact of a zirconium liner. By using material 

properties appropriate to Zircaloy-2 and assuming that beyond a certain value the frictional 

force does not increase, Gittus predicted that a soft liner would reduce the stress 

concentration factor by around two thirds. The use of Zircaloy-2 creep relations to describe 

a zirconium liner might not however be appropriate. 

In his 1975 paper [143], Gittus investigated the role of pellet relaxation by creep and the 

presence of interfacial dislocations between the pellet and cladding termed ‘interfaceons’ 

[149]. It was argued that the normal stresses reached during PCI are unlikely to be sufficient 

to allow interfaceons to glide. In the cracked region, it was noted that the temperature is 

likely to be insufficient to allow thermal creep to occur. For slower transients, irradiation 

creep of the pellet would prevent the opening of the cracks and so significant stress 

concentration might not be expected. 

In his 1976 paper [142], Gittus addressed the behaviour of pellet cracks at the pellet-pellet 

interface at the end of pellets. It was first noted that the peak axial forces occur at the pellet 

ends and that the fuel might be close to its fracture stress. It was hypothesised that if a radial 

crack in one pellet reached the pellet end, the opening of cracks in the first pellet might 

cause a crack to develop in the second due to friction. 

Gittus’s models [44, 81, 142-144] therefore provide the following key predictions: 

 That stress is concentrated ahead of radial cracks. 

 That the stress concentration factor reduces with an increased number of radial 

cracks. 

 That the stress concentration factor decreases with decreased friction. 

 That stresses in the cladding and pellet are a maximum at the pellet end. 

 That the axial stresses in the cladding are zero at the pellet waist. 

 That stresses in the cladding will be approximately biaxial at positions where a 

radial crack meets the pellet ends – the ‘triple point’. 
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The models make a number of approximations including neglecting the coolant pressure 

and assuming that any inelastic (plastic or creep) strain will be the result of a single event. 

In the case of LWR operation, the coolant pressure cannot be ignored. In the case of AGR 

operation, failures during routine operation are the result of a number of smaller power 

manoeuvres. In addition, the models do not account for either the pellet dishes or chamfers. 

2.6.2 Roberts’s Fourier Series Approach 
In 1978, Roberts offered an alternative mathematical treatment to that of Gittus [74]. It is 

interesting that the Central Electricity Generating Board [Roberts] and United Kingdom 

Atomic Energy Authority [Gittus] were adopting different approaches during the same 

period. Roberts considered the elastic response of LWR cladding under conditions of plane 

strain, thus neglecting both the relative axial displacement of the fuel components and the 

impact of plasticity. Roberts relied upon the Fourier stress function proposed by Michel in 

1899 [150] and made the additional assumptions that the loading normal to the cladding 

was uniform and that the crack angle was very much less than the inter-crack angle. 

Roberts found that for ten radial cracks, an interfacial pressure of 16 MPa and a friction 

coefficient of 1.0, the stress was concentrated by a maximum factor of 2.1. The stress 

concentration extended over around half the angular distance to the mid-point between two 

radial cracks. The decrease in the stress with angle from the crack was much flatter than 

the sharp exponential decrease predicted by Gittus [81]. Of particular interest, the radial 

and hoop stresses ahead of the radial crack were within 5 MPa of each other, once again 

highlighting the multiaxial stresses expected in the cladding ahead of pellet cracks. Whilst 

plane-strain is of questionable applicability in bulk cladding, it might be more applicable 

at the point of stress concentration due to the additional constraint of the surrounding 

material. Roberts also identified that the radial displacement of the pellet surface at the 

position mid-way between two cracks was around 15 µm greater than at the crack tip, 

introducing the concept of a bending moment into the problem of PCI. 

Of interest, Roberts’s work was also the first attempt to consider the role of bonding 

between the cladding and pellet. “Very large” hoop stresses were predicted in the cladding, 

however the coefficient of friction required to maintain the bond was considered to be much 

greater than that achievable in the LWR system. 



Chapter 2 - Literature Review 
Analytical Models for Pellet-Clad Interaction 61 

2.6.3 The Influence of a Bending Moment upon Pellet-Clad 
Interaction 

In 1982, Nakatsuka presented a model for BWR fuel [72] which took into account the 

bending moment caused by the additional radial displacement of the pellet surface at the 

inter-crack position (θM in Figure 2-20) predicted by Roberts [74]. This was justified by the 

experimental work of Udoguchi et al. [151], which showed that Gittus’s model [44] did not 

adequately describe the stress concentration ahead of the radial crack. As an aside, 

Udoguchi’s experimental results showed that the peak strain concentration was consistently 

located around 2 and 4º from the radial crack [151]. This demonstrates to some extent the 

limitation of the analytical models presented in this section. 

Once again Nakatsuka assumed that: the coolant pressure was zero; the pressure normal to 

the cladding inner surface was zero; and that deformations are sufficiently small that 

plasticity can be ignored. Nakatsuka derived an expression (2-33) for the cladding hoop 

strain, ε, as a function of the angle from the pellet crack, θ. Once again, R is the mean clad 

radius, ΔR the change in clad radius resulting from the power manoeuvre, t is the cladding 

thickness, δ is the mean pellet-clad gap and N, the number of radial cracks. 

 
𝜀(𝜃) =

𝜇𝜋
𝑅2𝑁

∆𝑅𝑒−𝜇𝜃

1 − 𝑒−(
𝜇𝜋
𝑁

)
±

12𝑡𝑁2

𝜋4𝑅2
(−

𝜃2

2𝑁2
+ 𝜋𝜃𝑁 −

𝜋2

3
)

× ((∆𝑅 + 𝛿) tan (
𝜋

𝑁
) sin (

𝜋

𝑁
) + 𝛿 (cos (

𝜋

𝑁
) − 1)) 

(2-33) 

By setting the mean gap and coefficient of friction to zero in (2-33), Nakastsuka was able 

to predict a stress concentration factor of 1.7 ahead of the radial crack. This was solely due 

to the bending moment resulting from the additional radial displacement of the pellet 

surface at the inter-crack position. As shown in Figure 2-21, the impact of changing the 

mean gap and number of pellet cracks was greater than changing the coefficient of friction.  
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Figure 2-21 – The effects of the radial gap, number of fuel pellet cracks and coefficient of friction upon 
the strain concentration factor using Nakatsuka’s model. Reproduced from Fig. 4 in [72]. 

Gittus and Nakatsuka therefore saw the key influence upon the stress concentration factor 

as being two different mechanisms. Gittus viewed the key driver to be the inability of the 

pellet fragments to slide underneath the cladding – the greater the coefficient of friction, 

the less the sliding and greater the stress concentration. Nakatsuka considered the key driver 

to be the bending motion resulting from additional radial displacement at the inter-crack 

position – the larger the mean pellet-clad radial gap, the larger the stress concentration 

factor. Both authors showed that increasing the number of cracks was important in lowering 

the cladding stress concentration factor opposite a radial crack. In Gittus’s case, this was 

because the sliding motion of the pellet fragments was shared amongst more cracks. In 

Nakatsuka’s case, because the additional radial displacement at the inter-crack position was 

less. 

  



Chapter 2 - Literature Review 
Computer Modelling Techniques 63 

2.7 Computer Modelling Techniques 
Modelling PCI represents a significant challenge in that although the numerous drivers of 

PCI are well known [107, 152], they are interdependent, and obtaining a single parameter 

representing the propensity of a fuel pin to fail has proved to be difficult [53]. Computer 

models allow a fuller range of nuclear fuel performance parameters to be included than the 

simpler analytical models described in Section 2.6. In addition, computer models can be 

used to predict the radial displacement of the pellet surface and then ‘enriched’ to model 

pellet crack opening and the associated stress concentration in the cladding [153, 154].  

2.7.1 Types of Model 
Two-Dimensional Fuel Performance Codes 
Two dimensional models need to make assumptions about the direction perpendicular to 

those modelled and can be grouped into three categories: 

 Industrial fuel performance codes, sometimes known as‘1.5D models’ [155], such 

as TRANSURANUS, ENIGMA and METEOR [107, 156, 157] consider de-

coupled axisymmetric transverse slices of fuel and cladding.  

 Axisymmetric (r-z) finite element models consider either a single pellet [107, 155] 

or top half of a pin [51, 60, 147]. These make assumptions about the azimuthal 

direction. 

 Pellet waist (r-θ) finite element models [7, 45, 54, 85, 153, 158] consider a segment 

of the cladding and make assumptions (plane strain, plane stress or generalised 

plane strain) about the axial direction. 

Whilst the axisymmetric models are able to model a number of pellets and frequently 

include smeared pellet crack models to account for the change of dimensions of fuel due to 

pellet cracking and relocation, they are unable to model azimuthal pellet crack opening. 

These and the ‘1.5D’ models can therefore include empirical or semi-empirical models for 

azimuthal stress concentration and pellet ‘wheatsheaf’ effects.  

Early finite element software was developed for two-dimensional plane stress or plane 

strain analyses [159] and the earliest r-Ө models reflect this [54, 85]. Whilst it can be argued 

that the free end of the pellet is under conditions approaching plane stress (in which the 

stress in the orthogonal direction is set to zero), the surrounding cladding is likely to be 

experiencing a multi-axial stress due to the ridging associated with pellet ends. In order to 
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better capture these stresses, plane strain (in which the strain in the orthogonal direction is 

set to zero) was chosen in the late 1980s and early 1990s to represent the mid-pellet plane 

[158]. 

Contemporary codes, such as EDF Energy's version of ENIGMA [160], have modelled 

axisymmetric transverse slices of fuel and cladding. The pellets and clad are each treated 

using generalised plane strain in which the strain perpendicular to the plane modelled is 

radially uniform and such that there is no net force in that direction. During contact between 

the cladding and pellets, a frictional force balance is maintained between the pellets and 

cladding and there is no coupling of displacement or stress between adjacent slices [59]. 

This model of uniform axial strain in transverse slices of fuel and coupling to the cladding, 

when in contact, was adopted to build generalised plane strain finite element models of 

typically 1/16th r-Ө segments of cladding [45, 53, 59, 153]. Again, these models represent 

the pellet waist, not the pellet end, where the most severe PCMI occurs in LWRs.  

Three-Dimensional Fuel Performance Codes 
More recently, three dimensional models, for example ALCYONE in the PLEIADES suite 

[7, 59, 153] and BISON [146, 161-163] have appeared. These models typically consider 

only one or two pellets and assume that the pellet has cracked into approximately equal-

sized sections. For example, a recent piece of work by Capps et al. [164] used BISON to 

simulate five pellets in three dimensions, a radial crack in the pellet and a missing pellet 

surface. In these 3D models, locking boundary conditions are frequently applied, whereby 

the pellet and clad displacements are equal at the top and bottom of the pellet if the clad 

and pellet are in contact at any point. The models are able to model both ‘wheatsheafing’ 

and the azimuthal opening of the pellet, but currently do not model crack propagation in 

the cladding. 

A recent paper by Kim et al. [165] used the commercial fuel performance code FRAPCON 

as an input to a finite element model (NUFORM3D). Whilst this is an attractive approach, 

the coupling is only in one direction. One drawback of this, for example, is the use of the 

pellet radial displacement output from FRAPCON. This means that phenomena such as 

pellet relocation and cladding deformation predicted by the 3D model will not be fed back 

into the underlying nuclear fuel performance code and so the correct radial displacement 

and therefore temperature will not be applied.  
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Novel Models 
Recent work has focused upon the prediction of the crack patterns resulting from the 

thermal and mechanical loading on the pellet. These models give insights into the nature of 

pellet cracking and remove the need to ascribe crack patterns at the start of simulation. 

Mella and Wenman’s work using peridynamics was on a single AGR fuel pellet [49] during 

the initial linear increase to power. Similar work was carried out by Huang on PWR fuel 

pellets [48] using the discrete element method. Extension of these techniques to include the 

full range of material changes occurring during reactor dwell and burn-up and the 

introduction of pellet-clad contact will be required in order to apply them to PCI, although 

recently Oterkus has included heat and oxygen diffusion in the peridynamic simulation of 

a LWR fuel pellet [166]. An alternative approach is that of continuum damage [7, 45, 59, 

158, 167-169]. Whilst these models are able to predict the crack patterns within the pellet 

and the radial displacement of the pellet surface, they are not able to predict the stress 

concentration in the cladding ahead of the cracks. 

2.7.2 Phenomena Modelled 
Power Deposition 
Fuel at the outer surface of fuel pellets has been observed, in post-irradiation examination, 

to have a higher burn-up than that in the bulk of the pellet [11,157,170,171]. This can be 

explained by the diffusion of thermalized neutrons from the moderator towards the centre 

of the pellet. The result is that not only is the absorption and therefore power greater at the 

outer surface of fresh fuel, but increased plutonium breeding during irradiation increases 

the power at the outer surface further [170]. Moving a proportion of power generation to 

the outer surface reduces the temperature in the centre regions of the pellet and therefore 

reduces the swelling. This phenomenon was first incorporated into fuel performance codes 

by Palmer using his RADAR model [170]. Whilst the RADAR model has been developed 

and extended to larger burn-ups [11, 157, 171], it is still applicable to lower burn-up fuel 

and, in particular, to AGR fuel. 

Pellet Cracking & Relocation 
Relocation and relocation accommodation are dealt with in fuel performance codes in two 

ways: reduction of the elastic modulus perpendicular to cracks deemed to be open [80] and 

an increase in the pellet radius [163].  
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Reducing the elastic modulus in the ‘smeared crack models’ achieves several aims. Firstly, 

the material is less restrained and can expand more; secondly, it reduces the creep rate in 

cracked materials; and thirdly, the stress state can be used as an input parameter in other 

models. Models typically start by determining the stress state in a given direction, normally 

the hoop or axial direction. If the material is in tension in that direction and greater than the 

fuel fracture stress, the fuel is deemed to have cracked and the elastic modulus is reduced 

[80, 157, 172, 173]. In addition, cracks can impair heat transfer and the output of these 

cracking models can be fed into the heat transfer models [174]. Recently, these models 

have been applied to two- and three- dimensional finite element models [167, 169]. 

The additional pellet radius is applied to iteration loops of the mechanical calculations. The 

additional radius is typically an empirical correlation of linear rating [8] and sometimes 

burn-up [50, 163] derived from experimental data. 

Pellet-Clad Gap Heat Transfer 
Fuel performance codes typically model transfer of heat across the gap between the 

cladding and pellets as the sum of three parallel terms [163, 175]. These account for 

conduction through the fill-gas; convection within the gap; and thermal radiation [80]. The 

models use an ‘effective gap’; this comprises of the physical ‘mechanical gap’ predicted 

by the fuel performance codes as well as perturbations to account for surface roughness, 

the enhanced transfer of heat when the materials are in contact at high pressure, and the 

effect of the gas jump distance [175]. The result is that even when the gap is closed, there 

is a thermal impedance across the gap. In addition, the fill gas thermal conductivity is 

adjusted to account for the lower thermal conductivity of fission products than the pure 

helium fill gas. It should be noted that the URGAP model developed by Lassmann for use 

in TRANSURANUS [157, 176, 177] is used in a number of other fuel performance codes 

[7, 45, 178].  

Stress Concentration  
A number of analytical models for stress concentration in the cladding have been 

introduced to commercial 1.5D fuel performance codes [80, 160]. These are largely based 

upon the analytical methods discussed in Section 2.6. The models and their key findings 

are summarised below. 
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Gittus presented a thorough analytical solution to the problem of stress concentration at the 

pellet ends resulting from ‘wheatsheafing’; above a radial crack at the pellet waist; and at 

the pellet ends, where the two phenomena are super-imposed [44]. He found a typical 

stress-concentration factor of 5.0. This increased with increasing coefficient of friction, 

pellet radius and linear rating. 

Roberts presented an alternative analytical solution to the azimuthal motion of pellet 

fragments underneath the cladding [74]. Assuming a coefficient of friction of 1.0, he found 

a stress concentration in the cladding ahead of the crack of approximately 2.1. He 

determined that stress concentration decreased exponentially with angle from the radial 

crack, and was equal to that of cladding with no concentration when measured 9.2 degrees 

from the crack, and resulted in depressed hoop stress beyond this point. His analysis 

considered only the elastic response of the cladding; this is not appropriate to AGR fuel in 

which creep is dominant. 

Nakatsuka carried out a similar analysis to Roberts; this assumed that the coolant pressure 

was zero and again focused upon the stress concentration factor ahead of a radial crack 

[72]. He found that the strain concentration factor for a pellet with eight radial cracks 

increased linearly from 1.65 when the coefficient of friction was zero, to 2.1 when the 

coefficient of friction was 2.0. Decreasing the number of radial cracks in the pellet from 

eight to four increased the strain concentration factor to 2.65 at a coefficient of friction of 

2.0. His results showed good agreement with both the more complicated analysis by 

Roberts [74] and circumferential strains recorded in post-irradiation examination, although 

the errors in the latter were somewhat large. 

In addition, the NIMROD model for bonded AGR fuel has been developed for ENIGMA 

[65, 141, 179, 180]; this is discussed in Section 2.9.1.  

Dimensional Change 
The process of irradiation at high temperatures causes dimensional changes in fuel 

materials. These include fuel densification [181, 182], fuel swelling [133, 183-186], clad 

swelling [187], fuel creep [163, 188, 189], cladding creep [120, 190-202], thermal 

expansion [203, 204] and plasticity [90, 205, 206]; they are dealt with in more detail in 

Chapter Three.  
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2.8 Comparisons between Computer & Analytical Models 
Due to the combination of the radial temperature gradient and pellet cracking, nuclear 

pellets take on the ‘wheatsheaf’ or ‘hourglass’ shape shown in Figure 2-9. Helfer showed, 

using finite element modelling, that radial cracking was necessary for significant 

‘wheatsheaf’ growth [46]. In 1987, Jackson published a paper [75] examining the role of 

three mechanisms for stress concentration in the cladding: the additional expansion of the 

pellet ends due to the ‘wheatsheaf’ shape; the opening of pellet cracks; and the bending 

motion resulting from additional pellet displacement at the inter-crack position. Jackson’s 

model was somewhat simple and consisted of a 2D(r-θ) section of cladding divided into 

fifty six triangular elements under conditions of plane strain. It was noted that the mesh 

was too coarse to fully capture the stress concentration ahead of the radial crack. The 

loading consisted of radial displacement and contact pressure on the clad inner bore; both 

of these varied with angle from the pellet crack tip. The model neglected both creep and 

plasticity whilst friction was modelled by imposing a ratio of the normal to tangential force 

equal to the coefficient of friction.  

Jackson compared his results with those of Roberts [74], Nakatsuka [72] and an extension 

to Roberts’s model which included a pressure difference across the cladding and a linear 

variation in the contact pressure with distance from the pellet crack. Jackson found that by 

making these changes to Roberts’s model, he was able to produce good agreement between 

the analytical and finite element models and that the additional radial displacement at the 

inter-crack position predicted by Roberts’s model was reduced. Nakatsuka’s model fared 

less well, causing Jackson to doubt the appropriateness to PCI of plate bending theory and 

the importance of bending moments within PCI. Of interest, Jackson stated that, based upon 

his models, ‘wheatsheaf’ growth at the pellet end could be accounted for by a uniform 

increase in the pellet surface displacement, enabling the use of an r-θ model. This contrasts 

with Gittus’s prediction of biaxiality at the pellet ends [44, 81, 142]. 

One significant flaw in Jackson’s method [75] was that the deformation of the pellet 

fragments was not modelled - Jackson somewhat arbitrarily imposed a linear decrease in 

contact pressure with distance from the pellet crack. This flaw was addressed by Sercombe 

et al. in 2013 [153]. 

Sercombe et al. compared the stress concentration factors calculated by closed-form 

solutions such as those described above to that determined by a 2D(r-θ) finite element 
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model built in the ALCYONE code [153]. They built upon Jackson’s changes [75] to 

Roberts’s equations [74] for the stress in the cladding and introduced a new model for the 

crack tip opening displacement based upon Muskhelishvili’s formulation [207]. Of interest, 

Sercombe et al. reported that the stress and displacement fields at the pellet crack were 

singular. This was avoided by setting the displacement in a small region at the centre of the 

pellet to be zero. 

First, Sercombe et al. compared their analytical solution to a simple linear-elastic finite 

element model built in Cast3M. This is analogous to the process carried out by Jackson 

[75]. One change from the model built by Jackson was that the fill-gas and coolant pressure 

were included. Excellent agreement was found between the displacement [within 10%] and 

stress [within 5%] predicted by analytical and finite element models.  

Next, Sercombe et al. compared the analytical model to a 2D(r-θ) generalised plane-strain 

linear-elastic implementation of the ALCYONE finite element based nuclear fuel 

performance code. Creep, plasticity and secondary pellet cracking were not included in the 

ALCYONE model. The authors found good agreement between the models for crack tip 

opening when pellet-clad contact was weak; for conditions of strong contact, comparatively 

poor agreement was seen. When comparing the radial displacement as a function of angle 

from the crack predicted by the models, once again excellent agreement was found. The 

crack tip displacement was 15% over-predicted by the Muskhelishvili-based model; the 

stress concentration predicted by the Jackson-based analytical model was interestingly 

insensitive to the radial dispalcement. Using the default coefficient of friction (0.47) in the 

ALCYONE model gave a difference of 9% between the hoop stress predicted by the two 

models. Reducing the coefficient of friction to 0.33 gave a better agreement. It was however 

noted that the ALCYONE model predicted some bending ahead of the radial crack which 

reduced the hoop stress ahead of the crack tip in the high friction model. The role of a 

bending moment in PCI, predicted by Nakatsuka [72], cannot therefore be ignored. 

Together, Sercombe et al. and Jackson showed that the analytical stress concentration 

models are able to approximate the response of a linear-elastic finite element model under 

conditions of relatively low friction. The appropiateness of a linear-elastic model is 

however questionable, especially considering the role of creep upon the cladding radius 

and therefore on the pellet-clad gap size and contact pressure. In addition, the models will 
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not be appropriate to the AGR context in which creep strains are built up during routine 

operation. 

2.9 AGR-Specific Models for Pellet-Clad Interaction 
Three sets of models for PCI in AGR fuel exist in the open literature and represent the 

evolution of nuclear fuel performance modelling. The NIMROD model within the 

commercial fuel performance code ENIGMA was developed to better predict the stress and 

strain in a ligand of cladding ahead of a radial pellet crack in a bonded pin [38]. It is able 

to predict the growth of clad bore cracks within the cladding and models a sliver of bonded 

fuel attached to the cladding [32]. The 2D(r-θ) plane-strain finite element models 

developed by Yu, Walker and Fenner in the early 1990s examined the stress concentration 

caused by bonding [85] and the load required to break the bond [54]. Finally, Mella built 

an axisymmetric 2D(r-z) finite element model in the commercial finite element software 

Abaqus [51]. It models half a pin and can calculate fission gas release, the axial motion of 

the pellets and stress concentration at the pellet ends. It does not however model stress 

concentration ahead of a pellet crack. Mella’s model was then used to provide the thermal 

loading for a 3D peridynamics model for pellet cracking [49]. 

2.9.1 The NIMROD model within ENIGMA 
Bonded AGR cladding is modelled using the NIMROD model within ENIGMA. NIMROD 

aims to predict the hoop stress in the cladding ahead of a radial crack and the clad bore 

crack growth rate. NIMROD is a 1D model and consists of the following three elements 

[208], shown in Figure 2-22: 

 A section of cladding, termed the ligand, ahead of the radial crack. This has a 

length, δ, equal to 2.2 times the clad thickness, i.e. around 850 µm, and was initially 

determined by tuning against clad wall thinning data from Windscale failure F121 

[179].  

 A section of cladding bonded to the fuel, of length L – δ, where L is the 

circumference of the fuel divided by the number of radial fuel cracks, assumed to 

be eight. 

 A section of fuel, of thickness s, bonded to the cladding. Based upon evidence from 

post-irradiation examination [209], the sliver thickness is set to 277 µm [80]. 
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Figure 2-22 - The three elements in the 1D NIMROD model for bonded AGR cladding in ENIGMA. 
Element 1 is the ligand of un-bonded cladding ahead of the radial crack, element 2 is bonded cladding and 
element 3 the sliver of bonded fuel. 

The mechanical model within the clad-sliver composite consists of three components: 

changes to L due to pellet radial displacement; strain compatibility within the bonded 

cladding-sliver composite; and force equilibrium between the ligand and remaining 

cladding. This gives a hoop stress in the ligand. To account for ladder cracking in the sliver, 

the elastic modulus is reduced to 3% of its un-cracked value when in tension. 

Two methods are available to determine crack growth in the ligand [32]. The first is based 

on the C* approach (which is similar to the J-integral but with time-dependence) and makes 

use of analysis in the BERSAFE finite element analysis software. The second is termed the 

‘alternative simplified approach’ which assumes a constant crack angle and uses the strain 

in the ligand to determine the clad bore crack depth. The latter is used by default as it better 

predicts experimental data [180]. One criticism of this approach is it takes no account of 

the temperature at which strains occur – clad damage would clearly be the result of 

temperature-dependent phenomena. 

NIMROD is a simple model for application in a commercial fuel performance code. Some 

criticisms can be made as to its realism. Firstly, the length of the ligand is far greater than 

that observed in post-irradiation examination. Whilst the value of 850 µm is appropriate to 

failed fuel, it is not of the same order of magnitude of that observed in un-failed fuel, which 

has ligand lengths far less than the thickness of the cladding. Secondly, by neglecting 

friction between the sliver and pellet, any azimuthal motion of fuel pellets, including crack 

closure, is not captured. Thirdly, a simple model such as NIMROD is unable to capture the 

complex stress gradient in the cladding ahead of a clad bore crack. Fourthly, the choice of 

sliver thickness appears greater than that commonly observed in post-irradiation 

examination. Baigent [209] gives the statistical distribution of sliver thicknesses; it might 

be that the mode of 152 µm is more appropriate than the median of 277 µm. 
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2.9.2 Plane-Strain Models for Bonded AGR Fuel 
Based upon Nerman’s 1980 generalised plane-strain model for bonded BWR fuel [210], 

Yu et al. set out in 1990 to build a model for bonded AGR fuel [85]. Nerman’s work showed 

that much greater hoop stresses are generated ahead of a radial crack in bonded fuel 

compared to un-bonded fuel. Nerman noted that in post-irradiation examination, the pellet-

clad bond was broken, with a sliver of fuel being left bonded to the cladding. It was not 

clear whether the bond was broken during the ramp test or during shutdown. Yu et al. 

sought to explain why the high stress concentration predicted for bonded nuclear fuel did 

not result in a large number of fuel failures in the AGR fleet.  

The 2D(r-θ) elastic plane-strain model was built using the Central Electricity Generating 

Board’s in-house BERSAFE model [85]. Aside from a significant stress-concentration 

factor ahead of the radial crack, the model predicted radial stresses of up to 400 MPa at the 

clad-pellet interface. This was hypothesised to cause the pellet-clad bond to fail and reduce 

the stress concentration factor ahead of the radial crack to that observed for un-bonded fuel. 

One criticism of the work is that it did not include cladding creep, a highly significant 

process at AGR operating conditions and an effective stress reduction mechanism. Had 

creep been modelled, the high stresses predicted at the clad inner surface might have been 

relaxed and bond failure might not have been predicted.  

In their 1992 paper [54], the same authors developed a similar model in Abaqus. This new 

model included a simple power law expression for time-independent plasticity. The 

researchers removed the bonding condition from a region of the clad-pellet interface close 

to the pellet crack and examined both the radial stress at the interface and the J-integral 

surrounding a 5 µm deep clad bore crack. The authors considered that mode-1 fracture [in 

plane opening] might spread to around 1.5º from the crack before either developing into 

mode-2 fracture [in-plane shear] or mode-1 fracture in the pellet and might explain some 

crack patterns observed in post-irradiation examination. It was noted that the plastic strain 

reduced by an order of magnitude when the clad was de-bonded within a region 0.2º from 

the pellet crack. 

Whilst the models published in the early 1990s [54, 85] point to de-bonding within a small 

distance from the pellet crack as an important stress-relief mechanism, care should be taken 

when interpreting the results. Firstly, more recent work by Sercombe [153] has shown that 

the stress concentration ahead of a radial crack is relatively insensitive to the crack width; 
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a clear analogy can be seen between the crack width and the un-bonded width. Secondly, 

it will be shown later in this thesis that plastic strains are only accrued in the lower (colder) 

fuel elements. In higher (hotter) fuel elements, creep is much more important. In addition, 

the higher temperature of carbon-deposited fuel elements will raise the creep rate further. 

Creep will reduce the shear stress at the pellet-clad interface and make the separation of 

pellets and cladding more difficult during power uprates. Thirdly, in common with other 

works, the models do not account for the accrual of inelastic strains during the repeated 

routine operational manoeuvres, which are thought to have produced failures in the AGR 

fleet. 

2.9.3 Axisymmetric Models for Un-bonded AGR Fuel 
In 2013, Mella and Wenman published an account of their non-linear axisymmetric  

2D (r-z) model for AGR fuel built in Abaqus [51]. The coupled temperature-displacement 

model was inspired by Williamson’s work [147] on the PWR system. The AGR model 

incorporated a fuller range of fuel performance phenomena than the previous AGR finite 

element models discussed in Sections 2.9.1 and 2.9.2. These phenomena included: heat 

transfer across the pellet-clad gap, friction, radial power deposition, fission gas release, 

swelling, creep and plasticity. The model featured two AGR-specific features – the alumina 

spacer pellet and anti-stacking grooves – and demonstrated that a large number of fuel 

performance code features could be included in the commercial finite element software 

Abaqus. In particular, the model showed the importance and suitability of the anti-stacking 

groove pellet design. Whilst the effect of pellet cracking on the elastic modulus and thermal 

conductivity of fuel pellets was included, stress concentration ahead of these cracks was 

not modelled.  

It was only by using an axisymmetric, rather than a three-dimensional, model that sufficient 

mesh density could be devoted to discontinuities in fuel geometries and an acceptable 

simulation duration maintained. Should the model be extended to three dimensions in order 

to model radial crack opening, it is possible that either the model would be too slow to be 

used or that the mesh density would be too low to capture the stress concentration ahead of 

pellet cracks. 

2.9.4 Three Dimensional Models of a Single Fuel Pellet 
In their 2015 paper, Mella and Wenman used the output from their axisymmetric model as 

the thermal loading for a 3D peridynamics model of pellet cracking during early life [49]. 
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The model was developed in the atomistic LAMMPS code and used seventy simulations 

with small perturbations in material point position in order to obtain a statistical distribution 

of crack numbers on the inner and outer surfaces. More cracks were predicted on the outer 

than inner surface together with a single crack in the mid-pellet plane; this showed strong 

agreement with statistical analysis of early-life (7 GWd tU-1) AGR fuel post-irradiation 

examination data. Whilst crack patterns observed in post-irradiation examination suggested 

that cracks started on the inner bore and branched out, the simulations showed that cracks 

were initiated on both the inner and outer surfaces and coalesced. This demonstrates the 

importance of modelling fuel performance and that post-irradiation examination, analytical 

models and thought experiments cannot necessarily capture the full range of phenomena 

encountered in nuclear fuel. The peridynamics model did not however include either creep 

or pellet-clad contact; these features are under active development [211]. 

2.9.5 Gaps in Existing AGR-Specific Models 
Recent finite element models for AGR fuel have focused upon the introduction of a greater 

range of fuel performance phenomena [51] and offer a significant improvement upon 

models from the early 1990s [54, 85]. The most recent models were not however able to 

capture the stress concentration ahead of radial cracks in the pellet – a key feature in PCI. 

Whilst the earlier models did capture the stress concentration ahead of the pellet crack, they 

did not include creep, plasticity or swelling – key features of AGR fuel performance. Unlike 

the NIMROD model, none of the finite element models considered the sliver of fuel bonded 

to the cladding; the opening of microscopic ladder cracks within the fuel sliver; or the clad 

bore crack. Meanwhile, NIMROD lacks the ability to capture the stress field ahead of the 

radial crack as it is effectively a finite element model with only three elements. Finally, no 

model was able to assess the impact of the cross-pin temperature tilt resulting from 

azimuthally varying carbon deposits on the fuel pin. 
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2.10 Conclusions 
A great deal of research and effort has been expended over the last twenty to thirty years to 

understand PCI in LWRs. The mechanism for crack growth is generally accepted to be 

iodine-assisted stress-corrosion cracking [1, 78, 89, 94, 96-98, 100, 101, 104, 106-109, 

212]. In the author’s opinion, key evidence for this is given by MacDonald, who showed 

that ramp tests carried out on fuel with fresh pellets and previously irradiated cladding gave 

no fuel failures and that after a period of irradiation, similar ramps gave fuel failures [104]. 

Evidence from post-irradiation examination of LWR fuel has shown that this iodine-

assisted stress-corrosion cracking in cladding occurs ahead of radial cracks in the pellet, 

more frequently at the pellet ends [1, 89, 94, 97, 98, 100, 101]. Both finite element 

modelling [9, 45, 53, 78, 153] and analytical analyses [44, 72, 74, 75, 81] have shown that 

the azimuthal motion of the fuel pellets gives rise to significant stress concentration, with 

stress concentration factors between 1.7 and 5.0 reported [44, 74]. Gittus’s stress 

concentration factor of 5.0 also including the impact of ‘wheatsheafing’ [44]; Jackson noted 

however that the impact wheatsheafing could be determined by increasing the radial 

displacement of the pellet [75]. One parameter key to determining the stress concentration 

factor, which is not well understood, is the coefficient of friction between the pellets and 

cladding [9, 44, 72]. 

Whilst a great deal of post-irradiation examination has been carried out on AGR fuel 

exposed to routine operation over the last twenty-five years [26, 28, 29, 33, 37, 66], there 

have been no experimental campaigns and very little development of the models describing 

PCI [32, 38, 51]. This has in part been due to the comparatively few failures associated 

with PCI prior to the early-2000s and in part due to the financial and technical challenges 

in carrying out the experiments.  

Whilst failures due to PCI in LWRs have been shown to be caused by stress-corrosion 

cracking, in the AGR system they are considered to be due to creep ductility exhaustion 

[14, 15, 31, 32, 39, 40], although the role of fatigue cycling or the chemical attack of fission 

products cannot be discounted [26, 29, 213]. Over the last twenty to thirty years, the 

conditions to which the fuel is exposed have changed, with some reactors operating at 

reduced power and some suffering from carbon deposition [63, 66, 113-115]. Both of these 

will affect the temperature of the cladding and therefore creep rate. In addition, the greater 
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range of operating conditions and the faster creep rate means that the stress concentration 

factors determined for LWR systems might not be valid for AGRs. 

Two key factors differentiate PCI in modern AGRs from that in LWRs and suggest the 

need for a new finite element model of AGR fuel. Firstly, the presence of bonded cladding, 

and secondly, the presence of azimuthally non-uniform carbon deposition on the pin outer 

surfaces. 

Bonded cladding has been shown to increase the stress concentration factor ahead of radial 

cracks in the pellet [15, 32, 68], whilst microscopic ladder cracks in the adherent sliver of 

fuel are understood to reduce the stress concentration factor [32]. A number of deficiencies 

can be identified in the modelling of bonded AGR fuel using the current approach adopted 

at EDF Energy, NIMROD. Firstly, the frictionless interaction between the fuel pellets and 

the sliver of fuel. This means that any azimuthal motion of fuel pellets is not captured. 

Secondly, NIMROD captures the stress at three points only: bulk cladding, bulk sliver and 

the unsupported section of cladding ahead of the radial crack. This is not detailed enough 

to capture the azimuthal variation of stress within the cladding ahead of the radial fuel crack 

or ahead of the clad bore crack tip.  

Carbon deposition raises the temperature of the cladding. This is currently analysed through 

the use of a heat transfer impairment factor, which determines the increase in clad 

temperature which is then applied uniformly around the fuel pin [15]. In reality, carbon 

deposition has been seen to vary in thickness and morphology around the cladding and 

cross-pin temperature tilts of 200 ºC have been inferred from the observation of sigma 

phase in post-irradiation examination [43, 63, 66]. In addition, significant cross-pin 

temperature tilts have been seen in some, but not all, PCI failures [63]. 

Whilst analytical models for the stress concentration ahead of a radial crack have been 

developed [44, 72, 74, 75, 81, 142-144, 149, 153], all of the models are for solid pellets 

surrounded by zirconium alloys. Later models [75, 153] make the assumption that the 

contact pressure increases linearly with distance from the pellet crack and in the majority, 

but not all cases [153], they ignore the coolant pressure. This casts into doubt their 

applicability to the AGR system since there is significant differential thermal expansion 

between the cladding and pellet, meaning that the contact pressure is harder to predict. In 

addition, the models are mostly linear-elastic; this assumption is not applicable to the AGR 
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system, in which cladding creep is very significant. The model which does include creep 

[81] assumes that all inelastic strain is accrued in a single event; again, this is not applicable 

to typical AGR fuel irradiation histories. 

The finite element method has been used to investigate PCI for a number of years [9, 45, 

53, 54, 60, 78, 85, 146, 147, 153, 161, 178, 214, 215]. Models which include the motion of 

cracked pellets introduce pre-set crack patterns. These are highly idealised straight cracks, 

at regular intervals, and do not account for crack branching and micro-cracks towards the 

edge of the crack surface. Novel methods such as peridynamics and discrete damage 

mechanics have been shown to predict the branched crack patterns seen in post-irradiation 

examination [7, 45, 48, 49, 59, 158, 167, 168]. However, in a number of cases, the motion 

of the cracked fragments is not determined [46, 51, 59, 167, 168]. In addition, not all of 

these newer techniques have successfully simulated contact between the cladding and pellet 

[216] and none have incorporated the full range of phenomenological models and 

associated material properties required in a fuel performance code. For this reason, the 

finite element approach was chosen to develop a model of novel AGR-specific features 

which are the focus of this thesis. 

A much greater range of operating conditions [140]; different cladding materials; hollow 

pellets; rapid cladding creep [31]; strong pellet-cladding bonding [29, 32, 39]; an adherent 

sliver of fuel bonded to the fuel [209]; azimuthally varying carbon deposition [112, 113, 

115]; and the dominance of inelastic damage over stress-corrosion cracking [15, 37] all 

differentiate PCI in AGRs from that LWRs. Whilst finite element models for AGRs have 

been developed [51, 54, 85], older models do not include parameters such as creep [54, 85]; 

newer models do not include stress concentration ahead of pellet radial cracks [51]; no 

model is able to assess the impact of azimuthally varying carbon deposit and only the 

somewhat antiquated NIMROD model within ENIGMA includes the sliver of bonded fuel 

[32, 180, 208]. Against the backdrop of recent fuel failures described in Section 2.1.3, there 

is clearly a need for a new model, better able to describe PCI in AGRs.  
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Chapter 3 Methodology 
3.1 Introduction 
This thesis concentrates on the development of a finite element model to improve the 

understanding and simulation of pellet-clad interaction (PCI) in advanced gas-cooled 

reactor (AGR) fuel. In particular, the model focuses on the prediction of clad bore crack 

growth under normal operating conditions and highlights changes to reactor operating 

conditions which might accelerate or hinder clad bore crack growth. This model replicates 

recent finite element models built for light water reactor (LWR) fuel, whilst incorporating 

features specific to AGR fuel including bonded cladding, a sliver of adherent fuel and a 

clad bore crack.  

The key questions which the thesis aims to answer are: 

 What is the role of azimuthally varying carbon deposition upon PCI? 

 Does modelling a pin with a uniformly hot clad outer surface temperature boundary 

condition provide a good representation of this and is it conservative? 

The PELICAN fuel performance code developed as part of this thesis consists of a series 

of 2D(r-θ) generalised plane strain models, built in the commercial finite element analysis 

software Abaqus, together with a number of subroutines and a series of files listing key fuel 

properties, model parameters and input flags. The models represent the pellet waist and 

include the following features: 

 The motion of pellet fragments in the r-θ plane.  

 The modelling of bonded nuclear fuel, to include a sliver of fuel bonded to the 

cladding. 

 The modelling of a clad bore crack in the cladding, ahead of which the creep strain 

and clad damage may be accelerated.  

 The modelling of azimuthally varying carbon deposition. 

The model includes neither fission gas release nor the role of fission products in clad bore 

crack growth. The former is a simplification, justified by the low burn-up encountered in a 

significant number of fuel failures [1]. The latter is due to a lack of experimental data and 

lines up with the assumptions frequently made in the AGR community [2]. The model is 

an improvement upon the current EDF Energy NIMROD model within ENIGMA as the 
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motion of pellet fragments underneath the adherent sliver will be modelled and the stress 

field ahead of a discrete clad bore crack determined. 

This chapter is divided as follows: 

 Section 3.2 gives a justification for the use of a 2D(r-θ) finite element model. 

 Section 3.3 describes some of the initial models developed by the author for PCI in 

AGR fuel. These early models used outputs from EDF Energy’s ENIGMA fuel 

performance code.  

 Section 3.4 gives an overview of the finite element models used in PELICAN. The 

section includes the use of a 2D(r-θ) generalised plane strain model in Abaqus. 

 Section 3.5 details the PELICAN approach in a little more detail, listing the 

subroutines and files associated with the model. 

 Section 3.6 lists the material properties and models available in PELICAN. These 

are discussed in more detail in Appendix A. 

 Section 3.7 describes the modelling of bonded fuel, including the sliver of fuel 

bonded to the cladding and the associated ladder cracks.  

 Section 3.8 describes the modelling of AGR fuel encapsulated for tests at Halden. 

Encapsulated fuel is used to validate PELICAN. The capsule-clad gap raised the 

temperature of the clad surface from the water reactor temperatures found in the 

Halden reactor to that appropriate to the AGR system. Meanwhile, the capsule was 

pressurised to just below AGR coolant pressure, so that the correct pressure was 

achieved when the capsule was inserted into the reactor.  

 Section 3.9 highlights some of the modelling challenges encountered in PELICAN 

and the steps taken to overcome them. 

 Finally, Section 0 highlights the novel methodological features. 

Much of the detail in this chapter has been published previously by the author [3-5]. 

  



   

Chapter 3 - Methodology  
Choice of Methodology 95 

3.2 Choice of Methodology 
3.2.1 Choice of the Finite Element Method & Justification of 

PELICAN 
Three broad approaches could have been taken to extend the modelling of PCI in the AGR 

system to include cross-pin temperature tilt and a better representation of bonded fuel. 

Firstly, ENIGMA could have been extended by improving or replacing NIMROD 

(described in Section 2.9.1). Secondly, a complete finite element model of bonded fuel 

could have been developed. Thirdly, peridynamics could have been used. 

Improving upon the ENIGMA fuel performance code could have taken two forms. A new 

analytical model could have been developed as an extension of the analytical models 

discussed in Section 2.6. Alternatively, a finite element model could be built to utilise 

ENIGMA outputs and therefore enrich ENIGMA. Developing an extension to the 

analytical models would have been challenging because of a number of features which are 

not present in the existing models including: the presence of a pellet bore; the presence of 

a bonded sliver of fuel; the opening of ladder cracks within the sliver; and the much greater 

role of creep within the AGR system, meaning that inelastic strains can no longer be seen 

as merely a perturbation upon the elastic strain. Early attempts to develop a finite element 

‘extension’ to ENIGMA are discussed in Section 3.3. 

Peridynamics offers the ability to model the development of realistic pellet cracks rather 

than impose less realistic patterns, as is the case for finite element models. Whilst 

peridynamics models have been applied to nuclear fuel [6, 7], their development is very 

much in its infancy and models are currently unable to include important features such as 

creep or interactions between surfaces such as the cladding and pellet. 

Meanwhile finite element modelling is a well established technique which offers the 

opportunity to model a wide range of interacting multi-physics fuel performance 

phenomena and to obtain the mechanical response of the materials, including creep and 

plasticity. Since creep in the cladding is of such significance to the AGR system, this thesis 

follows the lead of so many others [8-20] who, over the last thirty years, have used finite 

element modelling to investigate nuclear fuel. 

The initial ENIGMA-reliant finite element models are described in more detail in Section 

3.3. These 2D(r-θ) models included the cladding, sliver, and in one case, some underlying 



   

Chapter 3 - Methodology  
Choice of Methodology 96 

fuel. The models were unable to account for the sliding of fuel fragments underneath the 

cladding-sliver composite and were highly sensitive to the radial displacement predicted 

by ENIGMA. For these reasons, it was decided to model the rest of the fuel in a new stand-

alone fuel performance code – PELICAN. 

3.2.2 Choice of Abaqus as the Finite Element Model Software 
Once the decision to build a finite element model for PCI had been taken, the choice of 

software had to be made. Two broad paths could have been taken: either an existing finite 

element based nuclear fuel performance code such as BISON or ALCYONE could have 

been used; or, the nuclear aspects could have been introduced to an existing commercial 

finite element package such as Abaqus, COMSOL, ANSYS or NASTRAN. 

The chief advantage of using an existing finite element based fuel performance code such 

as BISON [21-24] or ALCYONE [12, 25] would have been that the nuclear aspects were 

already included, verified, validated and published. Attention could then have been paid to 

only the AGR-specific features. The disadvantages were that neither of the codes included 

models for the type of cladding found in AGRs [24]; that licensing the codes for academic 

use would be challenging; that access to the source code necessary to develop the AGR 

features was not guaranteed; and that, in the case of ALCYONE, bonding (as opposed to 

merely increased friction [9, 14]) had not been modelled and, in the case of BISON, 

frictional contact was problematic [26, 27]. It was therefore decided to adapt an existing 

finite element package. By using an existing package, the material laws could be readily 

adapted and use made of well-established contact formulations. A similar path has been 

taken in Abaqus by Mella [17] and Williamson [18] and in COMSOL by Liu et al. [28].  

Abaqus was chosen over COMSOL, ANSYS and NASTRAN as: it had already been shown 

to be viable by Mella and Williamson [17, 18]; the software was licensed at Imperial 

College London; and, the documentation was extensive [29-31]. One disadvantage of 

Abaqus is its relatively poor parallelisation. It was found that using each additional 

processor reduced the simulation time by only 10% and that common blocks could not be 

used in simulations run on more than one processor [29, 30]. 

Whilst many of the models in PELICAN are shared with Mella’s work [17], the coding is 

new. This is due to the additional phenomena modelled such as the sliver; the incomplete 



   

Chapter 3 - Methodology  
Choice of Methodology 97 

nature of Mella’s model (in 2013); and, the move from modelling in the r-z plane to the r-

θ plane. 

3.2.3 Choice of Dimensionality 
Whilst 3D models for PCI have been developed, [12, 14, 15, 22, 23], they frequently need 

such coarse meshes in order to run in a reasonable time that the solutions are unlikely to be 

convergent. Meanwhile, problems with combining the full range of nuclear fuel 

performance parameters with contact in 3D have been reported [27, 32].  

For these reasons, it was decided to model only the r-θ plane. Justifications for this decision 

include: 

 That the key process for stress concentration in the cladding is the motion of radial 

cracked pellets underneath the cladding. 

 That azimuthally varying carbon deposits are inherently an r-θ phenomenon. 

 That clad bore cracks have been shown to extend over a number of pellets and have 

not been shown to be associated with either the pellet ends or anti-stacking grooves 

[33]. 

 That Jackson’s model for ‘wheatsheafing’ has shown that the stress concentration 

at the pellet ends could be adequately represented by increasing the radial 

displacement of the pellet surface.  

Criticisms of this approach are that 3D models are able to, provided that the mesh can be 

made fine enough, capture the stress concentration at the pellet end; account for the pellet 

chamfers; and capture extrusion and swelling into the pellet dishes. Nevertheless, the 

benefits offered by a more stable, quicker and finer meshed model were considered to 

outweigh the disadvantages of the approximations made by discounting phenomena at the 

pellet ends. 
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3.2.4 Generalised Plane Strain 
When modelling the mechanical response of three-dimensional structures in two 

dimensions, approximations about the dimension perpendicular to those modelled must be 

made. In this work, the r-θ plane is modelled and therefore assumptions need to be made 

about the stresses and strains in the axial direction.  

Three approaches are commonly adopted: plane strain, plane stress and generalised plane 

strain. Figure 3-1 shows three pieces of material with a decreasing thermal strain in the x-

direction with each of these assumptions made in the z-direction. The situation is analogous 

to that of a single nuclear fuel pellet. In the plane strain approximation, the strain in the 

direction in which the approximation is made (the z-direction) is set to zero. The result is 

significant stresses in this direction, decreasing in magnitude from left to right. In the plane 

stress approximation, the stress in the direction in which the approximation is made (the z-

direction) is set to zero. The result is significant strains in this direction, decreasing in 

magnitude from left to right. Finally, in the generalised plane strain approximation, a 

uniform strain is applied. This is such as to give a zero total force in the direction in which 

the approximation is made (the z-direction). The result is compressive stresses on the left 

and tensile stresses on the right. 

Generalised plane strain was chosen to represent the pellet waist in PELICAN. Whilst 

earlier works modelling fuel using finite element analysis made the assumption of plane 

strain [19, 20], later works and indeed commercial fuel performance codes take the 

generalised strain assumption [13]. This compromise recognises the effective free surface 

at the top and bottom of the pellet as well as the constraint of the surrounding material [34]. 

The stress profile in a pellet in reality is however dependent upon the exact shape of the 

pellet, including any chamfers, contact with other pellets, and, in the case of LWR fuel, the 

effect of the plenum spring. 
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Figure 3-1 - A section of model with decreasing thermal strain in the x-direction modelled under conditions 
of plane strain, plane stress and generalised plane strain in the z-direction. 

  



   

Chapter 3 - Methodology  
Initial Finite Element Models 100 

3.3 Initial Finite Element Models 
A number of attempts were made by the author during the early stage of the project to build 

finite element models which relied upon the output of ENIGMA. The models shown in 

Figure 3-2 and Figure 3-3 were created during the author’s MSc research project [35]. 

In the first plane strain model, shown in Figure 3-2, a section of cladding-sliver composite 

was constructed with the same dimensions as those in NIMROD. Material properties were 

hard-coded into Abaqus and subroutines were not used. As was the case in the early 1990s 

[19, 20], plane strain was chosen as an approximation to the pellet waist. The cladding and 

sliver were assumed to be at the same temperature. The change in cladding radius output 

from ENIGMA was used to determine the change in cladding circumference and a driving 

displacement applied. Ladder cracks in the sliver were modelled as being open (with a 

reduced elastic modulus). The model therefore included stress concentration in the ligand 

(the region of cladding not bonded to the fuel sliver) due to differential thermal expansion 

between the cladding and sliver. It did not however capture the effect of pellet fragment 

motion. As can be seen in Figure 3-2, the model resulted in buckling in the unsupported 

section of cladding and discontinuities around the rectangular gap in the sliver. 

 
Figure 3-2 – The linear model of the clad-sliver composite replicating NIMROD; contours show the 
maximum principal stress. Buckling can be seen around the unsupported section of cladding. Reproduced 
from Fig. 17 in [35]. 
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The next plane strain model, shown in Figure 3-3, included the circular geometry of the 

cladding. As in some of the analytical models [36-38], a uniform contact pressure was 

applied to the composite inner surface; in this case, the contact pressure was taken from 

ENIGMA. Also applied to the model were the coolant pressure and pin internal pressure, 

again, taken from ENIGMA. Once again, buckling was seen in the unsupported ligand of 

cladding, however the stress concentration at the square geometric discontinuity was less 

severe. 

 
Figure 3-3 – The circular model of the clad-sliver composite replicating NIMROD. Contours indicate the 
von Mises stress in MPa. Adapted from Fig. 18 in [35]. 

In order to avoid the buckling seen in Figure 3-2 and Figure 3-3, it was decided to develop 

a model that included a section of the pellet underneath the clad-sliver composite; this 

model is described more fully in [3] and shown in Figure 3-4. The generalised plane strain 

model included the outer twelfth of the pellet. The radial displacement of the inner surface 

of the pellet section was set to ENIGMA’s prediction of the change in radius of the inner 
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11/12ths of the pellet. The pin internal pressure was taken from ENIGMA’s prediction 

whilst the surface heat flux and volumetric heat flux applied to the fuel were derived from 

ENIGMA output. In addition, the model included a 2.5 µm length clad bore crack in the 

cladding modelled through element softening. The model made extensive use of 

subroutines for parameters such as creep and element softening. 

 
Figure 3-4 – The model including the outer twelfth of an AGR fuel pellet. Adapted from Figs. 2 and 3 in 
[3]. 
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Whilst the model presented in Figure 3-4 included a clad bore crack and a sliver of fuel, it 

had a number of weaknesses. Firstly, ladder crack closure was not modelled; attempts to 

do so, using the same model applied in ENIGMA, resulted in mesh dependent bands of 

material alternatively in compression and tension. Secondly, the model did not include the 

stress concentration caused by the azimuthal motion of the pellets underneath the cladding. 

Thirdly, reliance upon ENIGMA for the radial response gave rise to fluctuations in the 

cladding stress during periods at steady state power due to the micron level discretisation 

of ENIGMA radial displacement output. Whilst the fluctuations were removed by 

substantial pre-processing, due to restricted access to the source code, a more resilient 

solution could not be reached. 

For these reasons it was decided to embark on the development of a new finite element 

model for PCI in AGR fuel – PELICAN. The first three letters represent the ‘pellet’; the 

fourth ‘interaction’; and, the last three ‘can’, a somewhat antiquated term for fuel cladding 

[39]. Unlike Mella’s model [17], it was designed to be able to model the azimuthal motion 

of pellet fragments underneath the cladding, as well as features such as clad bore cracks, 

azimuthal temperature variation, slivers of fuel and ladder cracks. Moreover, whilst the 

model shares many features and material properties with Mella’s model, the coding and 

approach is new, reflecting the shift of focus onto different phenomena; the lack of close 

support needed to use a developed code; and, the shift from the r-z to r-θ plane.  
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3.4 Overview of the Finite Element Models Used in 
PELICAN 

PELICAN is built using the commercial finite element code Abaqus 6.14. Given that this 

is a widely used and well documented package, this thesis will neither seek to introduce the 

software nor the theory behind it, and familiarity with its basic use is assumed. Section 3.9 

does however describe the use of the software in more detail.  

Section 3.4.1 details the finite element assemblies built. ‘Assemblies’ are a term used in 

Abaqus to describe a group of parts. In PELICAN, the cladding, capsule, each fuel fragment 

and each piece of sliver is a part. The boundary conditions and loads applied to the models 

are shown in Sections 3.4.3 and 3.4.4. Section 3.4.5 details the contact formulations 

employed, whilst Section 3.9 justifies the type of integration, element and step used. 

3.4.1 Model Assemblies Built in Abaqus 
Figure 3-5 shows typical finite element models built for use in PELICAN. In order to 

perform sensitivity studies, additional models with varying angles between radial fuel 

cracks were created.  

At the corners of the pellet cracks and sliver (shown in Figure 3-5(e)), a small (10 µm) fillet 

was added. The fillet is similar in size to a grain in both the cladding and fuel. The fillet 

prevented discontinuities in the stress when contact was made; enabled the use of a more 

uniform mesh in both the pellet and cladding; and stabilised modelling of contact. A 

sensitivity study was carried out into the impact of the fillet size upon the hoop stress and 

creep strain, in the cladding, immediately ahead of the radial crack. It was found that both 

of these outputs were insensitive to the fillet size and that the most stable contact could be 

made by matching the element size on the fillets to that on contacting components. 
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Figure 3-5 – Examples of finite element models used in PELICAN: (a) un-cracked AGR pellet and 
cladding; (b) cracked AGR pellet and cladding; (c) LWR fuel (used for validation); (d) encapsulated 
cracked AGR fuel (used for validation) and (e), bonded cracked AGR fuel. Contours in (a), (b) and (e) 
show the maximum principal stress in MPa; in (c) and (d), contours show the temperature in K. 
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3.4.2 Generalised Plane Strain in Abaqus 
Each part in PELICAN (i.e. a pellet fragment, piece of cladding or capsule) was treated as 

its own generalised plane strain section with uniform strain in the axial direction. In this 

way, the axial strains in fuel and cladding differ and axial slipping between them is possible. 

In Abaqus, generalised plane strain is incorporated through special generalised plane strain 

elements; these are described in detail in Section 3.2.7 of the Abaqus Theory Manual [29]. 

Figure 3-6 shows an example of an Abaqyus quadrilateral generalised plane strain element, 

as used in this thesis. The element consists of two planes, initially parallel to each other. 

Four nodes are placed above each other in each plane. The opposing faces of all elements 

lie upon the same planes and the strain perpendicular to the planes is calculated from 

relative displacement of the planes. In standard generalised plane strain, as described in 

Figure 3-1, the planes are constrained to remain parallel to each other. In order to enable 

the modelling of structures such as pipes, Abaqus allows the planes to rotate around axes 

lying within and perpendicular to one of the planes. To prevent this rotation, shown in 

Figure 3-7, a boundary condition was applied to each reference point associated with a part. 

The boundary condition prevented rotation of the planes by restraining degrees of freedom 

4 and 5 in the global Cartesian coordinate system (i.e. rotation around the x and y axes).  

 
Figure 3-6 – A schematic of the generalised plane strain elements used within Abaqus. In order to model 
‘standard’ generalised plane strain, rotation of the bounding plates about the x and y axes was set to zero. 
Reproduced from Fig. 3.2.7-1 in [29]. 
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3.4.3 Boundary Conditions 
Figure 3-7 shows the boundary conditions applied to bonded AGR fuel, together with the 

parts and position of the radial crack. The boundary conditions consist of a temperature 

boundary condition on the cladding outer surface and zero azimuthal displacement upon 

the symmetry lines between radial cracks.  

In order to impose the boundary conditions, a local cylindrical coordinate system was 

defined, with the radial axis aligned with the x-axis at an azimuthal angle of zero. 

 
Figure 3-7 – The boundary conditions applied to bonded AGR fuel. 
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3.4.4 Loads 
Figure 3-8 shows the loads applied to bonded AGR fuel. The loads consist of a uniform 

volumetric heat flux applied to the pellet fragments and sliver; the internal pressure applied 

to all internal surfaces; and the coolant pressure applied to the cladding. 

 
Figure 3-8 – The loads applied to bonded AGR fuel. 

3.4.5 Contact Formulations 
Interactions between parts employ the finite sliding formulation with node-to-surface 

discretisation with adjustment only to remove over-closure. Contact within Abaqus is 

described in more detail in Section 3.8.1.1 of the Abaqus User Guide [30]. 

In ‘node-to-surface’ discretisation, a ‘master’ and a ‘slave’ surface are identified. Each 

node on the slave surface interacts with its projection onto the master surface. Whilst the 

node-to-surface discretisation can result in the slave surface penetrating the master surface 

when the element size is similar to the radius of curvature, fortunately this is not the case 

in PELICAN due to the large radius of the pellet and matched mesh at the pellet fillet. 

Node-to-surface discretisation was chosen as it better handled the slow contact associated 

with creep-down of the cladding onto the pellet. To ensure a comparatively stable 

simulation, the master surfaces were set to the outer surface for each pair. For example, in 

clad-sliver interaction, the master surface was the cladding; for the sliver-pellet interaction, 

the master surface was the sliver. 
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The ‘finite-sliding’ formulation is the most general contact tracking approach available in 

Abaqus and allows for arbitrary relative separation, sliding, and rotation of the contacting 

surfaces. It was therefore deemed most appropriate to PELICAN as it would allow the clad-

pellet gap and pellet cracks to open and close as well as pellet fragments to slide underneath 

the cladding.  

In Abaqus, each set of interacting surfaces is allocated to an ‘interaction property’. Four 

interaction properties were used in PELICAN: 

 ‘Sliding gap’ employed thermal radiation, the GAPCON thermal conductance 

subroutine and a coefficient of friction of 0.8 by default. It was used between the 

clad & sliver and pellet & sliver when sliding. 

 ‘Sliding crack’ also employed thermal radiation, the GAPCON thermal 

conductance subroutine and a coefficient of friction of 0.8. It was used for the radial 

cracks. 

 ‘Bonded’ used the GAPCON thermal conductance subroutine and cohesive 

behaviour. It was used for bonded surfaces and the sliver-pellet cracks before they 

were able to open.  

 ‘High friction’ was used to soften the abrupt change during the transition from the 

‘sliding gap’ to ‘bonded’ properties and vice versa. The property is identical to 

‘sliding gap’ except that the coefficient of friction is set to 6.0. 
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3.5 The PELICAN Approach 
PELICAN has been developed to be highly flexible in order to enable research into both 

current and proposed fuel designs. Examples of its flexibility include: 

the ability to model bonded AGR fuel with ladder cracks and a clad bore crack; the ability 

to model cross-pin temperature gradients; and the ability to choose between different 

material models and add new ones. 

3.5.1 Overview of Input Files & Subroutines 
Figure 3-9 shows the files required for a PELICAN analysis. The user submits an Abaqus 

job using the Abaqus input (.inp) file and subroutine file in a new folder containing the 

other necessary files. Appendix B contains a sample subroutine file. 

 
Figure 3-9 – The files required for a PELICAN analysis. 
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Abaqus Input File 
The Abaqus input file is created using the Abaqus CAE (complete Abaqus environment) 

program and defines the finite element models. It includes the definition of the interactions, 

loads, boundary conditions, sections and materials. The steps are defined in the simulation 

file, which replace the steps defined in the input file. 

Simulation, History and Step Files 
The simulation file is created using a short program, written in FORTRAN, which enables 

the step lengths, maximum sub-step time increment and minimum time increment to be 

easily changed as well as the use of complicated irradiation histories. The program uses the 

history file and step files. There is a step file for each type of step. The step files are created 

from the input files created by Abaqus CAE and contain the interactions, loads and 

boundary conditions for each step type, formatted into a suitable form for use by the 

FORTRAN program by a short shell script. The history file lists the individual steps, their 

lengths, time increment details and type.  

Interaction File 
The file lists the slave surface name for each interaction and a flag to identify the type of 

interaction. This enables the GAPCON subroutine to determine the correct gap 

conductance, which depends upon the material pair. The coding is ‘1’ for a Zircaloy - UO2 

gap; ‘2’ for a UO2 - UO2 gap; ‘3’ for a stainless steel – UO2 gap and ‘4’ for a Zircaloy – 

stainless steel gap. 

Linear Rating File 
For each step, the file gives the linear rating and clad surface temperature at the end of the 

step, as well as the step length. This approach enables complicated irradiation histories to 

be used. 

Part File 
The part file lists each of the parts in the simulation. This is necessary in order to allocate 

each part a number in order to determine whether the ladder cracks in the sliver are open 

or closed. 

Fuel Properties File 
The fuel property file lists all of the fuel properties, together with a series of flags, and 

makes changes to the fuel and simulation parameters easy to make and track. The file 
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consists of a series of real numbers, followed by a series of integer flags. These are listed 

in Appendix C. 

Subroutine File 
All of the subroutines are contained within a single file, an example of which is given in 

Appendix B. A summary of the key functions of each of the subroutines is given below. 

CREEP Subroutine 
The CREEP subroutine determines the thermal and irradiation creep strains in both the fuel 

and the cladding. It also determines any swelling strain. In Abaqus, non-linear swelling is 

calculated in the CREEP subroutine. In this way the constant-volume dimensional change 

associated with creep is combined with the frequently non-isotropic dimensional change 

associated with swelling. 

In the fuel, the swelling is the sum of the irradiation densification and fission-product-

induced swelling. Fission product swelling is due to solid fission product swelling (also 

known as inexorable or matrix swelling) and gaseous fission product swelling. In Zircaloy, 

the swelling is due to irradiation growth of the material, predominantly in the axial 

direction. In line with EDF’s version of ENIGMA, helium bubble swelling in stainless steel 

is not considered [40]. 

In addition, changes to the fuel porosity due to both densification and gaseous fission 

product swelling is passed into common blocks for use in determining the thermal 

conductivity and elastic modulus. 

Given that PELICAN was intended to model PCI under routine operation, the high burnup 

structure was not modelled. 

UHARD Subroutine 
The UHARD subroutine determines the yield stress and plastic hardening in the cladding 

as a function of burn-up, temperature and, in the case of stainless steel, clad helium 

concentration. 

UEXPAN Subroutine 
The UEXPAN subroutine determines the increment of thermal expansion during the time 

increment.  
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DFLUX Subroutine 
The DFLUX subroutine applies a volumetric heat flux to the material. This is corrected for 

the radial power distribution, determined using the RADAR model (described in Section 

3.5.2) in the UEXTERNALDB subroutine, and the thermal expansion of the fuel 

(determined in the UEXPAN subroutine). The RADAR model resides in the 

UEXTERNALDB subroutine so that: (a), the species concentrations are only updated when 

an equilibrium solution has been reached and (b), the power profile is available to other 

subroutines such as CREEP. 

DLOAD Subroutine 
The DLOAD subroutine applies the pin internal gas pressure to both the fuel fragment 

surfaces and cladding inner surface. For encapsulated fuel, the capsule pressure is applied 

to the cladding outer surface and capsule inner surface. 

The pin internal pressure is determined by applying the ideal gas law and assuming that the 

gas is at the same temperature as the cladding outer surface and that there is no fission gas 

release. This is an under-estimate by several Kelvin but stabilises the model. The pin free 

volume is determined by calculating the change in cross sectional free area, taking into 

account changes in pellet outer radius, pellet bore radius and clad radius. This is multiplied 

by the active length and added to the plenum volume. The volume of any dishes, chamfers 

and pellet cracks are not considered. 

The capsule internal pressure is calculated by the same technique except that the 

temperature is assumed to be the same as the capsule plenum temperature, itself the same 

as the coolant temperature. 

DISP Subroutine 
The DISP subroutine applies the clad / capsule outer surface temperature boundary 

condition. For models of azimuthally varying carbon deposition, this can be a function of 

angle. 

THECON Subroutine 
The THECON subroutine determines the thermal conductivity of the fuel, as a function of 

temperature, burn-up and porosity, according to which thermal conductivity flag is used. It 

is called from the USDFLD subroutine and returns the conductivity, which is placed into a 
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field variable. By the use of a simple table in the input file, this allows the thermal 

conductivity to be determined by a user-defined field variable. 

GAPCON Subroutine 
The GAPCON subroutine returns the thermal conductance (the heat flux across a gap 

divided by the temperature drop across the gap). The approach taken by the subroutine is 

discussed in more detail in Section 3.5.3. 

USDFLD Subroutine 
The USDFLD subroutine within Abaqus is intended to allow creation of user-defined fields 

as a function of a wide range of parameters such as stress, temperature and position. 

Material properties can then be a function of these fields. The approach is used within 

PELICAN to make material properties such as thermal conductivity a function of burn-up. 

It is also used in the bonded fuel model to reduce the elastic modulus of the sliver and clad 

bore crack. 

By the use of common blocks, information about a particular integration point can be 

passed to other subroutines and parameters determined by other subroutines can be used to 

amend material properties. 

UEXTERNALDB Subroutine 
The UEXTERNALDB subroutine is the method by which an Abaqus simulation can 

interact with other files. It is used in PELICAN to place parameters from the files, 

highlighted in green in Figure 3-9, into common blocks at the beginning of the simulation. 

UEXTERNALDB is called at the beginning and end of each step, increment and iteration; 

common blocks can therefore be amended as appropriate. For example, the burn-up is 

updated only at the end of each increment (once a converged solution is found), whilst the 

increment of burn-up used in the swelling models is determined for each iteration. In 

addition, UEXTERNALDB is used to carry out the calculations used to determine the non-

local stress state in the sliver of bonded fuel. 

SDVINI Subroutine 
The SDVINI subroutine is used to initialise state dependent variables. In PELICAN, they 

are all initialised to zero to prevent data from previous simulations being used at the start 

of a simulation when simulations are run on a Windows machine. 
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SINTBU & BFIND Subroutines 
The SINTBU and BFIND subroutines employ the Newton-Raphson approach to determine 

the effective burn-up at the start of the increment for the Assmann - Stehle and White 

densification models respectively. They are called by the CREEP subroutine. 

3.5.2 Radial Power Distribution 
The power profile at the pellet surface is greater at the pellet outer surface, reducing the 

centreline temperature, which would be expected from a uniform power distribution. 

Palmer’s diffusion-based RADAR model is employed to account for this effect. The model 

is described in [41], together with a number of tuning parameters, which were subsequently 

introduced when RADAR was coded into ENIGMA [42]. The model tracks the 

concentration of U235, U238 and Pu239 species and utilises a series of absorption and fission 

cross-sections. Palmer’s model was validated against the WIMS-E neutronics code to a 

burn-up of 32 GWd tUO2
-1 for both AGR and PWR fuel. It was therefore deemed 

appropriate to PELICAN, since it is not intended to model high burn-ups. The validation 

against AGR fuel, which has a pellet outer temperature greater than PWR fuel, was seen as 

giving RADAR an advantage over models such as TUBRNP, the power depression model 

in TRANSURANUS, which tracks additional heavier plutonium isotopes [43] that are 

needed to model higher burn-ups. 

Reflecting the larger number of elements used within a finite element model compared to 

the number of annuli used in a conventional nuclear fuel performance code, the number of 

annuli in the RADAR model has been increased to 1000. This ensures a smooth power 

profile across the pin. 

3.5.3 Heat Transfer across Gaps 
Following the approaches used in the URGAP model [44, 45] within TRANSURANUS, 

the GAPCON [46] model and ENIGMA [40], heat transfer is assumed to be the result of 

three parallel mechanisms: 

 Conductance within the gap gas inventory, with a thermal conductance represented 

by kgas. 

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

represented by kcontact. 

 Thermal radiation, with a thermal conductance represented by kradiation. 



   

Chapter 3 - Methodology  
The PELICAN Approach 116 

The total conductance, ktotal is the sum of these three terms, as per (3-1). 

 𝑘𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑔𝑎𝑠 + 𝑘𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑘𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  (3-1) 

The thermal conductance within the gas is calculated using (3-2). The gas thermal 

conductivity, λgas, is a function of temperature (described in Section 3.6.4) and is divided 

by a ‘thermal gap’, dthermal. The thermal gap is the sum of the gap determined by Abaqus, 

dmech, the minimum gap size associated with the surface roughness, dmin, and the gas jump 

distance, djump. The motion of the pellet fragments is modelled by PELICAN; the pellet-

clad gap is not therefore adjusted to account for relocation. 

 
𝑘𝑔𝑎𝑠 =

𝜆𝑔𝑎𝑠

𝑑𝑡ℎ𝑒𝑟𝑚𝑎𝑙

=
𝜆𝑔𝑎𝑠

𝑑𝑚𝑒𝑐ℎ + 𝑑𝑚𝑖𝑛 + 𝑑𝑗𝑢𝑚𝑝

 (3-2) 

Two models are available for the minimum gap, selected using DMINFLAG in the fuel 

properties file. Firstly, the assumption used in ENIGMA [47] of 5.0 µm for a steel-UO2 gap 

and 2.5 µm otherwise. Secondly, Beyer’s pressure dependent term used in the code 

GAPCON-THERMAL 2 [46]. Beyer’s term (in µm) is given by (3-3), in which P is the 

contact pressure in MPa and Ri is the surface roughness at zero pressure of each material in 

the pair.  

 𝑑𝑚𝑖𝑛 = (𝑅1 + 𝑅2)𝐷1𝑒−𝐷2𝑃 (3-3) 

 RUO2 = 0.9906 µm 

RZircaloy = 0.5080 µm 

RSteel = 0.5080 µm 

D1 = 1.98 

D2 = 1.27663x10-2 MPa-1 
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The jump distance (in µm) is given by (3-4), the same formulation as used in ENIGMA 

with the additional assumptions that there is no fission gas release and that the fill-gas is a 

mixture of helium and xenon [47]. In (3-4), T is the temperature in Kelvin, p the gas 

pressure in MPa and x the xenon mole fraction.  

 
𝑑𝑗𝑢𝑚𝑝 =

𝐷3𝑇1.2

𝑝
(𝐷4𝑥 + 𝐷5(1 − 𝑥)) (3-4) 

 D3 = 0.1208 µm MPa K-1.2 

D4 = 3.2x10-7 

D5 = 6.4x10-6 

 

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

described by Lassmann for the URGAP model  [44, 45]. It takes the form given in (3-5), in 

which P is the contact pressure in MPa; λav is the average thermal conductivity of the two 

surfaces (in W mm-1 K-1); Rav is the average surface roughness using the values described 

above (in mm); Hmin is the lower of the Meyer hardness of the two surfaces (in MPa), 

determined using (3-6)-(3-8).  

 
𝑘𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐷6𝑅𝑎𝑣𝜆𝑎𝑣 (

𝑃

𝐻𝑚𝑖𝑛𝑅𝑎𝑣
2)

𝐷7

 (3-5) 

 D6 = 0.638  

D7 = 0.67 

 

 𝐻𝑈𝑂2 = 𝐷8𝑒−𝐷9𝑇 (3-6) 

 D8 = 6.009x103 MPa 

D9 = 1.56x10-3 K-1 

 

 𝐻𝑍𝑖𝑟𝑐𝑎𝑙𝑜𝑦 = 𝐷10 − 𝐷11𝑇 + 𝐷12𝑇2 − 𝐷13𝑇3 (3-7) 

 D10 = 2.6034x10-5 MPa 

D11 = 2.6394x10-8 MPa K-1 

D12 = 4.3502x10-11 MPa K-2 

D13 = 2.5621x10-14 MPa K-3 

 

 
𝐻𝑆𝑡𝑒𝑒𝑙 = {

𝐷14𝑇−𝐷15 , 𝑇 < 894 K

𝐷16𝑇−𝐷17 , 𝑇 ≥ 894 K
 (3-8) 

 D14 = 2.6394x10-8 MPa 

D15 = 0.206 

 



   

Chapter 3 - Methodology  
The PELICAN Approach 118 

D16 = 2.75x1022 MPa 

D17 = 6.53 

The gap conductance due to radiation is calculated by applying (3-9), where σSB is the 

Stefan-Boltzmann constant; T1 and T2 are the temperatures of the two surfaces; and ε1 and  

ε2, the emissivities of the two surfaces, assumed to be equal to 0.8 based upon assumptions 

in ENIGMA [40]. 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 

responses. 

 
𝑘𝑟𝑎𝑑 = 𝜎𝑆𝐵

𝜀1𝑇1
4 − 𝜀2𝑇2

4

𝑇1 − 𝑇2

 (3-9) 
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3.6 Material Properties & Phenomena 
The materials used to construct nuclear fuel elements undergo severe temperature changes, 

chemical attack, phase changes and fluctuating mechanical loads whilst under intensive 

neutron and fission product irradiation. As a result, the material properties change with 

temperature, burn-up and neutron flux (or fluence). Obtaining material properties during 

irradiation is challenging. Not only are experiments difficult on even un-irradiated 

specimens, the complex inter-dependence of material properties, the presence of 

radioactivity and cost makes data sparse and often associated with significantly large 

uncertainties. Nevertheless, engineering correlations / models such as those for thermal 

expansion and models are available for all material properties and phenomena required to 

build a detailed fuel performance code. In addition, models such as Spino’s model for 

gaseous fission product swelling [48] allow phenomena such as fission product swelling to 

be introduced. 

The approach taken in PELICAN was to use the ‘best available’ models or correlations. 

The uncertainty in modelling output due to the choice of model can then be assessed by 

using diverse models. This sensitivity is examined in the validation (Chapter 4). 

The following sections detail the models and correlations available for each material 

property and phenomenon employed in PELICAN. The material models themselves are 

discussed in more detail in Appendix A. 

3.6.1 Uranium Dioxide 
Table 3-1 lists the material models available in PELICAN for uranium dioxide, together 

with their method of introduction to PELICAN. In this thesis, the phrase 'uranium dioxide' 

is frequently used as a surrogate for the entire fuel matrix. This includes the initial UO2 

fuel, as well as fission products and transmuted elements, in particular plutonium. In some 

cases, the initial, un-irradiated values are used; in others, perturbations to the material 

properties are included through corrections accounting for the temperature, local fission 

rate, burn-up or porosity. 

In the input files and subroutines, the material name ‘UO2’ is used for the un-cracked pellet 

and pellet fragments. The material named ‘SLIVER’ is identical to ‘UO2’, except that the 

elastic modulus is reduced as appropriate to account for ladder cracks. The method 

employed is described in Section 3.7.2.  
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Table 3-1 - The material models available for uranium dioxide. Note that ‘UO2BPC’ refers to the Uranium Dioxide Basic Properties Committee at EDF Energy and 
their predecessors. 

Material Property Method of Introduction Model Temperature  

Dependence 

Fission Rate  

Dependence 

Burn-up  

Dependence 

Porosity  

Dependence 

Ref. 

Thermal Conductivity ‘THECON’ Subroutine White-3 (UO2BPC) ✔ ✘ ✔ ✔ [40, 49, 50] 

White-4 (UO2BPC) ✔ ✘ ✔ ✔ [40, 49, 50] 

Palmer 2015 ✔ ✘ ✔ ✔ [51] 

Lucuta 1996 ✔ ✘ ✔ ✔ [52] 

Haynes 2015 ✔ ✘ ✔ ✘ [3] 

Creep ‘CREEP’ Subroutine Clough & Beatham (UO2BPC) ✔ ✔ ✘ ✔ [53] 

BISON ✔ ✔ ✘ ✔ [24] 

MATPRO ✔ ✔ ✘ ✔ [54] 

Density Input File Single Value (EDF Energy) ✘ ✘ ✘ ✘ [47] 

Elastic Modulus Input File Palmer 2015 ✔ ✘ ✘ ✔ [51] 

Densification ‘CREEP’ Subroutine White (UO2BPC) ✔ ✘ ✔ ✔ [40, 55] 
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Assmann & Stehle 

(MATPRO) 
✘ ✘ ✔ ✔ [54, 56, 57] 

ESCORE (BISON) ✔ ✘ ✔ ✔ [24] 

Thermal Expansion ‘UEXPAN’ Subroutine UO2BPC Correlation ✔ ✘ ✘ ✘ [58, 59] 

Specific Heat Capacity Input File UO2BPC Correlation ✔ ✘ ✘ ✘ [47] 

Solid Fission Product 

Swelling 

‘CREEP’ Subroutine AGR Value (EDF Energy) ✘ ✘ ✔ ✘ [47] 

PWR Value (MATPRO) ✘ ✘ ✔ ✘ [54] 

Gaseous Fission 

Product Swelling 

‘CREEP’ Subroutine Olander (Simplified) ✘ ✔ ✘ ✘ [48] 

MATPRO ✔ ✔ ✔ ✘ [54] 

Hollowell ✔ ✔ ✔ ✘ [54] 

Spino ✔ ✔ ✔ ✘ [48] 
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3.6.2 Zircaloy 
Zircaloy is an alloy of zirconium and other elements. For light water reactor core internals, 

it comes in a number of forms. As well as compositional differences, the processing 

undergone differs. Different Zircaloy alloys will therefore have different material 

properties. Historically, Zircaloy-2 has been used in boiling water reactors and Zircaloy-4 

in pressurised water reactors. Recently, newer zirconium alloys have been developed, with 

the aim of improved performance within reactors. Zircaloy-2 and Zircaloy-4 are still 

employed in a number of reactors and their properties are well documented in the open 

literature. For these reasons, they are modelled within PELICAN. They are particularly 

relevant to the experiments used for validation as these were carried out well over a decade 

ago. Given that a number of material models are applicable to both Zircaloy-2 and Zircaloy-

4, PELICAN considers only a single hybrid material; this is referred to throughout this 

thesis as ‘Zircaloy’. 

Table 3-2 lists the material models available in PELICAN for Zircaloy, together with their 

method of introduction. To aid the reader, the alloys for which the model are explicitly 

applicable are shown, together with details as to whether the model is sensitive to 

temperature, neutron flux, or burn-up. 

Given that the PCI failure mechanism for LWR cladding is stress-corrosion cracking, 

models for the ductility of Zircaloy cladding have not been included. 
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Table 3-2 - The material models available for Zircaloy. Note that ‘ZyBPC’ refers to the Zircaloy Basic Properties Committee at EDF Energy and their predecessors 
Material Property Method of 

Introduction 

Model Zircaloy-2 Zircaloy-4 Temperature  

Dependence 

Flux 

Dependence 

Burn-up 

Dependence 

Ref. 

Thermal Conductivity Correlation Sheldon (ZyBPC)  ✔ ✔ ✘ ✘ [40] 

Creep ‘CREEP’ Subroutine Wood (SLEUTH-82)  ✔ ✔ ✔ ✘ [60] 

Donaldson (ZyBPC)  ✔ ✔ ✔ ✔ [40, 61] 

Mayuzumi & Onchi  ✔ ✔ ✘ ✘ [62-64] 

Hoppe & Hayes 

(BISON) 
✔ ✔ ✔ ✔ ✘ [65, 66] 

Hoppe & Limback 

(BISON) 
✔ ✔ ✔ ✔ ✔ [65, 66] 

Density Input File Single Value (EDF 

Energy) 
 ✔ ✘ ✘ ✘ [47] 

Elastic Modulus Correlation ZyBPC Correlation  ✔ ✔ ✘ ✘ [47] 

Thermal Expansion ‘UEXPAN’ 

Subroutine 

ZyBPC Correlation  ✔ ✘ ✘ ✘ [47] 
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Material Property Method of 

Introduction 

Model Zircaloy-2 Zircaloy-4 Temperature  

Dependence 

Flux 

Dependence 

Burn-up 

Dependence 

Ref. 

Instantaneous 

Plasticity 

‘UHARD’ Subroutine Donaldson (ZyBPC)  ✔ ✔ ✘ ✔ [40] 

Specific Heat Capacity Input File Single Value (EDF 

Energy) 
 ✔ ✘ ✘ ✘ [47] 

Axial Swelling ‘CREEP’ Subroutine Harbottle  ✔ ✘ ✘ ✔ [40] 
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3.6.3 Stainless Steel 
The stainless steel alloy used for AGR fuel cladding is a bespoke material used solely in 

the British AGR fleet. Research into the material has therefore been largely carried out by 

the former Central Electricity Generating Board and their successors. There is therefore 

little data in the open literature and PELICAN has made extensive use of proprietary data 

owned by EDF Energy. Whilst a diverse number of material models are available for 

Zircaloy and uranium dioxide, this is not the case for AGR stainless steel cladding. 

Table 3-3 lists the material models available in PELICAN for stainless steel, together with 

their method of introduction and whether they are dependent upon temperature, burn-up or 

clad helium concentration. Clad helium concentration is used as a surrogate for irradiation 

damage in a number of material models. A correlation is given in Appendix A, which 

allows for its value to be predicted in PELICAN. 

Given that the PCI failure mechanism for AGR cladding is clad ductility exhaustion, 

models for the ductility of stainless steel cladding have been included. 
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Table 3-3 - The material models available for stainless steel. Note that ‘FPWG’ refers to the Fuel Properties Working Group at EDF Energy and their predecessors. 
Material Property Method of Introduction Model Temperature 

Dependence 

Burn-up 

Dependence 

He Concentration 

Dependence 

Ref. 

Thermal Conductivity Input File Bond (SLEUTH-82) ✔ ✘ ✘ [59] 

Creep ‘CREEP’ Subroutine Nichols (FPWG) ✔ ✘ ✘ [67, 68] 

Creep Ductility ‘CREEP’ Subroutine Nichols (FPWG) ✔ ✔ ✔ [69] 

Density Input File Bond (SLEUTH-82) ✔ ✘ ✘ [59] 

Elastic Modulus Input File Ecob & Beere (SLEUTH-82) ✔ ✘ ✘ [67] 

Thermal Expansion ‘UEXPAN’ Subroutine Bond (SLEUTH-82) ✔ ✘ ✘ [59] 

Instantaneous Plasticity ‘UHARD’ Subroutine Kohler & Banks (FPWG) ✔ ✘ ✔ [70] 

Plastic Ductility ‘CREEP’ Subroutine Tyler & Barnes (British Energy) ✔ ✘ ✔ [71] 

Specific Heat Capacity Input File Single Value (EDF Energy) ✘ ✘ ✘ [47] 
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3.6.4 Fill Gas 
Two models are available for the thermal conductivity of the pin fill gas. Hashimoto’s 

model [72] includes temperature and xenon concentration dependence. It is therefore used 

for situations where the xenon concentration is known, for example the gas in some 

encapsulated fuel pins used at Halden. Peterson’s model [73] includes a sensitivity to the 

internal pressure; it is therefore of more interest in situations where the gas pressure is 

expected to change.  

The models are discussed in more detail in Appendix A. 
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3.7 Bonded Fuel 
As shown in Figure 3-5(e) and Figure 3-7, models of bonded fuel were built using five 

parts: the cladding, two fragments of pellet and two pieces of sliver. The sequence of events 

is hypothesised to be that: 

 Eight radial cracks form in each pellet during the rise to power; this is based upon 

Mella and Wenman’s work [6]. 

 The cladding creeps onto the fuel and contact is made between the cladding inner 

surface and the outer surface of the fuel. 

 Bonding occurs between the cladding and fuel. This occurs relatively quickly in an 

AGR [2] and a strong bond has been shown to form ex-pile after 2000 h [74].  

 A circumferential crack opens in the fuel, leading to a sliver of fuel that bonds to 

the cladding with pellet fragments able to move underneath. 

 Differential thermal expansion between the metal cladding and brittle ceramic 

sliver gives rise to ladder cracks within the sliver. 

 A clad bore crack develops ahead of the radial crack through the sliver. Clad bore 

cracks are assumed to be an artefact of bonding since clad bore cracks have not 

been observed in un-bonded fuel [75]. 
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3.7.1 Interactions between Parts 
As discussed in Section 3.5.1, when interactions, loads or boundary conditions are changed, 

a new step type is defined. In addition, the instruction to repeat the model configuration is 

itself a unique step type. Table 3-4 details the interaction properties used in each of the step 

types used in the bonded fuel model. The interaction properties used are discussed in more 

detail in Section 3.4.5. As will be described in Sections 3.7.2 and 3.7.3, clad bore cracks 

and sliver cracks are introduced by the USDFLD subroutine at a user-defined time. Clad 

bore cracks can be introduced during step types ‘2’, ‘4’ or ‘8’. Ladder cracks can be 

introduced during step type ‘8’. As described in Section 3.4.5, the ‘Sliding Crack’ 

interaction property is between pellet fragments during all steps. Step types ‘2’, ‘5’ and ‘8’ 

represent an unchanging model and are therefore similar to the previous step type in which 

contact interaction properties were changed; these steps can be repeated a large number of 

times. 

Table 3-4 - The step types and interaction properties used in the bonded simulations. 
Step Step Type Repeated Clad-Sliver 

Interaction 

Properties 

Sliver-Pellet 

Interaction 

Properties 

Initial Rise to Power 1 ✘ Sliding Gap Bonded 

Creep Down 2 ✔ Sliding Gap Bonded 

High Friction 3 ✘ High Friction Bonded 

Bond Formation 4 ✔ Bonded Bonded 

Bonded 5 ✔ Bonded Bonded 

Circumferential Crack 

Formation 1  

6 ✘ Bonded High Friction 

Circumferential Crack 

Formation 2 

7 ✘ Bonded Sliding Gap 

Cracked & Bonded 8 ✔ Bonded Sliding Gap 
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3.7.2 Non-Local Ladder Crack Model 
In NIMROD, it is assumed that the elastic modulus of the entire sliver is reduced to 0.03 

times its un-cracked value when in tension [76], in the hoop direction. When this simple 

approach was introduced into PELICAN, it led to periodic bands of material in the sliver 

being in compression and tension. This unphysical effect was highly mesh dependent, with 

adjacent elements being in compression and tension. As the model progressed the regions 

alternated between compression and tension leading to an unstable model. 

To overcome this, a non-local approach, similar to that taken by Duddu and Waisman when 

assessing creep in ice sheets [77], was adopted. The elastic modulus of the cracked material, 

ELC, is given by (3-10), in which KLC is the ladder crack factor, and E0 is the elastic modulus 

of un-cracked material. It should be noted that the elastic modulus is reduced only in the 

hoop direction. 

 𝐸𝐿𝐶 = 𝐾𝐿𝐶𝐸0 (3-10) 

The non-local elastic strain in the element, εNL was determined by (3-11), in which εi is the 

hoop component of the elastic strain at each of the integration points, i, within a horizon rH 

of the integration point for which the summation is taking place. Only integration points 

within the same part are used, and the part file is used to help ensure that each element is 

assigned to the correct part. The elastic strains were weighted according to the distance 

between the two integration points, ri and the characteristic length lC. The characteristic 

length and horizon are set in the fuel properties file and by default take values of 0.075 and 

0.225 mm respectively. The former was chosen to be twice the typical element size in the 

sliver and the latter to exclude integration points in which the effect of the strain was 

reduced by more than 95%. 

 
𝜀𝑁𝐿 =

∑ 𝜀𝑖𝑒
−

𝑟𝑖
𝑙𝑐𝑖

∑ 𝑒
−

𝑟𝑖
𝑙𝑐𝑖

 (3-11) 

The ladder crack factor, defined in (3-12), depends upon the non-local elastic strain, the 

time dependent reduction factor, CT and the transition strain, ε0. The transition strain was 

introduced to stabilise the model and is set in the fuel properties file and is by default 

5.0x10-6, equivalent to 0.75 MPa at 900 K.  
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𝐾𝐿𝐶 = {

1, 𝜀𝑁𝐿 < 𝜀0

1 + (𝐶𝑇 − 1)
𝜀𝑁𝐿 − 𝜀0

𝜀0

, 𝜀0 < 𝜀𝑁𝐿 < 2𝜀0

𝐶𝑇 , 𝜀𝑁𝐿 ≥ 2𝜀0

 (3-12) 

The time-dependent reduction factor is given by (3-13), in which C0 is the terminal 

reduction factor, t1 is the time at the start of ladder crack initiation and t2 the time at the end 

of initiation. All of these parameters are set in the fuel properties file. By default, the 

terminal reduction factor is set to 0.03 – the same value as used in NIMROD [76] 

 

𝐶𝑇 = {

1, 𝑡 < 𝑡1

1 + (𝐶0 − 1)
𝑡 − 𝑡1

𝑡2 − 𝑡1

, 𝑡1 < 𝑡 < 𝑡2

𝐶0, 𝑡 ≥ 𝑡2

 (3-13) 

The summation in (3-11) is carried out in the UEXTERNALDB subroutine and the ladder 

crack factor determined in the USDFLD subroutine before it is passed into a field variable 

for Abaqus to vary the tabulated elastic modulus in the material ‘SLIVER’. This is identical 

to the material ‘UO2’, except for the elastic modulus.  

3.7.3 Clad Bore Crack Model 
The clad bore crack was introduced by defining a new material, ‘CBC’, within Abaqus 

input file. This was identical to the material ‘STAINLESS’ used to define stainless steel, 

except that the elastic modulus was dependent upon a field variable equal to the clad bore 

crack reduction factor KCBC. The field variable equal to KCBC was determined in the 

USDFLD subroutine. 

The elastic modulus of the cracked material, ECBC, is given by (3-14), in which KCBC is the 

clad bore crack factor, and E0 is the elastic modulus of un-cracked material. 

 𝐸𝐶𝐵𝐶 = 𝐾𝐶𝐵𝐶 𝐸0 (3-14) 

The clad bore crack factor was reduced from unity to the reduction factor K0 between times 

τ1 and τ2 as shown in (3-15). Once again, these parameters are defined in the fuel properties 

file. By default, K0 was set to 1.0x10-5. 

 

𝐾𝐶𝐵𝐶 = {

1, 𝑡 < 𝜏1

1 + (𝐾0 − 1)
𝑡 − 𝜏1

𝜏2 − 𝜏1

, 𝜏1 < 𝑡 < 𝜏2

𝐾0, 𝑡 ≥ 𝜏2

 (3-15) 
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Typically, the clad bore crack was modelled as having a depth of 2.0 µm and a radius of 

0.5 µm. The choice of 2.0 µm reflects the threshold at which clad bore cracks are recorded 

in post-irradiation examination (PIE) [2, 78]. 

Growth of the clad bore crack was not modelled. The creep strain ahead of the crack tip 

was used to assess the relative likelihood that any event would cause damage in the cladding 

and clad bore crack. 
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3.8 Encapsulated Fuel 
3.8.1 Background & Capsule Design 
Test campaigns on AGR fuel loaded in the Halden test reactor were conducted in the 1990s 

to support operational safety cases by providing experimental data to validate fuel 

performance codes against. The Halden HBWR (heavy boiling water reactor) operates at a 

coolant temperature of 240 ˚C, coolant pressure of 3.33 MPa and a linear rating of up to 

around 35 kW m-1 [79, 80]. A number of advanced instrumented fuel assemblies (IFAs) 

were constructed and techniques employed to measure fuel temperatures and clad 

elongation during operation [81]. 

To form the IFAs used in validation of both PELICAN and ENIGMA, both fresh and 

irradiated AGR fuel pins were encapsulated in Zircaloy-2 tubes pressurised with helium 

and / or xenon at a pressure of typically 2.02 MPa. The effect of this was two-fold: firstly, 

to increase the capsule internal pressure close to that typical of AGR operation; and 

secondly, to provide thermal insulation between the capsule and cladding to obtain a 

cladding surface temperature appropriate to commercial AGR operation. 

3.8.2 Mechanical Modelling 
PELICAN models the thermo-mechanical response of the Zircaloy-2 capsule in the same 

way as the Zircaloy used for LWR fuel pins. This should be compared to ENIGMA, in 

which the creep-down and changes in internal pressure and creep strain in the capsule are 

not modelled.  

The HBWR coolant pressure of 3.33 MPa is applied to the outside of the capsule. 

PELICAN calculates the internal pressure applied to the inside of the capsule and outside 

of the cladding, PCAP, by applying equation (3-16), where P0 is the initial fill pressure at 

room temperature (typically 2.02 MPa), T0 is room temperature and THBWR the temperature 

applied to the outside of the Halden capsule. The temperature assumption can be justified 

by the significant plenum at the end of the capsule. 

 
𝑃𝐶𝐴𝑃 = 𝑃0 (

𝑇𝐻𝐵𝑊𝑅

𝑇0

) (3-16) 
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3.8.3 Thermal Model 
A two-term heat-transfer model was employed, similar to that for other gaps. Only 

conductance through the fill-gas and radiation across the gap are modelled since the capsule 

and cladding do not make contact. 

Heat Transfer Enhancement Due To Ribs 
AGR fuel cladding has machined ribs. These are intended to enhance heat transfer out of 

the fuel pin by promoting the development of turbulent flow and mixing in the carbon 

dioxide coolant. The presence of the ribs reduces the average gap between the cladding and 

the capsule and can promote radiation from the cladding surface due to the increased 

surface area. 

Three models are available and are chosen by setting the parameter ‘RIBFACT’ in the fuel 

properties file. 

The default model used in PELICAN was developed by Shannon [82, 83] for use in 

ENIGMA. The model not only corrects for the thickness of the rib, but also the effect of 

the radiation heat transfer from thermocouples themselves and the spacer coils between the 

capsule and cladding. The empirical model considers ribs with a square cross-section of 

0.27 mm2 and increases the gas conductance term by a factor KSHANNON according to (3-17), 

in which d is the capsule-clad gap in mm: 

 
𝐾𝑆𝐻𝐴𝑁𝑁𝑂𝑁 = 𝑆1 +

𝑆2

𝑑 − 𝑆3

 (3-17) 

 S1 = 1.11088 

S2 = 0.04410 mm 

S3 = 0.25679 mm 

 

 

The second model subtracts the average height of the rib from the physical gap, d, used 

when calculating the thermal conductance. The amended gap, dˊ, is calculated using 

equation  (3-18), where y is the rib height, x rib width and p the rib pitch (distance between 

ribs). For single-start AGR fuel, the rib pitch is 0.27 mm and the ratio of the rib width to 

height is 9.84x10-2. 
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 𝑑′ = 𝑑 − 𝑦
𝑥

𝑝
 (3-18) 

The third model was based upon an inverse relationship between the conductance and gap 

width, together with the concept that thermal impedances due to different mechanisms 

acting in parallel can be determined by taking the inverse of the sum of the reciprocals of 

the impedance due to each process. The multiplicative factor applied to the gas 

conductivity, KRIBFACT3, is calculated using (3-19), using the same parameters as above. 

 
𝐾𝑅𝐼𝐵𝐹𝐴𝐶𝑇3 = (1 −

𝑥

𝑝
) +

𝑥

𝑝
(

𝑑

𝑑 − 𝑦
) (3-19) 

Radiative Heat Transfer 
As in other gaps, the Stefan-Boltzmann law is employed. The thermal emissivity of the 

capsule is assumed to be 0.8. The thermal emissivity of the outer surface of the cladding 

can take two values of either 0.4 or 0.8. ENIGMA assumes a value of 0.4 and uses this 

together with the correction derived by Shannon (3-17). A cladding outer surface emissivity 

of 0.4 is therefore employed when Shannon’s correlation is used in PELICAN. When using 

the other rib correction factors available in PELICAN, an emissivity of 0.8 is used to 

maintain consistency with the emissivity of the cladding inner surface.  

In models two and three, no account is taken of additional radiative heat transfer from the 

rib surface. The cladding surface emissivity is however greater for these models than for 

the Shannon model, which does take into account additional radiative heat transfer from 

the rib surface [82, 83]. 

Capsule Fill-Gas Thermal Conductivity 
Two models are available for the thermal conductivity of the capsule fill gas. As described 

in Section 3.6.4, Hashimoto’s model [72] includes temperature and xenon concentration 

dependence. It is therefore used for situations where the xenon concentration is known. 

Peterson’s model [73] includes a sensitivity to the pressure and so it is of use in situations 

where the gas pressure is expected to change and pure helium is employed.   
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3.9 Modelling Considerations 
In this Section, some of the modelling techniques and challenges frequently encountered in 

finite element modelling are discussed in the context of Abaqus and PELICAN. 

3.9.1 Introduction to the Finite Element Technique 
We start with a brief introduction to the finite element modelling technique. This 

description broadly follows that given by Dieter [84] and uses the same approach and 

terminology as Abaqus. The finite element method involves dividing a structure into a 

number of ‘elements’, defined by linking ‘nodes’ together. In two dimensions the elements 

are typically quadrilaterals, shown in Figure 3-10(a), or triangles; in three dimensions, 

tetrahedrons, shown in Figure 3-10(b); and, in one dimension, trusses. The elements 

employed typically reflect the geometry of the structure. It is good practice to avoid 

excessively large or small angles at the nodes or extreme aspect ratios; mixtures of 

triangular and quadrilateral elements are therefore frequently employed, as shown in Figure 

3-10(c). Additional ‘midside’ nodes can be added to the ‘linear’ elements shown in Figure 

3-10 in order to create ‘quadratic’ elements, described in Section 2.9.3. These are better 

able to represent the geometry of the system and improve the quality of the results.  

 
Figure 3-10 – Examples of linear finite element meshes: (a), a two-dimensional domain populated by 
quadrilateral elements: (b), a three-dimensional domain populated by tetrahedral elements; and (c), a two-
dimensional domain occupied by both quadrilateral and triangular elements.  
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The matrix approach taken by software such as Abaqus can be understood by first 

considering a simple one-dimensional model consisting of two nodes, with displacement 

ui, connected by a single element. The external forces acting on each node, Pi, are given by 

(3-20), in which kij are the stiffness coefficients. The stiffness coefficients are based upon 

the properties of the material and the geometry of the elements. 

 𝑃1 = 𝑘11𝑢1 + 𝑘12𝑢2 

𝑃2 = 𝑘21𝑢1 + 𝑘22𝑢2 
(3-20) 

By using matrix notation, (3-20) can be expressed by (3-21). 

 
{
𝑃1

𝑃2
} = [

𝑘11 𝑘12

𝑘21 𝑘22
] {

𝑢1

𝑢2
} (3-21) 

If a second element were to be introduced, the equations given in (3-22) would be needed. 

 
{
𝑃2

𝑃3
} = [

𝑘22 𝑘23

𝑘32 𝑘33
] {

𝑢2

𝑢3
} (3-22) 

Combining (3-21) and (3-22) through the principle of superposition gives (3-23). 

 
{

𝑃1

𝑃2

𝑃3

} = [

𝑘11 𝑘12 0
𝑘21 2𝑘22 𝑘23

0 𝑘32 𝑘33

] {

𝑢1

𝑢2

𝑢3

} (3-23) 

Extending the approach to more elements gives (3-24), in which P is the force vector, K is 

the stiffness matrix and u is the displacement vector. The force vector is determined by the 

external loads applied to the structure whilst the stiffness matrix is derived from the 

material properties and geometry of the structure. 

 𝑷 = 𝑲𝒖 (3-24) 

Once the displacement vector is known, the stresses and strains in each finite element can 

be determined.  
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3.9.2 Solving for the Displacement 
In Abaqus, the degrees of freedom such as displacement, rotation and temperature are 

determined at nodes. The displacement vector shown in (3-24) is therefore solved by 

requiring that both force and momentum equilibrium is maintained throughout any 

arbitrary volume of the body. The approach taken by Abaqus is explained in the Abaqus 

Theory Guide [29]; a brief overview of which is given here. The finite element method 

approximates this equilibrium by replacing it with a weaker requirement – that equilibrium 

must, on average, be maintained across finite divisions of the body’s volume. To achieve 

this, the virtual work function, (3-25), may be employed in which, V refers to any volume 

in the body; S refers to the surface of the volume; n is the unit vector normal to the surface; 

σ is the true Cauchy stress tensor; v is the virtual velocity field; f is the forces imposed on 

the volume and δD the virtual strain rate defined by (3-26). 

 
∫ (𝝈𝒏)

𝑇

∙ 𝛿𝒗
𝑆

𝑑𝑆 + ∫ 𝒇𝑇 ∙ 𝛿𝒗
𝑉

𝑑𝑉 = ∫ 𝝈 ∙ 𝛿𝑫 𝑑𝑉
𝑉

 (3-25) 

 
𝛿𝑫 =

1

2
[
𝜕(𝛿𝒗)

𝜕𝒙
+ (

𝜕(𝛿𝒗)

𝜕𝒙
)

𝑇

] 
(3-26) 

The virtual velocity field, v, is an arbitrary, vector-valued test function. It maintains suitable 

continuity, over the entire volume. The virtual velocity field is found by integrating (3-25) 

over all of the integration points shown in Figure 3-11.  
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3.9.3 Element Formulations 
In Abaqus, the degrees of freedom such as displacement, rotation and temperature are 

determined at nodes. Elemental values such as stress, strain, creep, swelling, plastic strain, 

and thermal expansion are determined at ‘integration points’ (also known as ‘material 

points’ or ‘gauss points’) within the element [29-31, 86]; these are shown in Figure 3-11.  

 
Figure 3-11 – Examples of the different formulations of quadrilateral element available in Abaqus: (a) 
linear with full integration; (b) quadratic with full integration; (c) linear with reduced integration; and (d) 
quadratic with reduced integration 

Linear 2D elements, shown in Figure 3-11(a), therefore have nodes at each corner of 

element and for ‘full integration’, there are four integration points in the element. The 

values of the degrees of freedom at each integration point are estimated from the nodal 

values by linear interpolation. Quadratic 2D elements, shown in Figure 3-11(b), have an 

additional node in each direction. A quadratic equation for the displacement or temperature 

is fitted to the three nodes and used to determine the elemental values at the nine integration 

points present in the element for ‘full integration’. The quadratic and linear equations are 

frequently referred to as ‘shape functions’.  
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3.9.4 Obtaining Stresses & Strains 
As described above, elemental values such as the stress tensor are determined at the 

integration points, an example of which is shown in Figure 3-11. Their values are then 

extrapolated to the nodes. In linear elements, this is achieved using a linear shape function; 

in quadrilateral elements, this is achieved using a quadratic shape function.  

To determine the strain in Abaqus [29], the deformation tensor, F, is determined at the 

integration points using the displacement of the nodes and the interpolation function (linear 

or quadratic) chosen. The deformation tensor is defined by (3-27), in which x is the current 

position of the material point and X the initial positon of the material point. 

 
𝐹 =

𝜕𝒙

𝜕𝑿
 

(3-27) 

Green’s strain matrix, εG, is then found using (3-28), which is extrapolated using the 

relevant shape function to the nodes.  

 
𝜺𝐺 =

1

2
(𝑭𝑇𝑭 − 𝑰) 

(3-28) 

3.9.5 Choice of Element & Step for PELICAN 
‘Reduced integration’ elements have one fewer integration point in each integration 

direction than the ‘fully integrated’ elements. Reduced integration involves using fewer 

Gauss points and lower order polynomials to determine the nodal displacements [86, 88]. 

Linear reduced integration elements, shown in Figure 3-11(c), therefore need one 

integration point and reduced integration quadratic elements, shown in Figure 3-11(d), need 

four [31]. There are two advantages of reduced integration elements over fully integrated 

elements. The first is faster simulation times [88]. The second is that ‘shear-locking’, 

whereby linear quadrilateral fully integrated elements are overly resistant to bending, is 

avoided. Reduced integration is not without its disadvantages. Firstly, many more elements 

are needed to capture a rapidly changing stress gradient [89]. Secondly, both linear and 

quadratic reduced integration elements can suffer from ‘hour-glassing’ [90], in which the 

elements cannot resist bending and zero energy modes can propagate through the structure 

[88]. Given that PCI mostly involves direct and shear loads, bending was not expected to 

be a problem and linear fully integrated elements were chosen. This was to avoid the zero 

energy modes and any instability associated with them. In addition, linear reduced 
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integration elements are very tolerant to distortion and might have required an overly dense 

mesh in order to adequately capture the stress profile [86, 89]. 

The radial temperature gradient within the fuel is parabolic [91], suggesting that quadratic 

elements might have been better able to capture the temperature gradient efficiently. When 

this was tried, the simulation time increased substantially due to the greater number of 

nodes, with no detectable change in centreline temperature. Nevertheless, Appendix F 

shows that a temperature-converged mesh was obtained using relatively coarse linear 

elements. Linear elements were therefore utilised, with the computational effort focused 

upon a greatly refined mesh in the presence of rapidly changing stress fields. All 

simulations in this thesis therefore use ‘CPEG4T’ elements in coupled temperature-

displacement steps. These are generalized plane strain, fully integrated, thermally coupled 

quadrilateral elements, with linear determination of displacement and temperature. 

Triangular elements and regions with different element formulations were not used because 

of the need to label elements within PELICAN’s common blocks and therefore to have a 

consistent number of integration points [87].  

Coupled temperature-displacement steps were chosen as they enable the key processes 

occurring in the fuel, namely deformation, heat flow and inelastic (creep and plastic) 

deformation to be captured. Using a coupled step means that the displacement and 

temperature is solved simultaneously [29,31]. The displacement will therefore impact the 

thermal response and vice-versa. This is particularly important during creep down of the 

cladding onto the fuel, where the pellet-clad gap will change, impacting the heat flow across 

the gap and the temperature of the fuel. 

As an aside, the elements used for stress-displacement simulations in Abaqus are 

Lagrangian [29]. Material is associated with each element and a volume is associated with 

each integration point. As the elements move, the local coordinate system, in which the 

stress tensor is produced, moves, whilst the global coordinate system remains static. In 

PELICAN, the global coordinate system is Cartesian and the local coordinate system is 

cylindrical, with the radial axis aligned with the x-axis at zero azimuthal angle. 

3.9.6 Integration Schemes 
Two integration schemes are available in Abaqus – ‘explicit’ and ‘implicit’. In implicit 

integration, the global stiffness matrix is determined at both the start and end of the 
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increment. Equation (3-24) is solved iteratively for the displacement of the nodes at the end 

of each increment. In the explicit integration scheme, the equations are solved at the start 

of the increment to generate the nodal forces, velocity and displacement [85]. The 

displacement at the end of the increment is then found by applying simple classical 

mechanics. Explicit integration therefore offers the opportunity to model rapidly changing 

phenomena with fewer iterations, whilst implicit integration offers the opportunity to take 

longer time steps. Generally, implicit analyses are considered to be more appropriate to 

longer-term quasi-static loading problems, whilst explicit analyses are considered to be 

more appropriate to short-term dynamic problems [86]. For this reason, and the others 

detailed below, implicit integration was chosen for PELICAN. Abaqus does however offer 

the user the opportunity to model creep by explicit methods during an implicit analysis. 

This ability was used in PELICAN and Abaqus automatically selects the most appropriate 

creep integration scheme. The CREEP subroutine was therefore coded for both explicit and 

implicit integration. 

For an explicit analysis, the computational cost is proportional to the number of elements 

and inversely proportional to the smallest element size [86]. Given the exceptionally small 

elements required at the CBC tip (10 nm), this response to the element size was seen as 

most undesirable for PELICAN. One of the drawbacks of an implicit analysis is that the 

number of iterations in a single increment can be large, leading to large disk space and 

random-access memory (RAM) requirements. For an implicit analysis, the computational 

cost is considered to be proportional to the square of the number of degrees of freedom 

[86]. The computational cost will therefore be proportional to the number of elements to 

the power of four for a two-dimensional model and to the power of six for a three-

dimensional model. It might be that the extension of PELICAN to three-dimensional 

problems would require the material models to be re-framed into explicit sub-routines so 

that the larger model does not require unacceptable computational resources. It should be 

noted that small elements would have to be avoided and the modelling of complicated 

geometries and sharp stress concentrations in the cladding might not be possible. Once 

again, this provides an argument for the use of a two-dimensional model to represent PCI 

in AGRs and in particular, CBCs. It should be noted that 3D meshes used in models such 

as BISON are frequently much coarser than the 2D meshes used in PELICAN [26, 28]. 
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The other important consideration when choosing the integration scheme for PELICAN 

was that Abaqus does not allow a user-defined creep subroutine for explicit analyses [87]. 

This is presumably because creep is a slow (almost static) process and so is more suited to 

an implicit analysis. Although it would have been possible to include a user-defined 

material subroutine (VUMAT) in an explicit simulation, this would require substantial 

testing and development. This was not considered to be appropriate given the full range of 

material properties available in implicit analyses, the wide variety of element sizes and the 

long dwell in reactor. All of these lend themselves to an implicit analysis.  

3.9.7 Computational Demands 
Simulations were carried out on a single core of a Intel Xeon E5-1630 v3 3.70 GHz 

processor, 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). Given that using each 

additional processor reduced the duration of a test simulation by only 10% and that 

common blocks cannot be used in simulations run on more than one processor [29, 30], the 

hardware was chosen to have fewer faster cores with fewer larger RAM chips. A bonded 

or cross-pin temperature tilt simulation typically required a couple of days to run. An un-

bonded simulation typically took up to a day to run. 
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3.9.8 Geometric and Material Discontinuities in the Cladding 
The continuum mechanics finite element approach is not valid at either geometric or 

material discontinuities. This can be demonstrated [92] by (3-29), the equation of motion 

of the nodes, in which b(x,t) represents the body force density (body force per unit volume) 

associated with neighbouring elements, and ρ(x) represents the mass associated with each 

node. At discontinuities, the stress tensor is not continuous, and so the divergence term in 

(3-29) becomes infinite, implying the unphysical infinite acceleration of material points. 

 𝜌(𝒙)𝒖(𝒙, 𝑡) = ∇ ∙ 𝝈 + 𝒃(𝒙, 𝑡) (3-29) 

Two sources of geometric or material discontinuity can readily be identified in the 

modelling described in this thesis. These are the point where the corner of the pellet 

fragment or sliver touches the cladding and at the CBC tip, where the elastic modulus 

suddenly decreases. Whilst these will be discussed in more detail in the results section, their 

effect upon the models in Section 3.3 can be examined and the steps taken to remove them 

in PELICAN identified. 

Figure 3-12 shows the maximum principal stress in the model described in Figure 3-4 

following a long period at full power. Whilst a significant stress concentration can be seen 

ahead of the CBC, an additional stress concentration can be seen at the point of contact, 

particularly in the model with no CBC. At this point of contact, the interaction between the 

cladding and sliver rapidly goes from ‘bonded’, with no azimuthal sliding, to ‘sliding gap’, 

with frictional contact between the sliver and cladding. In addition, the fillet causes the 

contact to drop away rapidly. It is interesting that stress concentration at the point of contact 

is reduced in the presence of the CBC. This shows that the interaction of stresses in the 

region are highly complicated and demonstrates the importance and challenge of modelling 

the region using finite element analysis. The stress profile captured is much more 

complicated than could be predicted by either NIMROD or a coarse-meshed three-

dimensional model. It is however possible that the softened CBC allows material to 

collapse into the CBC to some extent, partially closing it and perhaps relieving the stress 

in the material around it.  
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Figure 3-12 – The maximum principal stress due to geometric discontinuities at the point of contact and 
clad bore crack tip in the model described in Figure 3-4 with (a) and without (b) a clad bore crack.  

Geometric discontinuities frequently give rise to stress singularities; by using a 

progressively finer mesh, increasingly high stresses and strains are found in a process 

sometimes termed ‘hunting the singularity’ [89]. This occurs because given that the stress 

tensor is determined at integration points, not nodes, so that increasingly small elements 

move the integration point closer to the discontinuity but never reach it. The stress at the 

discontinuity is therefore never accurately determined. 

Figure 3-13 shows the impact of increasing the number of elements at the clad bore crack 

tip in the model shown in Figure 3-3 upon the maximum principal stress at the CBC tip. 

The maximum principal stress predicted by models with an increasingly fine mesh [and a 

large number of elements], shown in Figure 3-13 does not appear to be singular, but is 

asymptotic to a particular value. Meanwhile, the plastic strains appears to converge to a 

constant value, in line with the creep strain (as shown in Appendix F). Two points can be 

made at this juncture. Firstly, that inelastic (plastic and creep) strain softens the stress 

singularity so that finite stresses are predicted. The second that at very small element sizes 

shown in Figure 3-13, the continuum approach and material properties applicability is 

likely to break down. Meshes of 8 nm, compared to a grain size of around 10 µm mean that 

the grain structure must be taken into account and that the material laws derived for an 

entire cross-section of cladding are simply inappropriate for this.  
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Figure 3-13 – The impact of the number of elements in a 90º arc at the clad bore crack tip upon the 
maximum principal stress reached during a simulation carried out using the model shown in Figure 3-3. 
Reproduced from Fig. 33 in [35]. 

The shape of the CBC, with straight edges of 4.5 µm and a circular tip of 0.5 µm radius 

was introduced to both represent observations from PIE and remove the stress singularity 

associated with a sharp crack tip [93]. In a similar way, the fillet was introduced to the 

pellet and sliver corner to remove the discontinuity at the point of contact. In both cases, 

high stresses give rise to large creep and plastic strains and a softening of the discontinuity. 

The impact of the discontinuities at the points of cladding fuel contact in bonded fuel and 

ahead of the CBC are discussed in more detail in Chapter 6. 

3.9.9 Mesh Sensitivity of the Final PELICAN Models 
A number of mesh sensitivity studies were carried out and, based upon these, suitable 

meshes selected. Appendix F gives details about a number of these studies. Generally, it 

was found that the default mesh was a converged mesh. For example, the uncertainty in the 

hoop stress ahead of the radial crack in un-bonded AGR fuel, due to the use of the default 

mesh was estimated to be 2.5 MPa, (0.4 %). Similarly, the uncertainty in the pellet crack 

width, due to mesh sensitivity, was estimated to be 0.3 µm (3%), and the uncertainty in the 

pellet outer radius to be 0.015 µm (0.0002%). For the LWR simulations, the default mesh 

gave an uncertainty in the centreline temperature of 3K (0.2%) and in the time to contact 

of 2 days (0.7%). Clearly, there is a balance between improved accuracy through a greater 

mesh density and longer simulations. This should be put into the context of a wide range 
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of uncertainties in the modelling of nuclear fuel and that Abaqus parallelises poorly onto 

multiple cores. One example discussed in Appendix F is that of the thermal model of the 

capsule that was used to encapsulate AGR fuel at Halden. The uncertainty associated with 

model choice was 51 K, whilst that associated with mesh sensitivity was only 0.5 K – two 

orders of magnitude less. It can therefore be argued that, except for the creep strain in the 

cladding ahead of the radial crack, the default mesh was converged.  

Appendix F shows that there is no clear trend is seen in the creep strain upon varying 

element size, below a certain size and that there is considerable scatter within the results. 

This scatter gives rise to an uncertainty of around 10% in the creep strain with the mesh 

applied. The creep strain accrued during an increment is highly sensitive to the stress, and 

in the case of effectively a constant displacement creep test, the time increment. Minor 

changes in the creep strain will affect the elastic strain and therefore the stress in the next 

increment. The impact of the time increment can be reduced by changing the creep strain 

error tolerance, however given the range of uncertainties present in the model, the value of 

1.0x10-4, giving an error of 10%, was considered acceptable. The sensitivity of the model 

to the creep strain error tolerance is therefore more than its sensitivity to the mesh. 

3.9.10 Geometric Features Not Modelled 
Several features present in the real-world problem cannot be included in an r-θ model. 

These include the pellet chamfers; creep of the cladding into the pellet-pellet gap; creep at 

the anti-stacking grooves (ASGs); horizontal cracks; the wheatsheaf shape of the pellets 

and the associated bamboo shape generated in the cladding. The models developed in this 

thesis must be considered in the context that they consider many, but not all of the features 

relevant to PCI in AGRs. In particular, they do not fully consider the stress concentration 

at pellet ends. Modelling both the pellet cracks and azimuthal temperature profiles in three 

dimensions would have been simply too computationally demanding. 

As mentioned previously, and in line with other authors [13, 14, 16], the mid-pellet plane 

was chosen as an approximation to the pellet waist. The choice of generalised plane strain 

in the more modern models [13, 14, 16, 94], compared to plane strain in the older models 

[19], can be rationalised as including the constraint imposed by surrounding material whilst 

recognising that the pellets are able to move axially, in the case of AGR fuel in groups 

separated by ASGs.  
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Axial features, including the ASGs and the behaviour of the cladding at the pellet ends, 

have been modelled by Mella [17]. His model was however unable to model azimuthal 

variation, including the azimuthal motion of pellet cracks and cross-pin temperature tilt. 

These features are the focus of this thesis. Although three-dimensional finite element 

models for nuclear fuel have been built [12, 14-16, 18, 21, 26, 94, 95], they frequently 

require such large elements that the results are suspect [16, 18, 26, 95]; ignore pellet 

cracking [18, 26]; or, only include a small section of the fuel [12, 16, 94]. Typically, the 

models drop down to a 2D(r-θ) model for greater accuracy surrounding pellet cracks [14, 

16]. Modelling in only two dimensions is therefore a pragmatic and well-established 

approach to avoid either: a model with so many elements that it cannot run in a reasonable 

timescale; a model in which contact is problematic; or, a model with so few elements near 

key features that the results are open to question.  

Two pieces of evidence can be held up to support this approach. Firstly, that Roberts’ 

analytical models showed that the stress concentration at the pellet end can be adequately 

approximated by merely increasing the pellet radial displacement [38]. This suggests that 

not modelling the pellet ends can be considered to be introducing a systematic error rather 

than neglecting of a key phenomenon. It also opens up the possibility that, in the future, the 

fuel swelling could be increased to account for the additional radial displacement at the 

pellet ends. Secondly, PIE has revealed that CBCs are not chiefly an axial problem since 

they have been observed to be long enough to cross several pellets ends and short enough 

not to cover any [33]. 

The final feature that is not modelled fully, is the actual crack patterns seen in the fuel 

pellets. The cracks modelled in PELICAN are assumed to be straight, clean and perfectly 

aligned. Post-irradiation examination, however, reveals a wide range of curved and 

branching crack patterns. These crack patterns will clearly affect the behaviour and motion 

of the fuel pellets.  
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3.10 Novel Methodological Features 
Several of the features described in this chapter can be identified as being novel with respect 

to the AGR system. These include: 

1. Modelling an azimuthally varying carbon deposit on the fuel pin. This can give rise 

to cross-pin temperature tilts of up to 250 K and has been postulated to enhance 

PCI. 

2. Modelling a clad bore crack in a finite element based nuclear fuel performance 

code.  

3. Modelling a sliver of fuel bonded to the cladding in a finite element based nuclear 

fuel performance code.  

4. Modelling the opening and closing of ladder cracks within the sliver by a non-local 

element softening model. This takes into account the stress state in surrounding 

elements and was inspired by work on cracking in ice sheets [77, 96]. 
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Chapter 4 Validation & Benchmarking 
4.1 Introduction  
Validation of any model is important in order to demonstrate that it meets its aims and to 

show any limitation in its applicability. For nuclear fuel performance codes, this can be 

carried out either by comparing model results to data from post-irradiation examination 

(PIE), or by the use of instrumented fuel assemblies.  

Instrumented fuel assemblies typically contain pressure sensors to measure the pin internal 

pressure and hence fission gas release [1-3]. Thermocouples normally measure the fuel 

centreline temperature [4, 5], but sometimes the cladding inner and pellet outer temperature 

[6]. Occasionally strain sensors can detect either diametric or axial strain in the cladding 

[1, 2, 7]. 

PELICAN was designed to determine the thermo-mechanical response of nuclear fuel and 

does not include any models for fission gas release. Validation of PELICAN therefore 

concentrates upon validation against the centreline temperature and mechanical response. 

Whilst it was intended that the validation of PELICAN should be independent of any other 

model, it is useful to benchmark simulations carried out by PELICAN against equivalent 

simulations carried out using ENIGMA. This allows the performance of PELICAN to be 

compared to a commercial fuel performance code and its advantages and disadvantages 

exposed through comparison to experimental data. In this thesis, ‘ENIGMA’ refers to EDF 

Energy’s ENIGMA 5.13. Based upon advice from Shea [8], LWR simulations were carried 

out using the ‘Recommended BNFL ENIGMA Header’ as a basis and AGR simulations 

using ‘Approved Crack Growth ENIGMA Dataset (for ENIGMA 5.12,5.13)’ as a basis; 

these were amended as appropriate. Simulations were carried out by the author at 

Barnwood, Gloucester. 
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4.2 Overview of Experimental Programmes Used 
4.2.1 Experiment IFA-507 
Halden experiment ‘IFA-507’ consisted of six BWR fuel pins, with differing pellet radii 

irradiated to 15 GWd tU-1. PELICAN was validated against fuel centreline temperatures 

recorded during twelve power ramps to linear power ratings of around 40 kW m-1 and at 

two points during a prolonged period of high power operation.  

Through the agreement of the centreline temperature measurements with PELICAN 

predictions, the experiment was used to examine the sensitivity of PELICAN to the models 

used to determine Zircaloy creep, fuel densification, fuel thermal conductivity, fuel gaseous 

fission product swelling and fill-gas thermal conductivity. 

The experiment and the reasons for its choice are described in more detail in Section 4.3.1. 

4.2.2 Phase-I Encapsulated AGR Fuel Pins 
When AGR fuel pins were irradiated at Halden, they were placed inside a Zircaloy capsule. 

The capsule ensured that the pressure applied to the cladding and its outer surface 

temperature were appropriate to the AGR environment [9]. Since the majority of pins 

irradiated at Halden did not contain cladding thermocouples, there was a need to validate 

the sub-models used to estimate the cladding temperature. 

Experiments ‘IFA-576’ and ‘IFA-577’ were part of the ‘Phase-I’ AGR experiments at 

Halden. Phase-I pins were not irradiated at a commercial AGR prior to experimentation 

and were intended to develop the testing methodology [10]. The Phase I experiments with 

cladding thermocouples were subsequently used to validate the heat transfer models used 

for the capsule-clad gap in ENIGMA [11, 12]. The same experiments were used for this 

purpose in the validation of PELICAN. 

4.2.3 Phase-II Encapsulated AGR Fuel Pins 
The ‘Phase II’ experiments were carried out on fuel previously irradiated in a commercial 

AGR. The encapsulated fuel was then put through a series of experiments in irradiated fuel 

assemblies at Halden. In other experiments, the whole pin was irradiated at Halden.  

Unlike the other experiments considered, data are not available during the experiment, but 

rather from PIE. The experiments were summarised in the recent work by Daly [10]. 
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Experimental values are taken from two sources: firstly, Daly’s summary spreadsheet and 

secondly, EDF Energy’s ENIGMA validation files.  

The length of the high flux region in the Halden reactor is approximately 0.5 m. The  

Phase I pins used to develop the capsule-clad gap heat transfer models in ENIGMA and the 

encapsulation process were half-length (0.5 m) pins and not irradiated prior to 

encapsulation. Phase II pins were however full-length pins irradiated in a commercial AGR 

before being transferred to Halden. Only the bottom halves of the Phase II pins were 

ramped. Power ramping of fuel at Halden is achieved by the movement of pins from the 

‘storage area’, in which a neutron absorbing steel sleeve is present, to the high flux ‘ramp’ 

region, thereby increasing the neutron flux and therefore fuel power [1, 2, 13].  

Measurement under PIE was conducted at a number of positions along the fuel pin. The 

positions were identified as being between certain anti-stacking grooves (ASGs). The Phase 

II pins are typical of AGR fuel pins, in which ASGs are milled into standard length pellets. 

The ASGs are located at the top and bottom of the pin and then typically every three pellets 

[10], giving 22 ASGs per fuel pin [14]. A Phase II ‘half-pin’ will therefore typically contain 

12 ASGs i.e. 11 sets of an ASG pellet and two standard pellets plus an ASG pellet at the 

end. However, pellets have a distribution of lengths and the ASGs give only an approximate 

position along the pin. The PIE measurements are therefore at a position somewhere 

between two approximately located ASGs and do not coincide precisely with the positions 

at which the linear rating is calculated. 

Experiments IFA-583.2 and IFA-583.4 consisted of a single power ramp to around  

40 kW m-1. In the case of IFA-583.2, this was over 90 s and followed by a 30 minute hold 

and a shutdown over 100 s. In the case of IFA-583.4, the ramp was over 50 minutes and 

followed by a reactor trip. Both experiments have been used to validate ENIGMA for 

conditions of un-bonded fuel and the validation of PELICAN took the same approach. 

Whilst it is likely that bonding might have occurred in these pins, it can be argued that 

during severe ramps the cladding-pellet bond is broken and so the un-bonded models once 

more become relevant [15]. 
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4.3 Centreline Temperature 
4.3.1 Background 
Halden experiment IFA-507 was designed to determine axial cladding elongation and 

fission gas release [6]. The experiment is of interest in validating PELICAN as it provides 

data on the fuel centre-line temperature during a period of operation up to 15 GWd tHM-1. 

It incorporated steady-state standard operation at a linear rating of approximately  

20 kW m-1, ramps to 40 kW m-1 and a period of prolonged high-power operation. The 

experiment used six pins, three with a pellet-clad gap of 35 µm and three with a gap of 125 

µm. The experiment is described fully by Sheppard [6]. 

Figure 4-1 gives the linear rating during experiment IFA-507; the twelve ramps are 

labelled. The fuel centreline temperature is available for each pin, at the end of each ramp 

(except for ramp 12), as well as at two high power points (labelled A and B) during the 

period of high power operation following ramp nine. The fuel centreline temperature is not 

available for the final ramp of the wide-gap fuel pins due to the failure of the 

instrumentation. 

 
Figure 4-1 - The average linear rating during experiment IFA-507. The numbers indicate the ‘ramp 
labels’, at which points the temperature data is available.  
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4.3.2 Methodology 
Based upon Sheppard’s report [16], the key parameters for the fuel pins and fuel are shown 

in Table 4-1. 

Table 4-1 - Fuel parameters used to simulate experiment IFA-507. 
Parameter Value 

Clad material Zircaloy-2 

Clad Outer Radius 6.25 mm 

Clad Inner Radius 5.40 mm 

Pellet Outer Radius 5.365 mm (Narrow Gap) 

5.275 mm (Wide Gap) 

Initial Fuel Density 93.5% of Theoretical 

Fuel Enrichment 10 % 

UO2 Grain Diameter 6 µm 

UO2 Sintering Temperature 1750 ºC 

Fill-Gas Pressure  0.1 MPa 

Fill Gas 100% He 

Plenum Volume 4.5x10-6 m3 

Pellet Stack Length 0.480 m 

A model with a 1.5 mm radius solid central core surrounded by eight fragments was built 

and the default mesh size used. The model was used as it was considered to be typical of a 

pellet with both radial and circumferential cracks and had 1635 elements for the narrow-

gaped model and 1646 for the wide-gaped model.  

For the default material models, listed in Table 4-2, the narrow-gap simulations took 7.9 

hours and the wide-gap simulations 18.7 hours. The coolant pressure was set to 3.4 MPa 

and the clad outer surface temperature to 528.2 K. The temperature was based upon the 

250-260 ºC plenum gas temperature reported by Sheppard [6].  
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To examine the sensitivity of PELICAN to the different material models employed, a 

number of additional simulations with different models were carried out. The models are 

described in more detail in Appendix A. 

Table 4-2 - The default material models employed for modelling LWR fuel. 
Material Property Default Model 

‘CONFLAG’ 

UO2 thermal conductivity model 

Palmer 

‘ZRCREEPFLAG’ 

Zircaloy creep flag 

Wood  

(SLEUTH-82) 

‘UO2GSWFLAG’ 

UO2 gaseous swelling flag 

Hollowell 

 

‘UO2CREEPFLAG’ 

UO2 creep flag 

Clough & Beatham 

(UO2BPC) 

‘UO2IRDFLAG’ 

Irradiation densification flag 

White 

‘HEFLAG’ 

Helium conductivity flag 

Peterson 

Fuel centreline temperatures were reported at each point shown in Figure 4-1 for each pin 

(except for wide-gap pins during the final ramp). Given that there were three wide-gap and 

three narrow-gap pins tested, a range of measured temperatures can be plotted. 
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4.3.3 Results & Discussion 
Narrow-Gap Pins 
Considering first the results for the narrow-gap pins with the default material models, 

shown in Figure 4-2, the maximum over-prediction of the temperature was during ramp 

one by 95 K and the maximum under-prediction was by 54 K at time B in Figure 4-1. For 

the five measurements prior to contact, predicted by PELICAN to occur during ramp six, 

the average disagreement was an over-prediction of the temperature by 47 K, with a range 

of experimental values of 40 K. Following contact, the average difference between the 

predicted and measured values was an under-prediction by 5 K; four measurements were 

over-predicted and four under-predicted. Given an experimental range of 40 K, this implies 

successful modelling of the temperature distribution within the pellets when the clad and 

pellets are in contact.  

 
Figure 4-2 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
narrow-gap pins and those predicted by PELICAN. The ‘ramp labels’ correspond to the positions and 
linear power ratings shown in Figure 4-1. 

The over-prediction of the temperature, in early life (before contact), followed by a 

comparatively good prediction of the temperature in later life (post contact) shown in 

Figure 4-2 could be due to an over-prediction of the pellet-clad gap size. This could be 

caused by poor modelling of cladding creep, radial displacement of the pellet fragments, 

fuel or clad thermal expansion or fuel densification and swelling.   
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Wide-Gap Pins 
Whilst the validation against the narrow-gap pins was satisfactory, that against the wide-

gap pins, shown in Figure 4-3, was less so. Of note, PELICAN predicted that the gap 

remained open throughout the simulation. In early life, the temperature was over-predicted; 

for example, during ramp two, the temperature was over-predicted by 200 K, compared 

with a measured range of 75 K. In later life, the temperature was under-predicted; by ramp 

eleven, the temperature was under-predicted by 300 K against a measured range of 72 K. 

Overall, this suggested that the gap was over-predicted in early life and under-predicted in 

later life and so the sensitivity of the centreline temperature to models likely to change this 

gap size was investigated.  

 
Figure 4-3 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
wide-gap pins and those predicted by PELICAN. During ramp twelve, the thermocouples failed and so the 
corresponding measurements and predictions are not reported. The ‘ramp labels’ correspond to the 
positions and linear power ratings shown in Figure 4-1. 
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Choice of Fuel Thermal Conductivity Model 
Given that later ramps in the narrow-gap model gave rise to contact, the uranium dioxide 

thermal conductivity model was altered for the narrow-gap case. This removed any effect 

due to gap-size feedback when the clad and pellets were in contact. The results are shown 

in Figure 4-4. 

 
Figure 4-4 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
narrow-gap pins and those predicted using each of the uranium dioxide thermal conductivity models 
available in PELICAN. The ‘ramp labels’ correspond to the positions and linear power ratings shown in 
Figure 4-1. 

It can readily be seen from Figure 4-4 that Palmer’s model provides the best prediction. 

The average range in the measured values is 41 K; Palmer’s model gives an average 

difference between predicted and measured values following contact of 24 K. The model 

with the next best agreement is the White-4 model (with an average difference of 39 K), 

followed by Lucuta’s model (with an average difference of 103 K), then the White-3 model 

(141 K) and the worst agreement was with Haynes’s simple model, with an average 

difference of 169 K. Palmer’s 2015 model is the most up to date model, with White-3 being 

a development of the White-4 model. To some extent, Figure 4-4 therefore represents the 

evolution of thermal conductivity models over the last few decades, based upon 

increasingly good experimental data. The significant differences between models are 

explored in Appendix A.  
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Choice of Zircaloy Creep Model 
Given that contact did not occur for the wide-gap pins, the opportunity was taken to vary 

parameters that might affect the clad-pellet gap and therefore the centreline temperature. 

Figure 4-5 shows the effect of varying the Zircaloy creep model upon the temperatures 

predicted for the wide gap pins. 

 
Figure 4-5 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
wide-gap pins and those predicted using each of the Zircaloy creep models available in PELICAN. The 
‘ramp labels’ correspond to the positions and linear power ratings shown in Figure 4-1. 

Examining the sensitivity to the Zircaloy creep model chosen, shown in Figure 4-5, 

revealed little difference between the models. The range of centreline temperatures 

predicted was greatest during ramp eight, at 56 K; and on average, the range was 30 K.   
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Choice of Fuel Densification Model 
As shown in Figure 4-6, changing the densification model had a greater impact upon the 

centreline temperature than changing the Zircaloy creep model. Using Assmann and 

Stehle’s model rather than the default (White’s) reduced the temperature on average by 78 

K, whilst using the ESCORE model reduced the temperature on average by 48 K. Whilst 

this reduced the over-prediction in early life, it increased the under-prediction later in life 

and the same overall trend of over-prediction early in life and under-prediction later in life 

was observed as for the default model. 

 
Figure 4-6 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
wide-gap pins and those predicted using each of the uranium dioxide densification models available in 
PELICAN. The ‘ramp labels’ correspond to the positions and linear power ratings shown in Figure 4-1. 

Based upon the results presented in Figure 4-6, it is not possible to choose a preferred 

densification model. One advantage of using White’s model is that it permits easier 

comparison with ENIGMA.  
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Choice of Gaseous Fission Product Swelling Model 
Figure 4-7 shows that using Hollowell’s gaseous fission product swelling model gives a 

lower predicted centreline temperature than the other models. This effect becomes evident 

between ramps two and three, becoming a systematic reduced temperature of around 150 

K. One explanation of this is that only the Hollowell model predicts gaseous fission product 

swelling under the conditions modelled. Over the burn-up measured here, this tends to give 

a better agreement with experimental data earlier in the irradiation , but a worse agreement 

later in the irradiation. It should however be remembered that the fuel temperatures 

encountered in this test are significantly higher over a substantial time period than those 

encountered during routine operation. PELICAN simulations of PWR fuel in normal 

operation gave a peak temperature of 1340 K during creep-down [17]. For normal operation 

and typical faults, as opposed to design basis faults, PELICAN results are likely to be much 

less sensitive to the gaseous fission product swelling model employed than they are in this 

validation test. 

 
Figure 4-7 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
wide-gap pins and those predicted using each of the uranium dioxide gaseous fission product swelling 
models available in PELICAN. The ‘ramp labels’ correspond to the positions and linear power ratings 
shown in Figure 4-1. 
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Choice of Fill-Gas Thermal Conductivity Model 
Finally, as shown in Figure 4-8, we can consider the effect of the fill-gas thermal 

conductivity model employed. Using Hashimoto’s rather than Peterson’s model for fill gas 

with zero xenon increaseds the fuel centreline temperature, on average by 9K. This very 

small difference implies that either model may be used with confidence. 

 
Figure 4-8 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
wide-gap pins and those predicted using each of the fill-gas thermal conductivity models available in 
PELICAN. The ‘ramp labels’ correspond to the positions and linear power ratings shown in Figure 4-1. 
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4.3.4 Benchmarking Against ENIGMA 
Figure 4-9 compares the centreline temperatures predicted by PELICAN and ENIGMA for 

the narrow-gap pins. In order to provide a more appropriate comparison with ENIGMA, 

the temperatures predicted using PELICAN using the ‘White-4’ fuel thermal conductivity 

are shown in addition to those predicted with Palmer’s model (the default).  

 
Figure 4-9 - A comparison of the centreline temperatures measured during experiment IFA-507 for the 
narrow-gap pins and those predicted by both ENIGMA using default models and PELICAN using the 
White-4 fuel thermal conductivity model. The ‘ramp labels’ correspond to the positions and linear power 
ratings shown in Figure 4-1. 

It can be seen that the fuel centreline temperatures predicted by ENIGMA are lower than 

those predicted by PELICAN, even when the ‘White-4’ model is employed. One reason for 

the difference between the results obtained using ENIGMA and PELICAN could be the 

modelling of pellet fragment motion in PELICAN compared to the use of a relocation 

model in ENIGMA.  

It should be remembered that the results of only one experiment are presented in this work 

and that ENIGMA has been validated against over 500 pins [18] and a much wider range 

of experiments [19].  
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Figure 4-10 compares the centreline temperatures predicted by PELICAN and ENIGMA 

for the wide-gap pins. In order to allow more appropriate comparison with ENIGMA, the 

temperatures predicted by PELICAN using Donaldson’s Zircaloy creep model are shown 

in addition to those predicted using Wood’s model, which is the default. Once again, 

PELICAN predicts a higher temperature than ENIGMA, even when the different creep rule 

is taken into account. Of interest, the temperatures predicted by ENIGMA and PELICAN 

converged during the simulation. This is pleasing since ENIGMA has been validated 

against more data. One explanation for this could be that PELICAN can model the motion 

of individual pellet fragments rather than using a relocation model. One less pleasing 

feature is that those ENIGMA’s relocation model caused the agreement between ENIGMA 

and the measured data to be much better during early life. One explanation for this could 

be that PELICAN ignores any azimuthal variation; it could be that features such as 

wheatsheafing move some fuel towards the cladding, reducing the centreline temperature, 

and that ENIGMA better captures processes such as this. 

 
Figure 4-10 - A comparison of the centreline temperature measured during experiment IFA-507 for the 
wide-gap pins and that predicted by both ENIGMA and PELICAN using default parameters and 
PELICAN using Donaldson’s Zircaloy creep model. The ‘ramp labels’ correspond to the positions and 
linear power ratings shown in Figure 4-1. 
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4.4 Halden Capsule Model 
Experiments IFA-576 and IFA-577 were used to validate the capsule models used in 

ENIGMA [11, 20] and were used for the same purpose with PELICAN. The experiments 

are detailed fully in [11, 12, 20]. The assembly used consisted of a number of short length 

(50 cm) AGR fuel pins encapsulated in either concentric or eccentric Zircaloy-2 capsules. 

The capsule-clad gap gave a cladding surface temperature typical of that of a commercial 

AGR whilst eccentric capsules allowed azimuthal clad temperature profiles to be simulated. 

By using a fill gas of an appropriate initial pressure, the coolant pressure of the AGR could 

also be simulated. ENIGMA does not have the capability to model eccentric capsules and 

those experiments have not been used here. 

To determine the temperature of the cladding, thermocouples were attached to the cladding. 

Due to the neutron flux tilt across the assembly, different pins experienced different linear 

ratings and therefore different clad temperatures. The measurements from the multiple 

thermocouples therefore form a band of uncertainty against which fuel performance codes 

can be compared. In addition some pins were ramp tested; a thermocouple attached to the 

pin during the ramp test allows validation of the models in more extreme conditions. 

4.4.1 Methodology 
Table 4-3 shows the key fuel parameters used to simulate experiments IFA-576 and 577; 

all other parameters are the default values used in PELICAN, which are given in  

Appendix C.  

Table 4-3 - Fuel parameters used for experiments IFA-576 & IFA-577. 
Parameter Value 

Capsule Outer Radius 8.95 mm 

Capsule Inner Radius 8.22 mm 

Clad Outer Radius 7.665 mm 

Clad Inner Radius 7.295 mm 

Pellet Outer Radius 7.255 mm 

Pellet Inner Radius 3.175 mm 
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Parameter Value 

Initial Fuel Density 10.7 g cm-3 

Enrichment 2.86 % 

UO2 Grain Size 11.7 µm 

Pin Fill-Gas Pressure  0.1 MPa 

Capsule Fill-Gas Pressure  2.02 MPa 

Capsule Fill Gas 100% He 

Pin Fill Gas 100% He 

Plenum Volume 3.7x10-6 m3 

Pellet Stack Length 0.385 m 

Given the pure helium fill-gas, the Peterson model was used for the gas thermal 

conductivity. In addition to the standard capsule model, the alternative rib correction 

models and Hashimoto’s gas thermal conductivity model were used to assess their relative 

performance. 

Figure 4-11 and Figure 4-12 show the linear ratings applied for experiment IFA-576 and 

IFA-577 respectively. The same linear ratings were applied to all pins. The medium density 

mesh was applied (1592 elements), and took 11.6 hours to run for IFA-576 and 2.4 hours 

for IFA-577.  

Based upon the same assumptions as used for IFA-507, the reactor coolant pressure was 

assumed to be 3.4 MPa and the clad outer surface temperature was assumed to be 528.2K 

(255 ºC). 
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Figure 4-11 – The linear rating history used for the simulation of experiment IFA-576 

 
Figure 4-12 - The linear rating history used for the simulation of experiment IFA-577 
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4.4.2 Results & Discussion 
Full Power 
During experiment IFA-576, the predicted clad outer surface temperature, as shown in 

Figure 4-13, starts the simulation substantially hotter than the measured values and is 

around 100 K hotter at 15 h. Except for shut-down periods, this over-prediction then 

decreases until it is 30 K at 246 h, when the thermocouple on pin three fails. The difference 

between the predicted temperature from this point onwards and the temperature on pin two 

(the intermediate temperature pin measured) decreased from 58 to 15 K at 500 h. Overall, 

it can be argued that the agreement between the predicted and experimental values is 

tolerable following the first approximately 300 h of operation. The 300 h point was the time 

at which the temperature difference between the measured values and pin two predictions 

was the same as the difference between the measurements on pins two and three at the point 

where the pin three thermocouple failed.  

The difference between the temperatures predicted by PELICAN and measured by the 

thermocouples when the reactor was shut down (between 30 and 80 hours and 130 and 190 

hours) is due to the assumption in PELICAN that the reactor remained ‘hot’ when 

shutdown. In reality, the reactor cooled; the temperature of the coolant was not however 

available during this period. 

 
Figure 4-13 – A comparison of the IFA-576 cladding surface temperature prior to the high power ramp 
predicted by PELICAN and measured by pin thermocouples. 
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As shown in Figure 4-14, the predicted temperature remained within the measured values 

during the whole of experiment IFA-577. At the start of the experiment  

(132 h), the predicted temperature was 68 K below the temperature of the hottest pin  

(pin 3) and 70 K above the temperature of the medium temperature pin (pin 2). By 434 h, 

when the coolest pin (pin 1) thermocouple failed, the predicted temperature was 26 K below 

the temperature of the medium temperature pin and 70 K above the temperature of the 

coolest pin. The thermocouples on pins 1 and 2 failed at 434 h and 495 h respectively, 

whilst that on pin 3 survived through to the end of the experiment. At 434 h, the predicted 

temperature was 76 K below that measured on pin 3; by the end of experiment, this under-

prediction increased slightly to 82 K.  

 
Figure 4-14 – A comparison of the cladding surface temperatures predicted by PELICAN during IFA-577 
and measured by pin thermocouples. 
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Performance during Ramp Test 
During the ramp on experiment IFA-576’s pin four, there appears to be good agreement 

between the predicted and experimental cladding temperatures, as shown in shown in 

Figure 4-15. Prior to the ramp, with the linear rating at 15.6 kW m-1, the clad surface 

temperature was over-predicted by 24 K. At the end of the rapid ramp to 35.4 kW m-1 over 

five minutes, the temperature was under-predicted by 16 K. However, by the end of the 

slow 100 minute increase in linear rating to 48.0 kW m-1, the temperature was over-

predicted by 41 K. Following the period of high-power operation, at a linear rating of 21.1 

kW m-1, the temperature was over-predicted by 46 K.  

 
Figure 4-15 – A comparison of the cladding surface temperatures during the IFA-576 high power ramp 
predicted by PELICAN and measured by pin thermocouples. 

  



   

Chapter 4 - Validation & Benchmarking 
Halden Capsule Model 178 

Choice of Rib Correction Factor 
Figure 4-16 shows that, as expected, introducing a clad rib correction factor reduced the 

predicted clad surface temperatures. Using either the average-height or average-impedance 

model reduced the clad surface temperature at 400h by 26 K. Using Shannon’s model 

reduced the temperature by a further 80 K at the same point. Using the average-height or 

average-impedance models brought the predicted temperature into close agreement with 

the hottest thermocouple (on pin 3), whilst using Shannon’s model brought the predicted 

value into the middle of the range of experimental values. It is of little surprise that the 

Shannon model gave better agreement between experimental and measured values as it was 

designed to correct for not only the effect of cooling ribs, but also the effect of the radiation 

heat transfer from thermocouples themselves and the spacer coils between the capsule and 

cladding. 

 
Figure 4-16 – A comparison of the cladding surface temperatures predicted by PELICAN, using each of 
the available rib-correction models, during IFA-577 and those measured by pin thermocouples. 
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Choice of Fill Gas Model 
As shown in Figure 4-17, choosing either Peterson’s or Hashimoto’s model for the thermal 

conductivity of the fill-gas made little difference to predicted clad surface temperature. At 

400h, using Hashimoto’s model increased the temperature by 11K. 

 
Figure 4-17 – A comparison of the cladding surface temperatures predicted by PELICAN, using each of 
the available fill-gas thermal conductivity models, during IFA-577 and those measured by pin 
thermocouples. 
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Comparison to ENIGMA 
Figure 4-18 shows that prior to the ramp in experiment IFA-576, the agreement between 

ENIGMA and PELICAN cladding outer temperatures is to within 8 K when at full power. 

During the ramp and hold at up to 48 kW m-1, the agreement between the two fuel 

performance codes was to within 48 K, with neither code providing an overall better 

prediction, as shown in Figure 4-19. During experiment IFA-577, agreement between the 

codes when at full power is again to within 8 K, as shown in Figure 4-20. 

 
Figure 4-18 – A comparison of the cladding surface temperatures measured prior to the high power ramp 
in experiment IFA-576 to those predicted by PELICAN and ENIGMA. 
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Figure 4-19 – A comparison of the cladding surface temperatures measured during the high power ramp 
in experiment IFA-576 to those predicted by PELICAN and ENIGMA. 

 
Figure 4-20 – A comparison of the cladding surface temperatures measured in experiment IFA-577 to 
those predicted by PELICAN and ENIGMA. 
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Summary 
Across Figure 4-13, Figure 4-14 and Figure 4-15, a general trend emerges of clad surface 

temperature over-prediction during approximately the first 300 hours of operation, 

followed by a good agreement, with little long term change. The over-prediction is outside 

of the range of experimental values in the early period of experiment IFA-576 and within 

the range of experimental values for IFA-577. The ramp and high-power hold of IFA-576 

pin 4 gave good agreement between the predicted and measured data within the range of 

the measured temperatures. This suggests a phenomenon during early life, not fully 

captured by PELICAN, causing the clad outer radius to be larger than predicted. It could 

be that the creep of fresh stainless steel is much slower in reactor than measured in 

irradiated samples ex-pile. Alternatively, the expansion and radial displacement of the 

cladding might be larger than predicted by PELICAN. One argument for the former is that 

AGR clad creep tests were carried out for cladding under tensile loads whilst creep-down 

onto the pellets under primary circuit pressure is under a compressive load. In addition, the 

impact of residual stresses, possibly not fully annealed, during the manufacturing process 

might have an impact upon the creep rate during early life.  
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4.5 Clad Outer Radius and Pellet Bore Radius 
4.5.1 Background 
Two Halden ramp tests were used to validate PELICAN against the pellet bore and clad 

outer radii measurements. The fuel for experiment IFA-583 was base irradiated in Hinkley 

Point B Reactor 3 to a burn-up of 20.7 GWd tU-1 for pin 2-2 and 19.9 GWd tU-1 for pin 4-

15. Whilst it is likely that bonding would occur in this fuel, the fuel pins were used to 

validate ENIGMA with the bonded fuel subroutine not invoked. In addition, some severe 

ramps such as those implemented in IFA-583 result in de-bonding. For these reasons, the 

single ramp experiments were used to validate the un-bonded version of PELICAN. 

Figure 4-21 shows the linear rating during the base irradiation at Hinkley Point B of the 

pins used in both experiments. 

 
Figure 4-21 – The linear rating applied during the simulation of the base irradiation at Hinkley Point B 
for experiment IFA-583 pins 2-2 and 4-15. 
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The pin linear rating during irradiation in Halden was considerably higher at the bottom of 

the pin (zone 1) than the top (zone 10 for pin 2-2 and zone 11 for pin 4-15) due to the 

neutron flux profile along the fuel pin; this is shown in Figure 4-22. 

 
Figure 4-22 – The linear rating applied during the simulation of the irradiation at Halden experiment 
IFA-583 pins 2-2 (a) and 4-15 (b). Zones are numbered from the bottom to the top of the pin.  
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The experiment for pin 2-2 consisted of a ramp to 40 kW m-1 over 90 s, followed by a hold 

for 30 minutes and then a reduction of power over 100 s. The experiment for pin 4-15 

consisted of a slow ramp to 43 kW m-1 over 47 minutes followed by a reactor trip. The peak 

linear rating during both experiments is shown in Figure 4-23. Pin 2-2 therefore offers 

validation against a long hold at high power and pin 4-15 against a slow ramp to high 

power. 

 
Figure 4-23 – The peak linear rating in experiment IFA-583 pins 2-2 (a) and 4-15 (b). Zones are numbered 
from the bottom to the top of the pin. 

  



   

Chapter 4 - Validation & Benchmarking 
Clad Outer Radius and Pellet Bore Radius 186 

4.5.2 Methodology 
Table 4-4 shows the key fuel parameters used to simulate experiment IFA-583; all other 

parameters are the default values used in PELICAN.  

Table 4-4 - Fuel parameters used for experiment IFA-583. 
 Parameter  Value 

Capsule Outer Radius 8.920 mm 

Capsule Inner Radius 8.185 mm 

Clad Outer Radius 7.650 mm 

Clad Inner Radius 7.280 mm 

Pellet Outer Radius 7.250 mm 

Pellet Inner Radius 3.175 mm 

Initial Density 10.74 g cm-3 

Enrichment 2.78 % 

UO2 Grain Size 13.0 µm 

Pin Fill-Gas Pressure  0.1 MPa 

Capsule Fill-Gas Pressure  2.02 MPa 

Pin Fill Gas 100% He 

Capsule Fill Gas 99% He, 1% Xe 

Plenum Volume 1.45x10-6 m3 

Pellet Stack Length 0.955 m 

The standard capsule model was used together with the Hashimoto gas thermal 

conductivity model (due to the non-zero xenon gas concentration in the fill-gas). Based 

upon the same assumptions as for the centreline temperature simulations, the reactor 

coolant pressure was set to 3.4 MPa and the capsule outer surface temperature was assumed 

to be 528.2K (255 ºC). 
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4.5.3 Results & Discussion 
Standard Models 
Figure 4-24 compares the end-of-life clad outer radii predicted by PELICAN using each 

gaseous swelling model to those predicted by ENIGMA and measured in PIE.  

 
Figure 4-24 –The end-of-life clad outer radii predicted by PELICAN using each gaseous swelling model; 
predicted by ENIGMA; and measured in PIE. For experiment IFA-583 pins 2-2 (a) and 4-15 (b). 

Using the Hollowell model for gaseous fission product swelling for pin 2-2 gave a 54 µm 

over-prediction in the low power section (0.73 m from the bottom) and 148 µm over-

prediction in the high power section (0.26 m from the bottom). For pin 4-15 the over-

prediction was 65 µm and 127 µm at the same points. 

Using other gaseous fission product swelling models tended to give less over-prediction in 

the low-power section at the top of the pin and an under-prediction in the high-power 

section at the bottom of the pin. Each of the non-Hollowell models appears to be 

systematically offset from each other. 

Taken together, it appears that the Hollowell gaseous fission product swelling model over-

predicts swelling both under normal operating conditions and during periods of high power 

operation. The other models do not however capture the swelling at elevated power. These 

observations led to the introduction of ‘hybrid’ gaseous fission product swelling models, in 

which the swelling model used transitions at a given volumetric power or fuel temperature.  
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One reason why none of the gaseous fission product swelling models in the open literature 

are able to predict the performance during these ramp tests might be due to the fact that the 

data were collected for LWR, rather than AGR, fuel. In AGR fuel, the clad is softened more 

by creep and high temperatures than in LWR fuel. In addition, the coolant pressure is higher 

in an LWR than in an AGR and so the fuel will be more constrained in an LWR than in an 

AGR. This perhaps explains the under-prediction of the swelling in the high power zone of 

the non-Hollowell models. The over-prediction of the Hollowell model could perhaps be 

explained by the use of a simple quadratic in temperature not being fully appropriate at all 

power levels. 
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Development of the ‘Hybrid’ Gaseous Fission Product Swelling Models 
Two hybrid models were developed in which the gaseous fission product swelling model 

was changed from the Spino model to the Hollowell model at either a given threshold 

volumetric rating or temperature. This was so as to use the swelling predicted by the 

Hollowell model whilst at high power, and that predicted by the Spino model at low power. 

The Spino model was used in preference to the MATPRO model due to the slow 

convergence and numerical instabilities sometimes observed with the MATPRO model. 

To determine the correct threshold for the linear rating and fuel temperature, the thresholds 

were varied and the effect upon the clad radius noted. The effect of the high power 

operation was determined by subtracting the radius in the low power section (0.73 m from 

the bottom of the pin) from that in the high power section (0.26 m from the bottom of the 

pin). The ‘error’ was then calculated by subtracting the difference measured in PIE from 

that predicted by PELICAN and is shown in Figure 4-25.  

 
Figure 4-25 – The error in the additional radial displacement in the high power region compared with the 
low power region using different (a) volumetric power thresholds and (b) local temperature thresholds. 
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Based upon the average of the threshold required to give zero error for each pin in Figure 

4-25(a), a volumetric power threshold of 323 mW mm-3 was chosen. Similarly, a 

temperature threshold of 1875 K was chosen based upon Figure 4-25(b). It was pleasing 

that the temperature thresholds for zero error were the same for both pins, suggesting that 

the temperature threshold found might be more widely applicable. 

Clad Outer Radii Performance of the Hybrid Models 
Figure 4-26 shows the end-of-life clad outer radii predicted by PELICAN using both the 

temperature and volumetric rating thresholds, together with those predicted by ENIGMA 

and the values measured in PIE. The temperature threshold model gave a similar shape to 

the measured values for both pins. The volumetric rating threshold model gives a similar 

shape for pin 4-15 but a sharp rather than smooth transition for pin 2-2. The predictions of 

both models are the same in the low power region at the top of the pin as they both use 

Spino swelling during the simulation of fuel at this elevation. For pin 2-2, the over-

prediction is 11 µm and for pin 4-15 the over-prediction is 5 µm. For pin 2-2, the volumetric 

rating threshold over-predicts in the ramped zone by 38 µm (at 0.2 m from the pin bottom) 

and the temperature threshold model by 12 µm at the same point. For pin 4-15, the 

temperature threshold model over-predicts by 4 µm and the volumetric rating model under-

predicts by 12 µm. 



   

Chapter 4 - Validation & Benchmarking 
Clad Outer Radius and Pellet Bore Radius 191 

 
Figure 4-26 – The end-of-life clad outer radii predicted by PELICAN with the volumetric rating threshold 
and temperature threshold models, together with predictions made by ENIGMA and the measured values 
for experiment IFA-583 pins 2-2 (a) and 4-15 (b).  

Generally, ENIGMA gives better agreement in clad outer radius than PELICAN for 

measured values in the low-power region (at the top of the pin) and a worse agreement in 

the high power region (at the bottom of the pin). In particular, the peak in clad radius  

0.2 m from the bottom of pin 4-15 is not predicted by ENIGMA. The clad outer radius at 

the bottom of pins 2-2 and 4-15 is over-predicted by ENIGMA by 87 and 31 µm 

respectively. This can be compared unfavourably to the over-prediction of 11 and 14 µm 

using PELICAN’s temperature threshold model. It should however be remembered that the 

thresholds used were tuned against data from these pins. 

Overall, a similar performance in predicting the clad outer radius is seen for the temperature 

and rating threshold models for pin 4-15 and a better performance by the temperature 

threshold model for pin 2-2. Since the temperature threshold model can also be argued to 

be more physical, it was used in all subsequent simulations in this thesis. The temperature 
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threshold model also avoids step changes in the predicted values due to minor changes in 

the linear rating being applied to the model causing a change in the swelling model used. 

An example of such a step change is that seen for the rating threshold model for pin 2-2 in 

Figure 4-26(a). As an aside, it should be noted that in PELICAN, both the temperature and 

volumetric rating have a smooth profile across the pin. In the case of the volumetric rating, 

this is because 1000 annuli are used in the RADAR model. 

Pellet Bore Radii Performance of the Hybrid Models 
PELICAN’s aim is to model pellet-clad interaction (PCI) and therefore requires as good a 

prediction as possible of the pellet outer radius. Since these predictions are in turn affected 

by the predictions made of the pellet bore radius, the latter are of interest in assessing the 

overall performance of the model. Figure 4-27 compares the measured bore radii to those 

predicted by PELICAN and ENIGMA. Generally the temperature threshold model better 

predicts bore closure in pin 2-2 and the rating threshold model better predicts bore closure 

in pin 4-15. Both models offer superior performance over ENIGMA, which fails to predict 

any bore closure. 
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Figure 4-27 – The pellet bore radius predicted by PELICAN with the volumetric rating threshold and 
temperature threshold models, together with predictions made by ENIGMA and the measured values for 
experiment IFA-583 pins 2-2 (a) and 4-15 (b).  

Discussion on Pellet Bore Closure 
There are a number of possible explanations for why the bore closure shown in Figure 4-27 

is predicted by PELICAN but not ENIGMA. This is of importance since by not modelling 

pellet bore closure, ENIGMA might not be correctly modelling the radial displacement of 

the pellet outer radius and therefore the stress in the cladding. ENIGMA’s relatively poor 

prediction of the pellet bore radius has been highlighted previously by Daly [10].  

One way in which the approaches of PELICAN and ENIGMA differ is how they model 

pellet cracking. As opposed to PELICAN, in which crack fragments are explicitly 

modelled, fuel performance codes such as TRANSURANUS [23] and ENIGMA [24] 

soften the pellet to account for cracking. This involves reducing the elastic modulus by 

several orders of magnitude in directions perpendicular to planes in which cracks are 

deemed to be open. Depending upon the model, cracks are deemed to be open when the 
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elastic strain is either positive (i.e. tensile) or greater than a particular value. Li and Barbic 

note that when this technique is applied and an orthotropic material created, Poisson’s ratio 

needs to be adjusted in order to ensure that the elasticity tensor is symmetric and physical 

results are obtained [25]; this requirement is also made in Abaqus [26]. As described in 

Appendix A (Section A.5.1), in PELICAN, when the elastic modulus of the sliver in the 

hoop direction is reduced to account for ladder cracking, the Poisson’s ratio is adjusted 

accordingly. Poisson’s ratio remains isotropic in ENIGMA. The non-isotropic Poisson’s 

ratio, υij, characterises the transverse strain in the j-direction when the material is stressed 

in the i-direction; (4-1) shows the adjustment made to Poisson’s ratio in PELICAN when 

the elastic moduli Ei and Ej differ; υ0 is the un-cracked Poisson’s ratio. This satisfies both 

the requirements of Li and Barbic [25] and Abaqus [27].  

 

𝜈𝑖𝑗 = 𝜈0√
𝐸𝑖

𝐸𝑗
 (4-1) 

Considering a fuel pellet that is cracked in the radial direction, Poisson’s ratio between the 

azimuthal and axial directions would be given by (4-2). 

 

𝜈𝑧𝜃 = 𝜈0√
𝐸𝑧

𝐸𝜃
 (4-2) 

When the material is radially cracked, the elastic modulus in the hoop direction (Eθ) is very 

much less than in the axial direction (Ez). It is therefore implied by (4-2) that if the material 

is compressed in the axial direction, the displacement in the hoop direction would be very 

much larger than would have been the case had Poisson’s ratio not been adjusted. This 

would mean that if the pellet were axially in compression, as is the case for hot fuel at the 

centre of the pellet when at load, the closing of the cracks might therefore be under-

predicted. Should crack closure be under-predicted, during periods when the cracks are 

‘incorrectly’ predicted to be open, swelling would be directed to the crack rather than the 

bore. The bore radius closure would therefore be under-predicted. It should be stated that 

this is an observation made upon relatively old papers in the literature [23] and reports 

made available during the course of this research [24]. It is not clear whether the adjustment 

described above has been made already. It should be remembered that commercial fuel 

performance codes have been validated against a wide range of data. 
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Figure 4-27 shows that both ENIGMA and PELICAN predict the correct bore radius in the 

un-ramped section (at the top of the pin). The phenomenon we are looking for must 

therefore be associated with the power ramp rather than routine operation.  

Chapter 5 shows that the pellet cracks only open at the bore during the creep down of the 

cladding and periods of shut-down. The impact of the crack can therefore be partially 

discounted by noting that the crack remains closed at the bore during ramps. 

ENIGMA includes models for pellet dimple extrusion and wheatsheafing. It is possible that 

during ramps, ENIGMA incorrectly allocates too much fuel axially towards either the pellet 

dish or to help cause wheatsheaf growth. This cannot be discounted without a thorough 

examination of the mechanistic response of ENIGMA and the code behind it. It should be 

noted that wheatsheaf growth is a phenomenon against which ENIGMA has been validated.  

Figure 4-28 shows the impact of the choice of gaseous fission product model upon the 

predicted pellet bore radii, together with the predictions of ENIGMA. Gaseous fission 

product swelling is associated with hot fuel and is therefore likely to be concentrated close 

to the pellet bore. It is possible that it is the swelling of the very hottest parts of the fuel 

close to the bore that results in bore closure. Using all of the models except for the 

Hollowell model gave rise to bore closure in the ramped section. In Pin 4-15, a general 

downward gradient was seen when the distance from the pin base decreased below 0.4 m. 

Figure 4-28 hints that the modelling of swelling in ENIGMA either might not be 

appropriate to the higher temperatures [only seen during ramps] or that it is not directed 

towards the bore.  
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Figure 4-28 – The pellet bore radius predicted by PELICAN with different gaseous fission product swelling 
models, together with predictions made by ENIGMA and the measured values for experiment IFA-583 
pins 2-2 (a) and 4-15 (b).  

One reason why ENIGMA does not predict this swelling might be its discretisation into 

typically 12 radial annuli rather than the much greater number of elements used across the 

pellet radii in PELICAN. If swelling were to be determined using the temperature of the 

inner-most annulus of fuel, this would under-estimate the swelling of the hottest regions of 

fuel and therefore perhaps, the bore closure. 

Another reason why the gaseous fission product swelling might be under-predicted in 

ENIGMA might be the swelling model. In Appendix A, the Spino model is highlighted as 

being a highly complicated correlation of burnup and, to a lesser extent, temperature. The 

Hollowell model includes higher order temperature terms in addition to the burn-up 

correlation. Figure 4-24 showed that the Hollowell model was not appropriate to the non-

ramped top of the pin and that the Spino model under-predicted the impact of the ramp, 
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during which the fuel reaches its hottest temperature. This work suggests that in order to 

account for pellet bore closure, fuel swelling in ENIGMA needs to be enhanced at the very 

high temperatures (above 1875 K) typical of a ramp. This might however result in an 

increase in the clad outer radius, against which ENIGMA is validated. In addition, the 

fission gas swelling model within ENIGMA is intimately linked to the fission gas release 

model, which has been satisfactorily validated. The enhancement to the fission gas swelling 

rate might therefore be best applied as a perturbation to the solid fission product swelling 

model. 

In summary, two explanations have been offered for why PELICAN predicts bore closure 

in these experiments but ENIGMA does not. The first is that by modelling the cracks 

explicitly, PELICAN is better able to predict the closure of the pellet cracks than in fuel 

performance codes in which Poisson’s ratio of the fuel is not treated anisotropically. If 

cracks are incorrectly assumed to be open, fuel swelling earlier in irradiation would be 

assigned to the crack surface rather than the bore. The alternative explanation is that by 

using a model with more rapid gaseous fission product swelling at very high temperatures, 

greater swelling is predicted at the pellet bore. In the opinion of the author, Figure 4-28 

suggests that the choice of fission product model is able to explain the prediction of pellet 

bore closure by PELICAN. Correctly predicting pellet bore closure is important in 

obtaining the correct stress state in the cladding and therefore the extent of PCI. If pellet 

bore closure is under-predicted, the radial displacement of the pellet outer surface will be 

over-predicted. If the cladding hoop stress is tensile, this will increase the severity of PCI. 
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4.6 Conclusions 
Pellet Centreline Temperature 

 Comparing the predictions of PELICAN to measurements taken from experiment 

IFA-507 on LWR fuel showed a good agreement, with no systematic trend, with 

the centreline temperatures for narrow-gap pins where fuel-clad contact occurred.  

 For the wide-gap pins, in which contact did not occur, there was a trend of over-

prediction by up to 300 K in early life and under-prediction by up to 350 K in later 

life.  

 Changing the material models employed gave rise to systematic changes in the 

centreline temperature predictions, but did not change the overall trend.  

 The most significant change would be a move away from the Hollowell model for 

gaseous fission product swelling. Changing the default model was not however 

deemed to be appropriate, due to the substantially higher temperatures seen for 

longer periods of time than is typical of either normal operation or routine faults 

and transients.  

 Comparing PELICAN to ENIGMA for the narrow-gap pins showed that PELICAN 

gave a better agreement between measured and experimental values. For the wide-

gap pins, neither fuel performance code could be argued to be better.  

 Given that PELICAN is charged with modelling PCI, which requires contact, the 

default models were considered appropriate and the thermal validation good in the 

burn-up range investigated (up to 15 GWd tHM-1). 

Halden Capsule Model 

 In experiments IFA-576 and IFA-577 on encapsulated AGR fuel, the cladding 

surface temperature was generally over-predicted during the first 300 h; following 

this, good agreement was seen. 
 Following the first 300 h of IFA-576, during the period of high power operation at 

up to 48 kW m-1 carried out on pin 4 of IFA-576, as well as the entirety of 

experiment IFA-577, the clad surface temperature predicted by PELICAN was 

within the range of experimental values measured by the thermocouples.  
 Using alternatives to Shannon’s capsule-clad heat transfer enhancement factor gave 

a worse agreement, by around 80 K, between predicted and measured values of clad 

surface temperatures in IFA-577.  
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 Using Hashimoto’s model rather than Peterson’s model for the fill-gas thermal 

conductivity increased the temperature by 11 K. This allows the thermal model for 

encapsulated fuel to be used with confidence with Shannon’s heat transfer 

enhancement factor and either Peterson’s or Hashimoto’s thermal conductivity 

models.  
 At normal operating conditions, comparing the predictions of ENIGMA and 

PELICAN gave agreement to within 8 K. During the IFA-576 ramp to 48 kW m-1, 

agreement was to within 48 K. Neither fuel performance code gave preferential 

performance when compared to experimental data. 

Clad Outer Radius  
 No single gaseous fission product swelling model was able to give an adequate 

prediction of the clad outer radius under both normal and ramped conditions. 

 By changing from Spino’s to Hollowell’s model, at a particular threshold rating or 

temperature, satisfactory performance was however obtained. 

 By tuning against measured data from two points on pins 2-2 and 4-15 in 

experiment IFA-583, thresholds of 323 mW mm-3 and 1875 K were obtained. 

 Across the full length of both of these pins, the temperature threshold gave a slightly 

better performance than the rating threshold. 

 Based upon these results, PELICAN offers superior prediction of the clad outer 

radius over ENIGMA. Evidence for this is that at the bottom of the pin the clad 

outer radius is over-predicted by on average 59 µm using ENIGMA, and 13 µm 

using PELICAN. In addition, the peak in clad radius observed 0.2 m from the 

bottom of pin 4-15 was predicted by PELICAN, but not ENIGMA. 
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Pellet Bore Closure 
 PELICAN predicts the partial closure of the pellet bore for regions at the bottom of 

the IFA-583 fuel pins exposed to the highest temperatures. This is seen in PIE, but 

was not predicted by ENIGMA. 

 The difference might be due to PELICAN predicting larger gaseous fission product 

swelling during the ramp than ENIGMA. 

 An alternative is that, by modelling the pellet fragments themselves rather than the 

pellet as a cracked body, PELICAN is better able to capture bore closure. 

 By under-predicting the closure of the pellet bore, a fuel performance code would 

be incorrectly allocating too much of the fuel volume to the outer regions of the 

pellet. The predicted displacement of the pellet outer radius would therefore be 

over-predicted, increasing severity of pellet-clad interaction when the hoop stress 

is tensile and decreasing it when the hoop stress is compressive. 
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Chapter 5 Un-Bonded Fuel 
Although a bond is formed between the cladding and pellets in all but the coldest fuel 

elements, the modelling of un-bonded fuel enables the early-in-life behaviour and the effect 

of pellet fragment motion to be examined. In this chapter, the importance of the motion of 

pellet fragments in the horizontal r-θ plane is examined in detail. This process is frequently 

referred to as ‘relocation’.  

Parts of the work in this chapter have been previously published by the author [1]. 

5.1 Methodology 
5.1.1 Fuel Parameters 
Table 5-1 shows the key fuel parameters used to model un-bonded AGR fuel; all other 

parameters are the default values used in PELICAN listed in Appendix C.  

Table 5-1 - Fuel parameters used in the un-bonded simulations. 
Parameter Value 

Clad Outer Radius 7.650 mm 

Clad Inner Radius 7.280 mm 

Pellet Outer Radius 7.250 mm 

Pellet Inner Radius 3.175 mm 

Initial Fuel Density 10.75 g cm-3 

Enrichment 3.42 % 

UO2 Grain Size 13.6 µm 

Pin Fill-Gas Pressure  0.1 MPa 

Fill Gas 100% He 

Pellet Stack Length 0.955 m 
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5.1.2 Operating Conditions 
They key inputs for PELICAN are the linear rating and clad surface temperature. Figure 

5-1 shows typical linear ratings and temperatures for each fuel element along an AGR fuel 

channel. The linear ratings and coolant temperatures at 100% reactor power were taken 

from a recent study carried out by Price [2] and were based upon several whole-core 

thermohydraulic analyses during on-load refuelling cycles. The temperatures at 0% power 

are an extrapolation of data provided at a range of power levels (down to 10% power) and 

represent a scenario where there is removal of decay heat from a large reactor. 

 
Figure 5-1 - The average (a) linear rating and (b) cladding surface temperature along an AGR fuel 
channel. Data taken from [2]. 

Based upon advice from Ball [3], an idealised power history was created as follows: 

1. Simulations were designed around a fuel stringer with eight elements, a linear rating 

axial profile given by Figure 5-1(a) and a clad surface temperature axial profile 

given by Figure 5-1(b) throughout its dwell in reactor. 

2. The power was linearly raised to full power over three days. 
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3. The power was held at 100% power for 180 days, representing a typical interval 

between refuelling batches at an off-load refuelling station. 

4. The reactor was shut down over one day. 

5. The reactor remained shut-down for six weeks to allow refuelling and other 

maintenance activities to occur. 

Steps two to five were repeated ten times to represent multiple refuelling cycles. 

When the reactor was shut down, the coolant temperature for each fuel element was set to 

that shown for zero power in Figure 5-1 (b). This is relevant to a reactor being refuelled 

‘hot’ but not necessarily for all outages. To reflect the impact of decay heat, the fuel power 

was initially set to 6.5% of full power and reduced linearly to 0.32% over six weeks. These 

levels were determined by using (5-1), taken from Garland and Saunders [4], in which PR 

is the fraction of the power at reactor trip, telapsed is the time since reactor trip and ttrip the 

time at reactor trip. It was assumed that the reactor had been operating at full power for 

infinitely long in order to approximate (5-1) by (5-2), in which tS was the time since the 

start of the decrease in power. 

 𝑃𝑅 = 0.066 ((𝑡𝑒𝑙𝑎𝑝𝑠𝑒𝑑)
−0.2

− (𝑡𝑡𝑟𝑖𝑝 + 𝑡𝑒𝑙𝑎𝑝𝑠𝑒𝑑)
−0.2

) (5-1) 

 𝑃𝑅 = 0.066𝑡𝑆
−0.2 (5-2) 

In order to demonstrate pellet-clad interaction during a fault, simulations were run in which 

the power was ramped to 150% of full power over 100 s without varying the clad surface 

temperature. There was no high power hold. In addition, simulations representing element 

four were run in which the ramp duration was varied between 1 and 10,000 s; in which the 

coefficient of friction was varied between 0.01 and 1.2; and, in which the angle between 

radial fuel cracks was varied between 15 and 90 degrees, representing between four and 

twenty-four radial cracks. 

Simulations were carried out using finite element models with both un-cracked and cracked 

pellets. By default, eight radial cracks were chosen and the model had 1,716 elements.  
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5.2 Results & Discussion 
Figure 5-2 shows the maximum principal stress one month following pellet-clad contact in 

the simulation of fuel element four using the cracked model. The positions in the cladding 

at which stresses and strains are reported are also shown. At this point in the simulations, 

the radial crack in the pellet is open at the pellet outer surface and closed at the pellet inner 

surface. Due to the greater thermal expansion of the fuel at the pellet centre the fuel there 

is in compression, whilst at the outer surface the fuel is in tension. Due to the slow closure 

of the pellet crack, the stress in the cladding ahead of the crack is compressive.  

This stress profile predicted ahead of the radial crack by PELICAN is much more 

complicated than that which can be obtained from a commercial fuel performance code and 

has not been predicted before for an AGR. It should be noted that the stress concentration 

at pellet ends, in the absence of pellet cracks, has been modelled previously by Mella [5]. 

 
Figure 5-2 – The maximum principal stress distribution one month following contact between the cladding 
and pellet in the simulation of fuel element four using the cracked model. The positions in the cladding at 
which the stresses and strains are reported are labelled. 

5.2.1 Early Life 
Creep-Down of the Cladding onto the Fuel 
There is significant variation in the time taken for clad-pellet contact between fuel modelled 

with cracked and un-cracked fuel pellets. Moving up the fuel stringer, the time to contact 

generally decreases due to the increased cladding temperature. For all fuel elements apart 

from element one (the coldest element), contact is made within the first 120 day period at 

full power. The time taken for contact is less for the cracked models due to the relocation 
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of the cracked fuel pellet fragments towards the cladding. The relative importance of this 

effect increases with the time to contact; for element two, contact was made 22% earlier in 

the cracked model and in element six, the difference was just 1%. 

Figure 5-3 shows that the creep-down rate is the same for both the cracked and un-cracked 

models. The gap to be closed is however greater in the un-cracked model due to the lack of 

pellet relocation and so the time to gap closure is longer. Both towards the end of the 

simulation and immediately following creep-down, uprates cause the gap in the cracked 

models to rapidly open and close. This can be explained by a combination of the motion of 

pellet fragments when relatively un-constrained by the cladding, a process associated with 

soft-PCI, and the effect of differential thermal expansion of the pellet and cladding. A 

similar effect causes the gap to open during outages in the un-cracked simulation of element 

one and close in the cracked simulations. Finally, for the last few outages, the gap opens in 

the un-cracked model but not the cracked model. Figure 5-3 demonstrates the effect of 

subtle differences in the behaviour of cracked and un-cracked pellets upon the pellet-clad 

gap and therefore the propensity for pellet-clad interaction to occur.  

 
Figure 5-3 - The pellet-clad gap in cracked and un-cracked simulations of fuel elements one and two. The 
peaks and troughs are related to the six week outages. 
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Pellet Relocation 
Figure 5-4 shows the complex range of interacting mechanical phenomena contributing to 

pellet-clad interaction before, during and following initial contact in fuel element four. 

Figure 5-4(a) shows that during the creep-down of the cladding onto the fuel in fuel element 

four, the gap is 8 µm greater for the un-cracked model, resulting in the fuel being 13 K 

hotter (Figure 5-4 (b)). After contact is made in the cracked model at 18.5 h, the pellet outer 

and bore radii both decrease by 3.5 µm (Figure 5-4(c-d)) over the course of three hours. 

This period is associated with relocation accommodation; no such period is seen in the un-

cracked model.  

 
Figure 5-4 – The (a) pellet-clad gap; (b) pellet bore temperature; (c) pellet bore radius; (d) pellet outer 
radius; (e) pellet crack width on the inner and outer surfaces (f) hoop stress in the cladding ahead of the 
radial crack, away from the crack and in the un-cracked simulation during the first 50 hours following 
full power in fuel element four. 
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During creep-down of the cladding, the cracks open at both the pellet bore and outer surface 

as a result of the decreased fuel temperature (Figure 5-4(e)). During the period of relocation 

accommodation, the cracks close fully at their base but not on the outer surface, where 

closure stops around 2.5 h following contact. The effect of pellet clad motion upon the hoop 

stress in the cladding is shown in Figure 5-4(f). Upon contact, the closure of the pellet 

cracks causes the cladding hoop stress ahead of the crack to immediately decrease by 30 

MPa. This difference is maintained during the period of slow crack closure following 

relocation accommodation. 

Referring back to Section 2.3.3, the processes of pellet relocation, soft-PCI, relocation 

accommodation and hard-PCI can be readily identified in Figure 5-4: 

 Pellet relocation can be observed in the decreased pellet-clad gap and decreased 

temperature during creep down of the cladding, for the cracked model, compared 

to the un-cracked model. 

 Soft-PCI and relocation accommodation can be seen in the rapid decrease in the 

pellet outer and bore radii following initial contact. 

 Hard-PCI can be seen after 22 days in the constant crack tip width and the same 

trends in the pellet outer and bore radii for the cracked and un-cracked models. This 

shows that the pellet fragments are ‘stuck together’ and are acting as an 

incompressible body; this is Oguma’s description of hard-PCI [6]. 

 Associated with the hard-PCI is the maintenance of a more compressive stress in 

the cladding ahead of the radial crack. The hoop stress does not continue to increase 

because of the accrual of creep stain. 

These processes have not been previously observed when modelling PCI in the AGR 

system. 
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5.2.2 Longer-Term Trends 
Radial Displacement 
The radial displacement of the pellet outer surface is an important factor in pellet-clad 

interaction as, during periods of pellet-clad contact, the displacement of the pellet outer 

surface determines the total strain in the cladding. 

Figure 5-5 shows that during early life, the pellet outer radius decreases due to densification 

before increasing due to fission product swelling in the longer term. The minimum in the 

at-power radius is seen after around 2 months in elements one and four, and 8 months in 

element eight, reflecting the burn-up and temperature dependence of the swelling and 

densification processes. A decrease in the slope of the radius change is seen in element one 

when the clad and pellet make contact at 18 months for the cracked model and 21 months 

for the un-cracked model. Radial displacement whilst at power is greater in the cracked 

than the un-cracked models due to the relocation of the pellet fragments towards the 

cladding. The difference between the pellet radius in element four is 5.5 µm after 2 months 

and 0.9 µm after 72 months. Finally, the pellet radius decreases more during shutdowns for 

the un-cracked models, the difference increasing with both burn-up and linear rating. 

 
Figure 5-5 – Changes in the pellet outer radius during irradiation for fuel elements one, four and eight. 
Each trough is a six week refuelling outage. 
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The lower pellet radius for fuel element eight in Figure 5-5 was due to the lower linear 

rating and therefore slower pellet swelling. The slightly greater radius in fuel element four 

compared to element one was due to both the increased linear rating and cladding surface 

temperature. 

The difference in the pellet radii of the cracked and un-cracked simulations of the same fuel 

element in Figure 5-5 show pellet relocation. The decrease in the difference between the 

radii of the cracked and un-cracked simulations with burn-up later in life is a demonstration 

of relocation accommodation. 

Unlike in all other reactor systems except the VVER, AGR fuel pellets have a central bore. 

This not only reduces the maximum fuel temperature and accommodates fission gas, but 

also provides a free volume for fuel to creep, swell or relocate into and therefore reduce the 

displacement of the pellet surface and the severity of PCI. 
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Figure 5-6 shows that the pellet bore radius is generally greater for the cracked than the un-

cracked models and that the bore closes more during shut-downs for the un-cracked models. 

For fuel element one, the bore radius generally increases with burn-up until contact is made, 

after which the bore radius decreases with time. The at-power bore radius in the cracked 

and un-cracked models is similar after around 42 months. For element four, the at-power 

bore radius decreases before reaching an approximately constant value. For element eight, 

the at-power bore radius decreases before increasing slowly; the cracked and un-cracked 

models predict a similar bore radius after around 20 months. Prior to contact in fuel element 

one, the pellet bore radius of the cracked pellets increases during outages. This is due to the 

lack of cladding restraint. 

 
Figure 5-6 – Changes in the pellet bore radius during irradiation for fuel elements one, four and eight. 
Each trough is a six week refuelling outage. 
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Pellet Crack Behaviour 
The significance of a radial crack through the pellet to the cladding is well accepted in the 

literature (see, for example, [7-11] and Figure 2-7). In addition, Figure 5-2 showed visually 

the impact upon the cladding of the radial crack through the pellet in terms of the stresses 

in both. 

Figure 5-7 shows that whilst at power, the radial cracks slowly close at the pellet outer 

surface. They also close when the reactor is shut-down and open once more when the 

reactor restarts. The exception to this is the first two outages with resepct to element one, 

during which the pellet and clad were not in contact. Crack closure during the power down-

rate is complete in element eight, but not in elements four and one. In addition, the opening 

and closing of the cracks does not occur in element eight after 48 months. Of particular 

interest, the opening response to the outage is not purely elastic. This is easiest to spot in 

fuel element one before and after the fourth outage, in which the crack re-opens by less 

than its previous value and then closes more rapidly than before the outage. The explanation 

for this lies with partial relocation and creep of fuel during the outages, followed by the 

relaxation of stresses in the fuel following the return to power.  

 
Figure 5-7 – Changes in the crack width at the pellet outer surface during irradiation for fuel elements 
one, four and eight. Each trough is a six week refuelling outage. 
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Figure 5-8 shows that for all fuel elements, at the pellet bore the cracks remain closed whilst 

the fuel is at power and open during outages. The exception to this is the small amount of 

crack opening during the first six months caused by the decrease in fuel temperature with 

the closure of the pellet-clad gap. In elements one and four, the amount of crack opening 

increases with burn-up; this is due to creep in the pellet fragments. This is not the case in 

fuel element eight due to the lower linear rating and therefore lower creep rate. 

Finally, a small amount of crack opening occurs during outages for element 8. This is due 

to a combination of thermal creep and decreasing thermal strain with decreasing decay heat 

generation and has implications for the stress in the cladding following the return to power. 

 
Figure 5-8 – Changes in the crack width at the pellet bore during irradiation for fuel elements one, four 
and eight. The peaks beyond six months are the refuelling outages. 
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Hoop Stress in the Cladding 
The motion of the pellet fragments and the opening and closing of the pellet cracks has a 

significant impact upon the stress state in the cladding and therefore the severity of PCI. 

Due to the loading of the coolant pressure, the thermal expansion and swelling of the pellet, 

and the opening of radial pellet cracks, the component of stress of most interest is the hoop 

stress.  

Figure 5-9 shows the cladding hoop stress predicted during irradiation in fuel element one. 

Whilst at full power, later in the simulation, the hoop stress remained steady at around 70 

MPa. This is due to the diametral swelling rate of the pellet being equal to the diametral 

clad strain rate. During the latter outages following pellet-clad contact, a compressive hoop 

stress of around 75 MPa is predicted in the un-cracked model whilst a tensile stress of 

between 140 and 175 MPa is predicted in the cracked model away from the crack. This 

difference is due to the reduced radial displacement of the pellet outer surface (shown in 

Figure 5-5) due to the opening and closing of the cracks (shown in Figure 5-7 and Figure 

5-8) in the cracked model. The increased tensile hoop stress seen ahead of the radial crack 

compared to that in bulk cladding during the latter outages is due to the continuity of pellet-

clad contact. Following the outages, the tensile stress ahead of the radial crack slowly 

reduces due to closure of the cracks (as shown in Figure 5-7). 

 
Figure 5-9 – The hoop stress in the cladding of element one in the un-cracked model and ahead of and 
away from the radial crack in the cracked model. 
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Figure 5-10 shows a similar pattern in the behaviour of the hoop stress in the cladding in 

element four to that seen in element one. The hoop stress away from the crack, whilst at 

power, is reduced to 15 MPa in element four due to the greater creep rate in the hotter 

cladding. For the first 36 months, the closure of the pellet cracks whilst at power gives rise 

to a compressive stress in the cladding ahead of the radial cracks. After 48 months, the hoop 

stress is slightly greater (approximately 6MPa) ahead of the crack than away from it due to 

the creep strain previously accrued and the reduced crack closure rate (shown in Figure 

5-7). The low stresses seen during routine operation are due to creep in the cladding 

compensating for the expansion and swelling of the fuel whilst at load and in contact. 

During outages, the fuel and cladding contract; due to the high coefficient of thermal 

expansion in the stainless steel cladding, a compressive stress is created in the cladding of 

the un-cracked model. In the cracked model, a tensile stress is predicted. This is due to the 

opening of pellet cracks at the pellet bore (Figure 5-8) and closure of the crack at the pellet 

outer surface (Figure 5-7) giving rise to a smaller decrease in the pellet radius of the cracked 

model, as shown in Figure 5-5. 

 
Figure 5-10 – The hoop stress in the cladding of element four in the un-cracked model and ahead of and 
away from the radial crack in the cracked model. Periods of high stress are associated with the outages. 
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Figure 5-11 shows that following the complete closure of the pellet cracks in element eight 

at 42 months, the hoop stress in the cladding ahead of the radial crack is the same as away 

from it and also the same as in the un-cracked model. Prior to this, the hoop stress ahead of 

the crack was greater immediately following the outage due to crack opening during the 

uprate and then reduced due to crack closure. Prior to the outages, the hoop stress in the 

cladding is negligible due to the two effects of higher clad creep rate (owing to the high 

clad temperature) and reduced pellet swelling (due to the low rating shown inFigure 5-1). 

At the start of the outage, the hoop stress increases to 220 MPa due to the greater contraction 

of the cladding compared to the pellet. It then decreases to 165 MPa during the outage due 

to cladding creep and at the end of the up-rate to full power becomes compressive due to 

the change in shape from creep during the outage. This compressive stress of 45 MPa then 

creeps away over around two weeks. 

 
Figure 5-11 – The hoop stress in the cladding of element eight in the un-cracked model and ahead of and 
away from the radial crack in the cracked model. 

At this point, the reader is reminded that PELICAN makes the assumption of generalised 

plane strain in each part and that this will affect the axial strain, and therefore stress state 

in each component of the fuel. Whilst this is likely a significant effect on the fuel 

components due to the severe cross-pellet temperature gradient, the effect would be less 
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upon the cladding due to the lower radial temperature gradient and the freedom of the pins 

to expand axially at the top of the fuel element.  
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Creep and Plastic Strain in the Cladding 
Given that CBCs are thought to grow through creep and plastic ductility exhaustion, the 

prediction of inelastic strains in the cladding is of great importance in this thesis. Figure 

5-12 shows the creep and plastic strains accrued in the cladding during the simulation of 

each fuel element.  

As expected, Figure 5-12(a) shows that, due to the higher hoop stress ahead of the radial 

crack, the creep strain is greater ahead of the radial pellet crack than either away from it or 

in the un-cracked model. The creep strain in the cladding ahead of the radial crack increases 

with clad temperature from 0.8% in element one to 16.3% in element seven. In the un-

cracked model, the increase was from 0.6% to 3.8%. Due to pellet relocation in the cracked 

model, the creep strain away from the crack is slightly greater than that in the un-cracked 

model; the maximum difference being 1.8% in element seven. For element eight, the creep 

strain enhancement due to the radial crack is reduced compared to the lower elements. This 

is due to the complete closure of the radial cracks after 48 hours (shown in Figure 5-7).  

 
Figure 5-12 – (a) creep strain and (b) plastic strain accrued in the cladding of each fuel element for the 
simulations with no ramp. 
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Figure 5-12(b) shows that the plastic strains accrued during the simulation are two orders 

of magnitude less than the creep strains. The greatest plastic strains are predicted in the 

cracked model away from the radial crack for the higher fuel elements. This is because 

during decreases in power in the higher elements, the hoop stress away from the radial 

crack is tensile due to cladding creep during the preceding period at full power and the 

greater thermal contraction of the cladding than the fuel. Due to radial crack closure, the 

hoop stress ahead of the crack is more compressive, meaning that more plastic strain is 

accrued away from the radial crack. Meanwhile, the radial contraction of the un-cracked 

pellet is greater, meaning that the hoop stress in the cladding is less than is the case for the 

cracked fuel.  
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Figure 5-13(a) shows that plastic strains are accrued during down-rates, due to the rapidly 

increasing stress shown in Figure 5-9, Figure 5-10 and Figure 5-11. Figure 5-13(b) shows 

that for the down-rate at 28 months, the hoop stress in the cladding away from the radial 

crack is initially negligible due to creep at power. As the cladding temperature decreases, 

the cladding contracts more than the pellet and the hoop stress increases, resulting in the 

accrual of plastic strain towards the end of the down-rate, once the yield stress is reached. 

 
Figure 5-13 (a) – The plastic strains accrued in fuel elements four and eight during irradiation. (b) - The 
fuel centreline temperature, plastic strain and hoop stress in the cladding during the start of the outage at 
28 months in element eight. So that the rating changes into and out of the outages can be identified, a 
schematic reactor power is given. 

The points at which significant creep strain was accrued are more challenging to identify 

as the creep rate varied continuously through the simulations and each fuel element showed 

a different trend. Figure 5-14 shows the creep strain accrued in fuel elements one, four and 

eight from which the following points can be made: 

 The creep rate was greatest during ‘creep down’ at the start of the simulation. In the 

comparatively colder fuel element one, this took some time. 
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 Following contact in fuel element one at 18 months, the greatest creep rate was seen 

following each return to full power. This was due to the high stresses (shown in 

Figure 5-9) resulting from pellet motion (shown in Figure 5-6, Figure 5-7 and 

Figure 5-8). 

 In fuel element four, the creep rate was suppressed for one month following the first 

three outages and generally faster during full-power operation than during the 

outages. This was due to the stress reversal and subsequent compressive stress 

shown in Figure 5-10. Reduced crack motion following the fourth outage resulted 

in a slower long-term accrual of creep strain. 

 For fuel element eight, the cracks did not substantially open and close during and 

following the fifth outage. This resulted in reduced stress concentration ahead of 

the radial crack (shown in Figure 5-11) and therefore a lower creep rate.  

 The creep rate ahead of the radial pellet crack in fuel elements four and eight 

generally decreases with irradiation. 

 
Figure 5-14 – The creep strains accrued in the cladding ahead of the radial crack in fuel elements one, 
four and eight during irradiation. 
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5.2.3 Power Ramp Simulations 
Simulating power ramps is of importance in showing that fuel can cope with a range of 

fault conditions that might be experienced during operation. The representative ramp to 

150% power considered is not atypical of the faults examined in building a safety case. 

Hoop Stress & Crack Opening During the Ramp to 150% Power 
Figure 5-15(a) shows that whilst the hoop stresses ahead of the radial crack and in the un-

cracked model are similar prior to the ramp, at the end of the ramp the hoop stress is 

between 55 and 115 MPa greater ahead of the crack. This can be explained by Figure 

5-15(b), which shows that the crack opens by an additional 2.0 to 9.7 µm during the ramp. 

The maximum crack opening is in fuel element five and the minimum in element eight.  

 
Figure 5-15 (a) – The hoop stress in the cladding at the beginning and end of the power ramp ahead of 
the radial crack and in the un-cracked model. (b) – The crack width at the pellet outer surface at the 
beginning and end of the power ramp.  
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Figure 5-16 shows that the greatest stress concentration factor is not found at the end of the 

ramp to 150% power, but is reached at between 110% and 130% power, depending upon 

the fuel element. The greatest stress concentration factor of 3.3 was recorded in element 

eight; the hoop stress was however lowest in this element.  

 
Figure 5-16 – The stress concentration factor ahead of the radial pellet crack in each fuel element at a 
number of power levels during the ramp to 150% power over 100 s. The stress concentration factor is 
defined as the ratio of the hoop stress ahead of the radial crack to that away from the crack. 

Roberts [9] determined a stress concentration factor of 2.1 by modelling the elastic response 

of the fuel and cladding in a PWR; the increase in power at which this was determined was 

not however stated. This work shows that such a concentration factor is only reached during 

the early stages of the ramp in elements six to and seven, and at the maximum ramp power 

for element eight. The stress concentration factor remains well below the value of 5.0 

predicted by Gittus [12], although this figure included the effect of ‘wheatsheafing’ at the 

pellet ends. The reduced stress concentration factor compared to the PWR system can be 

explained by both the relaxation of stress due to the accrual of creep and plastic strain and 

the closure of the pellet bore in the cracked model. In the cracked pellet model the pellet 

bore closes, whilst it opens in the un-cracked model. The bore closure is greatest in element 

five at 6.7 µm and the bore opening is greatest in element one at 3.7 µm. 
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Creep and Plastic Strains during the Ramp to 150% Power 
Figure 5-17(a) shows that at the end of the power ramp in fuel element four, the hoop stress 

remains at least 75 MPa greater in the cladding ahead of the radial pellet crack than away 

from it. The hoop stress immediately ahead of the crack is 265 MPa and reaches a minimum 

of 235 MPa approximately 90 µm from the clad inner surface.  

Whilst the hoop stress shows a relatively flat profile through the cladding, the creep strain 

(shown in Figure 5-17(b)) does not. On the clad inner surface the creep strain is 4.9 times 

greater immediately ahead of the radial crack than away from it. However, by 32 µm into 

the cladding the creep strain returns to that seen far from the crack. The rapid decrease in 

creep strain within a few tens of microns from the clad surface is consistent with the clad 

bore crack depth statistics observed in post-irradiation examination. The local maximum in 

the creep strain at 7.5 µm is an artefact of the rapid closure of the pellet crack during 

relocation accommodation immediately following initial clad-pellet contact.  

 
Figure 5-17 - The (a) hoop stress and (b) creep strain ahead of and away from the radial pellet crack for 
fuel element four at the end of the power ramp. 
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Whilst the hoop stress at the clad inner surface of the model with cracked pellets is finite, 

the creep strain appears to be divergent. It should however be noted that with a typical clad 

grain size of 10 µm, the strain concentration is within a few grains. The empirical 

relationships used to describe the creep rates were derived for macroscopic samples on the 

scale of hundreds of microns. The applicability of these to grain size length scales is open 

to debate. In addition, the creep relationships were derived from experimental data at 

stresses of up to 150 MPa [13]; they might not be appropriate to the higher stresses 

predicted by PELICAN. For these reasons, the absolute values of creep strains (and 

therefore stresses) predicted by PELICAN are open to challenge. Nevertheless, by 

comparing the creep strains from different simulations, the propensity for creep damage to 

be accrued and therefore clad bore crack growth to occur can be examined. 
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Figure 5-18(a) shows that in the un-cracked model, negligible creep strain is accrued in fuel 

elements one and eight and plastic strain is not accrued in any fuel element during the ramp. 

For the cracked model, as shown in Figure 5-18(b), plastic strain is accrued in elements 

one, two and three. In these elements, the plastic strain accrued during the ramp is much 

greater than the creep strain accrued. In element two, the creep strain accrued in the cracked 

model was less than in the un-cracked model due to the accrual of plastic strain. In fuel 

elements three to eight, the creep strain accrued in the cracked model is typically around 

an order of magnitude greater than in the un-cracked model; for example, in fuel element 

six, the creep strain is 8.3 times greater. 

 
Figure 5-18 - The creep and plastic strain acrrued in each fuel element during the ramp for the inner 
surface of the cladding in the (a) un-cracked model and (b) ahead of the radial pellet crack. 

Comparing Figure 5-12 and Figure 5-18 reveals that the creep strain accrued in the cladding 

during the ramp is a small proportion of that accrued prior to the ramp, whilst the plastic 

strain accrued during the ramp is greater than that accrued prior to the ramp in fuel elements 

one to three only. For example, in fuel element six the creep strain accrued during the ramp 

is 0.38%, compared to 10.38% prior to the ramp. Meanwhile, the greatest plastic strain 

observed ahead of the crack tip prior to the ramp was 0.02% in fuel element four whilst a 
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plastic strain of 0.41% is accrued during the ramp in fuel element one. Together, this 

suggests that failure due to creep might require a large number of transients or a period of 

sustained high temperature operation rather than a single incident. It should however be 

remembered that under irradiation, the mechanistic distinction between instantaneous 

plasticity and creep is less clear than is implied by the empirical relations which are used 

in nuclear fuel performance codes. 

5.2.4 Sensitivities 
During this chapter, a number of assumptions have been made about the fuel being 

modelled. In this section, the implications of these assumptions are interrogated. 

Coefficient of Friction 
As shown in Table 2-1, a wide range of coefficients of friction appear in the literature, with 

the value of 0.8 assumed in this work being typical. None of the values were derived 

experimentally for the AGR system.  

Figure 5-19(a) shows that increasing the coefficient of friction makes it harder for the pellet 

cracks to open and close. When the coefficient of friction is set to 0.4 in fuel element four, 

the cracks are closed at the start of the ramp and open by 9.7 µm during the ramp. Setting 

the coefficient of friction to 1.2 leads to the prediction that the crack only opens by 5.4 µm. 

As shown in Figure 5-19(b), increasing the coefficient of friction from 0.2 to 0.8 increases 

the hoop stress in the cladding ahead of the radial crack and reduces it away from the crack. 

The former is due to the greater force being exerted on the cladding ahead of the radial 

crack and the latter due to reduced radial displacement of the fragments. The net result upon 

the stress concentration factor, shown in Figure 5-19(c), is an increase with coefficient of 

friction. Increasing the coefficient of friction from 0.2 to 1.2 increased the stress 

concentration factor from 1.09 to 1.82. Nakatsuka [8] gave equivalent values of 1.70 and 

1.92 for PWR fuel. The lower values for the AGR fuel modelled here can be explained by 

the accrual of creep and plastic strains, shown in Figure 5-19(d). The creep strain accrued 

during the ramp increases approximately linearly with the coefficient of friction, whilst 

plastic strain was predicted when the coefficient was increased beyond 0.8. The accrual of 

plastic strain when between 70 and 90 seconds into the 100 s ramp explains the reduced 

hoop stress for coefficients of friction greater than 0.8 seen in Figure 5-19(b). 
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Figure 5-19 – The impact of changing the coefficient of friction applied between the cladding and pellet 
during the power ramp in fuel element four upon (a) the width of the pellet crack tip; (b) the hoop stress 
in the cladding at the end of the ramp; (c) the stress concentration factor in the cladding ahead of the 
radial crack and (d) the creep and plastic strains accrued during the ramp.  

The strong dependence of the hoop stress and therefore the plastic / creep strains upon the 

coefficient of friction underlines the importance of pellet cracking and the sliding motion 

of the fragments upon the severity of pellet-clad interaction. In addition, any factors such 

as additives which might change the tribology of the system, e.g. the coatings used in the 

CANDU system, could play a significant role in mitigating against or encouraging pellet-

clad interaction. 

Power Ramp Duration 
In this work, a 100 s ramp was used to demonstrate PELICAN. In reality, a range of ramps 

resulting from a wide variety of faults are plausible. Figure 5-20 shows that for ramp 

durations between 1 and 100 s, increasing the ramp duration increases the hoop stress both 

ahead of and away from the radial crack. Increasing the ramp duration beyond this 

decreases the hoop stress. This is due to the competing effects of increased gaseous fission 

product swelling and cladding creep with increasing ramp duration. The former increases 

the hoop stress in the cladding and the latter decreases it. The stress concentration factor 

for the 1 s ramp is only 1.14, and varies between 1.71 for the 100 s ramp and 2.12 for the 
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10,000 s ramp. This reflects the largely elastic response with little time for crack opening 

in the 1 s ramp. 

 
Figure 5-20 – The impact of ramp duration upon the hoop stress in the cladding at the end of the ramp to 
150% power in fuel element four. 

Number of Radial Cracks 
Fuel performance models typically consider eight radial cracks in the fuel pellets [11, 14-

16].  Based upon this and observation from post-irradiation examination, PELICAN 

followed their lead. 

Figure 5-21(a) shows that as the angle between cracks is increased and the number of cracks 

reduced, the crack tip width at the end of the ramp increased. This is due to the azimuthal 

crack opening being shared between fewer cracks. For four radial cracks (90º between 

cracks), the total crack width around the circumference was 62.4 µm and for twenty-four 

cracks (15º between cracks) the total width was only increased marginally to 78.7 µm.  

As the angle between cracks and therefore the crack opening displacement increased, the 

hoop stress in the cladding ahead of the radial crack at the end of the ramp (as shown in 

Figure 5-21(b)) increased. Meanwhile, away from the crack, the hoop stress reduced due 

to reduced radial displacement of the fuel fragments towards the cladding. The net effect, 
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shown in Figure 5-21(c), was that the stress concentration factor increased with the angle 

between cracks from 1.4 for 15º (with twenty-four cracks) to 2.6 for 90º (with four cracks). 

 
Figure 5-21 – The impact of the angle between radial pellet cracks upon (a) the crack width at the end of 
the ramp to 150% power in fuel element four; (b) the hoop stress in the cladding; (c) the stress 
concentration factor and (d) the equivalent creep and plastic strain accrued in the cladding ahead of the 
pellet crack. 

Finally, Figure 5-21(d) shows that as the number of radial cracks decreased and the angle 

between cracks increased, the creep strain in the cladding ahead of the crack increased. 

When the number of cracks was reduced below eight (more than 45º between cracks), 

plastic strain was accrued and for four radial cracks (90º between cracks), the plastic strain 

accrued was the same as the creep strain. 

This piece of work demonstrates that increased pellet cracking decreases the susceptibility 

of the cladding to pellet-clad interaction damage and partially explains the improved 

performance of doped fuel pellets [17]. In addition, faults in which the number of pellet 

cracks are postulated to increase will give reduced hoop stresses and creep strains because 

of this. 
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5.2.5 Stresses in the Pellet 
Finally, we consider the stress profile in both the cracked and un-cracked pellets. Fracture 

stresses in uranium dioxide are typically 130 MPa for fresh fuel [18] and 100 MPa for 

irradiated material [19]. 

Figure 5-22 shows each of the principal stresses in the cracked and un-cracked pellet at a 

number of points in the simulation, from which the following observations can be made: 

 Firstly, the radial stress is not significant at any point during the simulations whilst 

the hoop and axial stresses show a similar behaviour.  

 Due to the radial temperature profile in the fuel, at the end of the initial rise to 

power, the hoop and axial stresses are compressive at the inner surface and tensile 

at the outer surfaces for the un-cracked pellet.  

 The eight radial cracks reduce the tensile hoop stress to below 100 MPa at all times, 

but the effect upon the axial stress is lower. Based upon a fracture stress of  

100-130 MPa, cracks in the (r-θ) plane can be expected to open in the simulations 

both with and without radial cracks.  

 Radial cracking is therefore sufficient to reduce the hoop stress at the inner surface 

to below that likely to cause additional cracking. Meanwhile, in reality cracks in the 

(r-θ) plane are likely to develop in both the cracked and un-cracked models.  

 By the end of the first period at full power, the hoop and axial stresses are relaxed. 

This causes, following the decrease in power at the start of the first outage, 

compressive stresses on the outer surface and tensile stresses on the inner surface 

but only in the axial direction for the cracked pellet.  
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Figure 5-22 – The stress components in the un-cracked and cracked models (with eight radial cracks) at key points in the simulation. 
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It should be noted that PELICAN makes the assumption that the pellet is under conditions 

of generalised plane strain. Apart from the forces exerted by the other pellets and cladding, 

the pellet ends are free and able to deform. In addition, neither the pellet chamfer nor dishes 

at the ends of the pellet have been modelled; both of these will change the stress within the 

pellet. The stresses within the pellet are therefore an approximation to the three-

dimensional case. 

Figure 5-23 shows that additional radial cracks reduced both the hoop and axial stresses on 

the outer surface of the fuel pellet at both the end of the initial rise to full power and ramp 

to 150% power. Once eight radial cracks are formed, the hoop stress remains less than 100 

MPa both at the end of the initial rise to power and the ramp. This suggests that no 

additional large radial cracks will form during the ramp and explains the observation of 

typically eight radial cracks in fuel exposed to routine operation. 

 
Figure 5-23 – The hoop and axial stresses on the outer surface of the fuel pellet at the end of the initial 
rise to power and ramp.  

This has important implications for the development of ladder cracks in bonded fuel – the 

subject of the next chapter. 
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5.2.6 Reflection upon Power Levels 
The linear power ratings and clad outer surface temperatures shown in Figure 5-1are the 

average values found during a number of on-load refuelling cycles in a number of reactors 

[2]. Due to the variation in irradiation histories of particular stringers and the size of the 

core, there are a range of stringer power levels and temperatures associated with a given 

reactor power level. For example, at 100% power in fuel element four, the mean linear 

rating was 20.5 kW m-1, whilst the minimum and maximum values were 13.4 and 33.3 kW 

m-1. Meanwhile, the mean clad surface temperature was 932.5 K with minimum and 

maximum values of 875.5 and 1002.4 K. In addition, the maximum and minimum ratings 

and temperatures were not co-located. AGR fuel with the same element number runs at a 

significant range of conditions and the values used here are therefore typical values used to 

demonstrate relevant behaviour. 

Against a background of a wide range of operating conditions, the simulations detailed here 

assumed a constant linear rating throughout irradiation. In reality, as the burn-up increases 

the amount of fissile material within a fuel pin will decrease, causing the rating at a given 

neutron flux to decrease. Despite changes to control rod positions, and the use of burnable 

poison cables on the braces, the overall trend will be towards decreasing linear ratings. 

However, against this backdrop, refuelling will cause the local neutron flux and therefore 

linear rating to change. In addition, the shuffling of fuel stringers towards or away from 

high power regions will cause changes in the linear rating and coolant temperature.  

The temperatures applied during shut-down are appropriate to the end of the decrease in 

reactor power. During some outages, the reactor will remain ‘hot’; in others, the coolant 

temperature will be reduced to enable maintenance. The cladding surface temperatures 

encountered during outages are therefore variable and detailed information was not readily 

available on the variations. The cladding temperatures during outages used here are likely, 

therefore, to be at the hotter end of typical values. From a fuel and cladding creep 

perspective, the effect of this temperature over-prediction is likely to be conservative. The 

accrual of larger plastic strains during colder outages cannot, however, be discounted. 

Finally, the assumption of constant clad temperatures during power ramps is open to some 

challenge for longer ramps. Long ramps to high power create additional heat and are likely 

to increase the coolant temperature. Increased coolant temperatures will cause the clad-

pellet contact pressure to decrease due to the increased thermal expansion of the cladding, 
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which will also decrease the hoop stress in the cladding. On the other hand, some reactor 

faults leading to power increases are hypothesised to rapidly increase the moderation (and 

therefore power) whilst simultaneously changing both the coolant temperature and 

pressure. A full thermohydraulic study of AGR faults is outside the scope of this thesis and 

the ramps used here are intended to probe PELICAN and demonstrate relevant behaviour. 

In addition, PELICAN was developed to interrogate the pellet-clad interaction 

susceptibility and likelihood of clad bore crack growth of fuel during routine operation, not 

during faults. During faults, fission gas release and fuel restructuring, processes not 

modelled by PELICAN, are likely to be significant. 
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5.3 Conclusions 
Time to Contact 

 For all fuel elements apart from element one (the coldest element), pellet-clad 

contact is made within the first 120 day period at full power. Moving up the fuel 

channel reduces the time to contact. 

 During the creep-down of the cladding onto the fuel, in fuel element four, the gap 

is 8 µm greater for the un-cracked model. This results in the fuel being 13 K hotter.  

 For fuel element one, the gap was 6 µm greater for the un-cracked model and for 

fuel element eight, 1 µm greater. This gave rise to fuel being 4K and 0.2 K hotter 

respectively. 

Stress State in the Cladding 
 Subtle differences in the radial displacement of cracked and un-cracked pellets have 

a significant impact upon the stress state in the cladding, the pellet-clad gap size 

and therefore the propensity for pellet-clad interaction to occur. 

 In addition, the opening and closing of the pellet cracks increases the magnitude of 

the hoop stress ahead of the radial crack in the pellet and therefore creep strain in 

the cladding. 

 Upon contact, the partial closure of the pellet cracks causes the hoop stress ahead 

of the crack to immediately decrease. In fuel element four, this is by 30 MPa. This 

difference is maintained during the period of slow crack closure following 

relocation accommodation.  

 The cracks remain permanently closed in element eight after 48 months; this could 

be argued to be typical of the hottest fuel elements in an AGR. 

Inelastic Strains in the Cladding 
 The equivalent creep strain in the cladding ahead of the radial crack increases with 

clad temperature from 0.8% in element one to 16.3% in element seven. In the un-

cracked model, the increase was from 0.6% to 3.8%. This four-fold increase in the 

maximum creep strain predicted demonstrates the importance of modelling the 

azimuthal motion of the fuel pellets. This is only possible if, as in this work, the 

individual pellet fragments are modelled. 
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 For element eight, the creep strain enhancement due to the radial cracks is reduced 

compared to that for the lower elements. This is due to the complete closure of the 

radial cracks after 48 hours. 

 For the cracked model, plastic strain is accrued during the ramp to 150% power in 

elements one, two and three. In these relatively cold fuel elements, the plastic strain 

accrued during the ramp is greater than the creep strain accrued.  

 At the end of the ramp in fuel element four, the equivalentcreep strain at the clad 

inner surface is 4.9 times greater immediately ahead of the radial crack than away 

from it. However, by 32 µm into the cladding the creep strain returns to that seen 

away from the crack. This compares favourably with the clad bore crack depths 

observed in post-irradiation examination. 

The Importance of the Ramp 
 The creep strain accrued in the cladding during the ramp is a small proportion of 

that accrued prior to the ramp, whilst the plastic strains accrued during the ramp is 

for fuel elements one to three only, greater than that accrued prior to the ramp. For 

fuel element six, the creep strain accrued during the ramp is 0.38%, compared to 

10.38% prior to the ramp. The greatest plastic strain observed ahead of the crack tip 

prior to the ramp was 0.02% (in fuel element four), whilst a plastic strain of 0.41% 

is accrued during the ramp in fuel element one. 

 This suggests that failures predominantly due to the accrual of instantaneous plastic 

strain are likely to have been caused by fewer individual ramps whilst those 

predominantly due to creep strain are likely to have been caused by continued 

operation at high temperatures or a large number of smaller transients. 

Coefficient of Friction 
 Increasing the coefficient of friction between the cladding and pellet fragments from 

0.2 to 1.2 increased the stress concentration factor at the end of the ramp from 1.09 

to 1.82. Nakatsuka [8] gave equivalent values of 1.70 and 1.92 for PWR fuel. Fuel 

performance in the AGR system can therefore be argued to be more sensitive to the 

assumed coefficient of friction than in the LWR system. 

 The overall lower values of the stress concentration factor predicted here for the 

AGR system, compared to those predicted for the LWR system, can be explained 

by the accrual of creep and plastic strains. 
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Radial Cracks in the Pellet 
 As the number of radial cracks was increased, the hoop stress in the cladding ahead 

of the radial crack at the end of the ramp decreased from 291 MPa for four cracks 

to 249 MPa for twenty-four cracks.  

 Radial cracks reduced both the hoop and axial stresses at the outer surface of the 

fuel pellet. Once eight radial cracks are formed, the hoop stress remained less than 

100 MPa both at the end of the initial rise to power and during the ramp to 150 % 

power. 

 Given a UO2 fracture stress of 100-130 MPa, this suggests that no additional large 

radial cracks will form during the ramp and explains the observation of typically 

eight radial cracks in fuel examined as part of routine PIE. 

Axial Cracks in the Pellet 
 Despite PELICAN being two-dimensional, the generalised plane strain assumption 

in the axial direction led to the prediction that radial pellet cracking would be 

insufficient to reduce the axial stresses in the pellet to below that expected to cause 

fracture.  

 Both radial and axial (r-θ) cracks are therefore expected to form during routine 

operation. 

The Effect of Ramp Duration 
 For ramp durations between 1 and 100 s, increasing the ramp duration increases the 

hoop stress in the cladding. Increasing the ramp duration beyond this decreases the 

hoop stress. This is due to the competing effects of increased gaseous fission 

product swelling and cladding creep.   
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Chapter 6 Bonded Fuel 
6.1 Introduction 
Chapter 5 showed that modelling the relocation of cracked fuel pellets significantly affected 

the creep and plastic strains in the cladding and that the azimuthal motion of the cracked 

fuel fragments gave rise to large stress concentrations ahead of the radial fuel pellet cracks.  

Having shown in Chapter 5 that modelling un-cracked pellets gives poor results, this 

chapter considers the impact of bonding between the cladding and fuel upon pellet-clad 

interaction in fuel with cracked pellets. Particular attention is given to the stress, plastic 

strain and creep strain ahead of, and in the region of, a clad bore crack (CBC). 

A number of models were developed. The default model involved a thin (150 µm) sliver of 

fuel, bonded to the cladding, below which pellet fragments could move. In some models, a 

CBC was introduced ahead of the radial crack through the pellet and sliver. The CBC length 

of 2 µm was based upon the threshold for measurement and identification of CBCs in post-

irradiation examination. Microscopic ladder cracks in the sliver are accounted for by 

reduction of the elastic modulus according to the smoothed hoop stress. Additional models 

were run in which no CBC was introduced, ladder cracks were not modelled and the sliver 

did not separate (i.e. de-bond) from the rest of the fuel. 

It was found that modelling a CBC, in bonded fuel, using standard finite element analysis 

and no ladder cracks produces unphysical creep strains at the CBC tip. These were well in 

excess of the creep ductility of the cladding material. In addition, the stress fields are highly 

concentrated within a region less than a grain size. Fuel element one was not modelled due 

to the lack of bonding observed in this element. 

Finally, the sensitivity of the model to the sliver thickness and the elastic modulus reduction 

factor used to describe the ladder cracks was investigated. 

Parts of the work in this chapter have been previously published by the author [1, 2]. 
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6.2 Methodology 
An overview of the methodology employed to model bonded fuel is given in the main 

methodology section (see Section 3.7). For brevity, it is not repeated here. 

6.2.1 Fuel Parameters 
Table 6-1 shows the key fuel parameters used to model bonded AGR fuel; all other 

parameters are the default values used in PELICAN listed in Appendix C.  

Table 6-1 - Fuel parameters used in the bonded simulations. 
Parameter Value 

Clad Outer Radius 7.650 mm 

Clad Inner Radius 7.280 mm 

Fuel Outer Radius 7.250 mm 

Fuel Inner Radius 3.175 mm 

Initial Fuel Density 10.75 g cm-3 

Enrichment 3.42 % 

UO2 Grain Size 13.6 µm 

Pin Fill-Gas Pressure  0.1 MPa 

Fill Gas 100% He 

Pellet Stack Length 0.955 m 

Sliver Thickness 45, 150, 280, 675 and 1480 µm 

CBC Depth 2 µm 

CBC Tip Radius 0.5 µm 
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6.2.2 Sliver Thicknesses 
The sliver depths used were based upon data acquired by Baigent [3] and are intended to 

demonstrate the wide range of sliver depths recorded. Figure 6-1 shows the sliver depths 

measured in her work; in addition she found a mode of 152 µm, mean of 675 µm and 

median of 280 µm.  

 
Figure 6-1 – The distribution of sliver thickness observed in post-irradiation examination; the cladding 
(or can) width was 370 µm. Reproduced from Fig. 1 in [3]. 

Based upon the data presented in Figure 6-1, simulations in this chapter use: 

 a sliver thickness of 150 µm to represent the modal sliver thickness; 

 280 µm to represent the median sliver thickness; 

 675 µm to represent the mean sliver thickness; 

 1480 µm to represent four cladding thicknesses and the tail of the distribution; and, 
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 45 µm to represent the smallest ‘bin’ and therefore the thinnest sliver thickness. 

6.2.3 Operating Conditions Modelled 
To represent typical fuel behaviour, two six month periods were modelled; this was based 

upon the interval between refuelling outages at a station refuelling off-load. The model was 

initialised at the start of the first period. Following operation in the first period and a 

representative refuelling outage, the fuel was returned to full power for 75 days, before 

being reduced to 70% power for one month. The period of reduced power was chosen to 

represent operation on three of the four boilers and was followed by a further 75 days at 

full power and a ramp to 150% power over 100 s.  

Figure 6-2 shows clad surface temperatures and typical linear ratings for each fuel element 

in an AGR fuel channel. As before, linear ratings and temperatures were taken from a recent 

study carried out by Price [4]; the powers during the outage (not shown in Figure 6-2) are 

based upon the work of Garland and Saunders [5]. 

 
Figure 6-2 - The average (a) cladding surface temperature and (b) linear power rating along an AGR fuel 
channel. Data taken from [4]. 
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6.2.4 Steps 
Table 6-2 shows the steps used in the simulation. The step types are described in Table  

3-4. This idealised history was based upon the recommendation of Ball [6]. Bonding was 

assumed to occur after 88 days, in the middle of the first period of full power operation; 

this was comparable to the 1875 hours to bonding found by Pendlebury [7]. 

For the simulation with no CBC, the CBC elastic modulus reduction factor was set to 1.0 

in the fuel properties file. Similarly, for the model with no ladder cracks, the ladder crack 

elastic modulus reduction factor was set to 1.0. For the un-bonded simulations (used as a 

comparison to the bonded simulations), step types three to eight in Table 6-2 were replaced 

by step type two. For the simulation in which no sliver was formed, step types six to eight 

were replaced by type five. 

6.2.5 Simulation Details 
Models consisted of 3,940 elements; at the CBC tip, the element size was 0.1 µm. The 

simulation of fuel element four lasted 30.5 hours with ladder cracks and a CBC. In a number 

of cases, the steps were split and / or the maximum time increments amended in order to 

obtain a stable simulation.
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Table 6-2 - The steps used to model bonded AGR fuel. The linear ratings and clad surface temperatures are appropriate to fuel element four. 

Step 

Number  
Description  Step Type  Duration (s)  

Increment (s)  
Clad Surface Temperature 

(K)  

Linear Power Rating  

(kW m-1)  

Initial Maximum Initial Final Initial Final 

1 
Initial Power 

Increase 1 259,200 3,600 25,920 293.15 932.45 0.00001 (0%) 20.5 (100%) 

2 Creep Down 2 400,000 3,600 20,000 932.45 932.45 20.5 (100%) 20.5 (100%) 

3 Power 1A 2 6,760,000 3,600 86,400 932.45 932.45 20.5 (100%) 20.5 (100%) 

4 High Friction 3 200,000 0.1 10,000 932.45 932.45 20.5 (100%) 20.5 (100%) 

5 Bond Formation 4 3,600 360 360 932.45 932.45 20.5 (100%) 20.5 (100%) 

6 Bonded 1 5 86,400 360 8,640 932.45 932.45 20.5 (100%) 20.5 (100%) 

7 Bonded 2 5 110,000 8,640 10,000 932.45 932.45 20.5 (100%) 20.5 (100%) 

8 
Circular Crack 

Formation 1 6 200,000 0.1 10,000 932.45 932.45 

20.5 (100%) 

20.5 (100%) 

9 
Circular Crack 

Formation 2 7 200,000 3,600 10,000 932.45 932.45 

20.5 (100%) 

20.5 (100%) 
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Step 

Number  
Description  Step Type  Duration (s)  

Increment (s)  
Clad Surface Temperature 

(K)  

Linear Power Rating  

(kW m-1)  

Initial Maximum Initial Final Initial Final 

10 
Ladder Crack 

Initiation 8 200,000 3,600 10,000 932.45 932.45 20.5 (100%) 20.5 (100%) 

11 CBC Initiation 8 200,000 3,600 10,000 932.45 932.45 20.5 (100%) 20.5 (100%) 

12 Power 1B 8 7,160,000 8,640 86,400 932.45 932.45 20.5 (100%) 20.5 (100%) 

13 Shutdown 8 86,400 3,600 8,640 932.45 677.02 20.5 (100%) 0.14 (0.68%) 

14 Outage 8 3,628,800 3,600 86,400 677.02 677.02 0.14 (0.68%) 0.07 (0.32%) 

15 Restart 8 259,200 3,600 25,920 677.02 932.45 0.0656 20.5 (100%) 

16 Power 2A 8 6,444,000 3,600 86,400 932.45 932.45 20.5 (100%) 20.5 (100%) 

17 Power Reduction 8 36,000 360 3,600 932.45 848.85 20.5 (100%) 14.3 (70%) 

18 Low Power 8 2,592,000 3,600 8,6400 848.85 848.85 14.3 (70%) 14.3 (70%) 

19 Power Increase 8 36,000 360 3,600 848.85 932.45 14.3 (70%) 20.5 (100%) 

20 Power 2B 8 6,444,000 3,600 86,400 932.45 932.45 20.5 (100%) 20.5 (100%) 
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Step 

Number  
Description  Step Type  Duration (s)  

Increment (s)  
Clad Surface Temperature 

(K)  

Linear Power Rating  

(kW m-1)  

Initial Maximum Initial Final Initial Final 

21 
150% Power 

Ramp 8 100 0.1 0.1 932.45 932.45 20.5 (100%) 30.75 (150%) 
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6.3 Results & Discussion 
This section first examines the impact upon the stress in the cladding of each of the 

phenomena associated with bonded AGR fuel. These include the CBCs, a sliver of adherent 

fuel, and ladder cracks in the sliver. Each of the phenomena is introduced individually, in 

a simulation of fuel element four, so that its impact can be seen.  

Next, the behaviour of bonded fuel in each of the fuel elements up the channel in which 

bonding is observed (i.e. all except fuel element one) was examined. Given the unphysical 

creep strains predicted at the CBC tip of bonded fuel, these simulations were carried out 

with no CBC introduced. The stresses and strains are presented at a point 10 µm from the 

cladding inner surface; this is well within the region of stress concentration ahead of the 

radial crack through the pellet and within the CBC process zone. 

Finally, the sensitivity of the model to the thickness of the adherent sliver and the elastic 

modulus reduction factor used to account for the ladder cracks is examined. 

6.3.1 The Effect of Clad Bore Cracks in Un-Bonded Fuel 
Stress and Strain in the Cladding during Normal Operation in Un-Bonded 
Fuel 
Figure 6-3 shows the hoop stress, creep strain, plastic strain and creep damage in the 

cladding ahead of the radial crack before and after the ramp to 150 % power in models with 

and without a CBC and no fuel-clad bonding. From Figure 6-3, the following observations 

can be made: 

 The hoop stress in the cladding at the end of the ramp to 150 % power was broadly 

concentrated ahead of the radial pellet crack in the model with no CBC and highly 

concentrated in a region ahead of the CBC in its presence. The maximum hoop 

stress was raised from 149 MPa in bulk cladding to 260 MPa ahead of the radial 

pellet crack and again to 450 MPa at the CBC tip. A slightly higher stress of 491 

MPa is seen 0.3 µm ahead of the CBC tip 

 The greatest creep strain at the end of the ramp in the model with no CBC (7.0%) 

was seen at the point of contact between the pellet and cladding. In the model with 

a CBC, the maximum creep strain of 9.5% was seen immediately ahead of the CBC.  

 In the model with no CBC, a very small amount (0.5%) of plastic strain was seen at 

the point of contact at the end of the ramp. In the model with a CBC, a higher plastic 
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strain of 6.8% was seen ahead of the CBC. Negligible plastic strain was seen prior 

to the ramp.  

 The creep damage showed a similar pattern to the creep strain. In the model with 

no CBC, substantial creep damage (7.8% prior to the ramp) was only seen at the 

point of contact. This offers an explanation for the initiation of CBCs, especially 

given the effect of reduced creep ductility in the region affected by fission product 

recoil into the cladding.  

 Ahead of the CBC, a small region is observed (of depth 0.13 µm), in which the 

creep damage exceeded 100% at the end of the ramp; it can be argued that the CBC 

is likely to have grown at this point. 

Taken together, this shows that the CBC acts to significantly raise the stress, and that it is 

sufficient to give rise to significant plastic strains, and that the creep strain at the CBC tip 

is not that much greater than that at the point of contact. Whilst the high creep strains at the 

point of contact suggest a new method of CBC initiation, the high plastic strains suggest 

that the processes involved in CBC growth might be more linked to plasticity than 

previously acknowledged. 

The effect of the geometric discontinuity at the point of fuel-clad contact is clear to see in 

Figure 6-3. In the model with no CBC, the stress concentration associated with it is the 

largest source of both the creep strain and damage within the model. Pleasingly, thanks to 

the accrual of creep, the hoop stress at the point of contact is finite. It should be noted that 

away from the point of contact, the geometric discontinuity has little impact upon the stress 

state or creep strain. Moreover, the creep strain (and damage) accrued in the region ahead 

of the CBC tip far exceeds that at the point of contact. 
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Figure 6-3 – The hoop stress, creep strain, plastic strain and creep damage in the cladding ahead of the radial crack before and after the ramp to 150 % power in models 
with and without a CBC and no fuel-clad bonding 



   

Chapter 6 - Bonded Fuel  
Results & Discussion 254 

Stress and Strain State Ahead of the Clad Bore Crack 
Figure 6-4 shows the hoop stress, creep strain, plastic strain and creep damage ahead of the 

CBC prior to and at the end of the ramp. Prior to the ramp, the hoop stress (shown in Figure 

6-4(a)) reaches a minimum 0.4 µm from the CBC tip and returns to a steady value within 

3 µm of the tip. At the end of the ramp, the peak stress of 491 MPa is reached 0.3 µm from 

the CBC tip and falls to 270 MPa within 5 µm. Significant creep strains, plastic strains and 

creep damage (shown in Figure 6-4(b-d)) are confined to a small region 0.5 to 1.0 µm from 

the CBC tip. This is much less than the typical grain size of 10 µm and draws into doubt 

the applicability of the plasticity and creep models, as well as the predicted stress fields, at 

the sub-grain scale.  

Despite the material discontinuity at the CBC tip, the hoop stress predicted in Figure 6-4(a) 

at the CBC was finite whilst the creep strain reduced rapidly with distance from the CBC 

tip. The mesh sensitivity study in Appendix F shows that the creep strain at the CBC tip 

did not increase with increased mesh density. There was however some scatter (around 

10%) in the results obtained. Stresses of over 491 MPa were predicted at the CBC tip; these 

are well above the 150 MPa at which the creep correlations were determined [8]. The creep 

strains shown in Figure 6-4(b), and by extension the stress and plastic strains, are therefore 

subject to further uncertainty, meaning that the absolute values of the variables shown in 

Figure 6-4 are open to challenge. Nevertheless, PELICAN does provide a method of 

comparing the relative effects of different operating conditions and phenomena upon pellet-

clad interaction and the relative likelihood of damage occurring.  

Future models to determine the damage rate ahead of the crack should perhaps include 

techniques such as crystal plasticity. Such simulations might however prove challenging in 

the context of severe radiation damage and neutron fluxes and would require the use of 

traditional finite element models to capture more macroscopic phenomena. In addition, 

electron back-scattering diffraction input data would be required for the crystal plasticity 

models. This would be highly challenging to obtain for irradiated cladding. 
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Figure 6-4 – The (a) hoop stress; (b) equivalent creep strain; (c) equivalent plastic strain and (d) creep 
damage ahead of the CBC prior to and at the end of the ramp to 150% power. 
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6.3.2 The Effect of Fuel-Clad Bonding 
In order to separate different effects from each other, simulations were carried out on 

bonded fuel with no circumferential crack within the pellet. Therefore no sliver or ladder 

cracks were modelled. 

Hoop Stress at the Clad Bore Crack Tip 
Figure 6-5 shows the hoop stress in the cladding in the bonded model at the return to full 

power following the period of low power operation. The stress ahead of the radial crack 

reaches a maximum approximately 30 µm ahead of the radial crack with an additional 

concentration at the CBC tip. Whilst the geometric continuity at the point of contact gave 

rise to stress concentration in the cladding, this is very much less than the stress both in the 

cladding, 40 µm ahead of the radial pellet crack, and at the CBC tip. 

 
Figure 6-5 – The hoop stress in the cladding at the end of the return to power from the period of low power 
operation, in the bonded model with no sliver. Contours are in MPa 

Figure 6-6 shows the cladding hoop stress at the CBC tip throughout the simulations for 

both bonded fuel with no ladder cracks and un-bonded fuel. The hoop stress for the model 

with a bonded sliver of fuel was compressive during the outage and the beginning of the 

period of low power. This differs significantly from the behaviour of the un-bonded model. 

In the un-bonded model, the hoop stress at the CBC tip is tensile during the outage and 

period of low power operation. At the end of the ramp to 150% power, the hoop stress was 
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688 MPa at the CBC tip in the bonded model and only 450 MPa in the un-bonded model. 

The reasons for the stresses seen in the models require a more in-depth look at the different 

strain components in the cladding of each model. This is described in the next sub-section. 

 
Figure 6-6 – The hoop stress at the CBC tip throughout the simulations for models of un-bonded fuel and 
bonded fuel with an adherent sliver and no ladder cracks. 

Strain Components in the Cladding 
The stresses and strains in the cladding during contact can be rationalised as follows: 

 The total strain is determined by the expansion and motion of the fuel fragments. In 

bulk cladding, the radial expansion of the fragments determines the diameter of the 

cladding and therefore the total strain. Ahead of radial cracks, the azimuthal motion 

of the pellet fragments amends the total strain. 

 The thermal strain results from the cladding outer surface temperature boundary 

condition and, to a much lesser extent (due to the high cladding thermal 

conductivity), the linear rating. The thermal strain is therefore directly linked to the 

current operating conditions. 
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 The creep and plastic strains are determined by the stress states throughout the 

history of the pin. They are therefore determined by the irradiation history. 

 Finally, the elastic strain makes up the difference to obtain the total strain observed.  

The result of this is that minor changes to either the operating conditions or irradiation 

history can cause significant changes to the elastic strain and therefore the stress state. 

As noted in the literature review and Chapter 5, the stresses and strains in the hoop direction 

are the most important from the standpoint of pellet-clad interaction. Figure 6-7 shows the 

hoop component of each type of strain in bulk material well away from the radial crack and 

at a position 30 µm ahead of the radial crack. This latter position was chosen as it coincided 

with the peak in hoop stress in Figure 6-5. Plastic strains are not shown as significant strains 

were only encountered during the ramp to 150% power. 

 
Figure 6-7 – The creep, elastic and thermal hoop strains in (a) bulk cladding and (b) 30 µm ahead of the 
radial crack.   
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Key observations from Figure 6-7 include that: 

 Whilst at power, the total strain in bulk cladding is similar in the bonded and un-

bonded models.  

 Upon reductions in power (such as the start of the outage and period of 70% power 

operation), restraint by the fuel sliver in bonded fuel reduces the change in total 

strain in the bulk cladding. This gives rise to tensile elastic strains in the cladding. 

 In order to maintain the total circumference of the cladding across both bonded and 

un-bonded sections, the change in total strain ahead of the radial pellet crack during 

transients is much greater in the bonded model. Despite part of this change being 

accommodated by creep, there is a sizeable compressive elastic strain in the 

claddingduring the outage and low power operation, giving rise to the compressive 

stresses seen in Figure 6-6. 

 The creep strain in the bulk cladding for both models was similar. 

 Ahead of the radial crack, the rating changes gave rise to significant creep strains.  

Generally, it can be seen that since changes in the creep strain are driven by the hoop stress 

and therefore elastic strain, creep strains develop to counteract the changes in strain causing 

them. 

Substantial creep strains accrued during periods of stress reversal, such as those seen at the 

CBC tip with the bonded model, are likely to give rise to substantial damage and CBC 

growth. 
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6.3.3 The Effect of Fuel Sliver Formation 
Figure 6-8 shows the hoop stress at the CBC tip for the models with: no fuel-clad bonding; 

fuel-clad bonding but no sliver; and fuel-clad bonding and a sliver (but no ladder cracks).  

During the outage, the hoop stress at the CBC tip in the model with bonding but no sliver 

is compressive and without bonding is tensile. This is because the pellet fragments cannot 

slide underneath the cladding in the bonded model. The greater compressive hoop stress 

during the outage in the model with a sliver is a result of both the differential thermal 

expansion in the clad-sliver composite and creep during the prior period of full power 

operation. 

Upon the return to power from the outage, the hoop stress at the CBC tip is greater in the 

bonded models. This is due to a small amount of additional pellet displacement and crack 

opening caused by fuel creep during the outage. The stress in the model with a sliver is 

greater than in the bonded model without a sliver. This is because of greater creep in the 

cladding during the outage caused by the higher compressive stress. 

 
Figure 6-8 – The hoop stress at the CBC tip for the un-bonded model; the bonded model with no sliver; 
and the bonded model with a sliver. Softening due to ladder cracks was not included in any of the models. 
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Comparing the hoop stresses at the CBC tip in Figure 6-8, the following observations can 

be made: 

 Returning to power after the outage gave rise to a hoop stress at the CBC tip of 431 

MPa in the model with no sliver; 587 MPa in the model with a sliver; and 119 MPa 

in the un-bonded model.  

 Returning to power after the period of low power operation gave rise to a hoop 

stress at the CBC tip of 302 MPa in the model with no sliver; 286 MPa in the model 

with a sliver; and 161 MPa in the un-bonded model.  

 Meanwhile, the stress at the end of the ramp was 688 MPa in the bonded model 

with no sliver, 692 MPa in the model with a sliver and 450 MPa in the un-bonded 

model.  

The fuel sliver can therefore be argued to reduce the hoop stress at the CBC tip during some 

operational rating changes but not others. Once again, the important counteracting roles of 

creep strains during the previous irradiation, pellet motion and operating conditions can be 

seen and universal conclusions are hard to reach. 
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6.3.4 Creep and Plastic Strain at the CBC Tip 
Figure 6-9(a) shows that significant creep strains were introduced during each of the power 

rating changes at the CBC tip in the case of the bonded model with sliver. The creep strain 

at the end of the simulation was predicted to be 177.2%. This is much greater than the 9.3% 

predicted for the model with no bonding and shows that bonding has a significant role upon 

the creep strains at the CBC tip and therefore PCI in AGRs.  

In addition, the creep damage (the sum of the creep strain accrued in each increment divided 

by the creep ductility in that increment) at the CBC tip reached an impossible value of 

5300% in the bonded model (Figure 6-9(b)). Figure 6-9(b) also demonstrates that CBC 

growth is likely to have occurred during all of the rating changes, but that, given the high 

concentration of the creep strain ahead of the CBC tip (shown in Figure 6-4(b)), the amount 

of growth is hard to quantify. In reality this effect is likely to be somewhat softened by non-

locality and damage effects that are not fully captured in standard finite element analysis. 

 
Figure 6-9 – The (a) equivalent creep strain; (b) creep damage; (c) equivalent plastic strain and (d) plastic 
damage at the clad bore crack tip of un-bonded and bonded fuel with sliver for fuel element four. 

Plastic strain is accrued only during the down-rate at the start of the outage and the ramp to 

150% power (Figure 6-9(c)). The plastic damage (defined in the same way as creep 
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damage) accrued during the down-rate is sufficient to cause failure of the material at the 

CBC tip (Figure 6-9(d)). 

Figure 6-9 therefore shows that in fuel element four, the stresses induced in the cladding 

are more than sufficient to cause damage in any of the rating changes modelled for the 

bonded model with no ladder cracks. Given that substantial damage well in excess of 100% 

was predicted during each of these rating changes, it seems highly likely that the CBC will 

grow during them. Without modelling CBC growth, the creep strain was predicted to rise 

to unphysical levels of in excess of 150%. Continuum damage mechanics could be 

employed to weaken the elements at which 100% damage is reached. One challenge in 

doing this would be the concentration of stresses to within a region of less than the grain 

size. Another, the applicability of the ductility relations at such small length scales. A third, 

the combined effect of creep and plasticity. These factors suggest the implementation of 

techniques such as crystal plasticity modelling. Challenges would however remain in 

choosing applicable material models in the presence of irradiation and incorporating the 

full range of fuel performance phenomena modelled by PELICAN. 

From this point onwards, the stresses and strains will be reported at a position 10 µm ahead 

of the radial crack in models with no CBC. Reasons for this include that: 

 as shown in Figure 6-3, it is well within the region in which elevated stresses are 

seen; 

 it is within the region of a couple to several tens of microns in which CBCs are 

known to grow; 

 modelling damage would require new material data; and, 

 reporting stresses and strains at the CBC tip would not be realistic given the non-

physical strains predicted in the absence of damage models. 
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6.3.5 The Effect of Ladder Cracks 
Behaviour of the Ladder Cracks 
Figure 6-10 shows the pattern of ladder crack opening at the end of the return to 100% 

power following the period of low power operation in fuel element four. The cracks can be 

seen to be open in the majority of the sliver, except for very close to the sliver crack tibasep, 

where the shear stress from the pellet crack opening causes the hoop stress in the sliver to 

be compressive and therefore the ladder cracks close in this region. 

 
Figure 6-10 – The state of the ladder cracks at the end of the return to 100% power following the period 
of low power operation in fuel element four. Blue areas are regions in which the ladder cracks are open. 
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Figure 6-11 shows the opening and closing of the ladder cracks in fuel element four. In the 

bulk sliver, the ladder cracks remain closed until mid-way through the up-rate following 

the period of low power operation. Close to the radial crack, the ladder cracks opened 

during the up-rate from the outage and closed during the period of low power operation, 

re-opening at the return to full power. 

 
Figure 6-11 – The opening and closing of the ladder cracks in fuel element four. The ladder crack factor 
(used to reduce the elastic modulus of the sliver when it is in tension) is 0.03 for open ladder cracks and 
1.0 for closed ladder cracks. 
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Hoop Stress in the Cladding 
Figure 6-12 shows the hoop stress 10 µm from the inside of the cladding in the case of 

models with and without ladder cracks and no CBC. Modelling the opening and closing of 

the ladder cracks decreased the maximum hoop stress upon returns to full power and during 

the ramp to 150% power. During the up-rate following the outage, the peak hoop stress was 

reduced from 199 to 104 MPa; following the period of low power operation, it was reduced 

from 238 to 107 MPa; and at the end of the ramp to 150% power, the stress was reduced 

from 435 to 273 MPa. For reference, the hoop stress at the end of the ramp in the un-bonded 

model was predicted to be 241 MPa.  

The effect of modelling the ladder cracks is therefore to make the hoop stress ahead of the 

radial crack more like that of un-bonded fuel when the ladder cracks are open. It is 

reassuring that the ladder cracks open at points of high temperature and stress (towards the 

end of and following the return to full power operation and during ramps) since the creep 

rate at these points is highest. 

 
Figure 6-12 – The hoop stress ahead of the radial crack in the pellet 10 µm from the cladding inner surface 
for models with no bonding and with and without ladder cracks. 
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Creep and Plastic Strain ahead of the Radial Pellet Crack 
Figure 6-13 shows the creep and plastic strains in the cladding, 10 µm ahead of the radial 

crack in the pellet, for the un-bonded model and models with and without ladder cracks and 

no CBC. A very similar pattern in the strains in Figure 6-13 and Figure 6-9 are observed. 

It could therefore be argued that the pattern of accrual of creep and plastic strains at this 

point represents a good surrogate for that at the CBC tip.  

Figure 6-13 shows that the creep and plastic strains are smaller in the model with ladder 

cracks than without. During the up-rates, the ladder cracks open and the creep strain 

accrued in the model with the ladder cracks is reduced towards levels accrued in the un-

bonded model. The level of reduction is clearly impacted by whether the ladder cracks are 

open and therefore on the operating conditions. The reduction in the creep strain accrued 

in all of the fuel elements is addressed in Section 6.3.7. 

 
Figure 6-13 – (a) creep strain and (b) plastic strain 10 µm from the inner surface of the cladding, ahead 
of the radial crack in un-bonded fuel, bonded fuel with no ladder cracks and bonded fuel with ladder 
cracks for fuel element four. 
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6.3.6 The Effect of Sliver Thickness 
Figure 6-14 shows the variation of the creep and plastic strain with fuel sliver thickness for 

the bonded model with ladder cracks. It shows that for the sliver thicknesses modelled, the 

creep and plastic strains were highest for the 675 µm simulation, which is the mean sliver 

thickness measured in post-irradiation examination. The creep strain varied within a 0.2 % 

range for the three different average measures and the plastic strain within a range of 0.5 

%. Using either a very thin or very thick sliver reduces both the creep and plastic strain. 

From a pellet-clad interaction standpoint it could be argued that whilst the sliver thickness 

does affect the strains in the cladding, the effect is not that large. Therefore, using an 

‘average’ sliver thickness gives results that are representative of typical sliver thicknesses 

and gives a conservative estimate of the strains produced by the full range of extreme sliver 

values. 

 
Figure 6-14 – The creep and plastic strain 10 µm from the cladding inner surface ahead of the radial pellet 
crack at the end of the ramp to 150 % power in fuel element four for various sliver thicknesses. 

A sensitivity study into a range of model parameters in bonded AGR fuel is presented in 

Appendix E. 
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6.3.7 Trends up the Fuel Channel 
Hoop Stress 
Figure 6-15 shows the hoop stress ahead of the radial crack at the end of the ramp to 150% 

power. Moving up the fuel stringer, the hoop stress in all models decreases. This is due to 

the increased temperature causing increased creep-induced stress relief. The hoop stress is 

consistently higher for the bonded models than for the un-bonded model. The model with 

ladder cracks gives a much lower stress at the end of the ramp than the model without 

ladder cracks. For fuel element two, the hoop stress is reduced from 472 to 302 MPa 

through the modelling of ladder cracks; the hoop stress in the un-bonded model was 279 

MPa.  

 
Figure 6-15 – The hoop stress 10 µm from the inner surface of the cladding ahead of the radial crack in 
un-bonded fuel, bonded fuel with no ladder cracks and bonded fuel with ladder cracks at the end of the 
ramp to 150% power for each fuel element. 
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Inelastic Strains 
Figure 6-16 shows the creep and plastic strains at the end of the ramp to 150% power. As 

explained by Figure 6-15, the hoop stress is much greater for the bonded models than the 

un-bonded model, meaning that the creep and plastic strains are also much greater for the 

bonded models. The introduction of ladder cracks reduces the hoop stress in the cladding 

when the ladder cracks are open – during the ramp and the period following the increases 

in power. The hoop stress is elevated for all models during these periods and so the total 

creep strain is reduced. 

Examining the pattern going up the channel, the same broad trend is seen for the bonded 

and un-bonded models. The creep strain, shown in Figure 6-16(a), increases with increased 

cladding temperature and then reduces due to reduced linear rating and therefore reduced 

fuel swelling and thermal expansion. The peak in the creep strain is however shifted in the 

bonded models. In the un-bonded model, the peak is for fuel element seven, while it is for 

element six in the bonded models with and without ladder cracking. The peak creep strain 

in the bonded model was reduced from 5.7% for the bonded model with no ladder cracks 

to 3.3% for the model with ladder cracks. This compares to 2.1% for the un-bonded model. 

 
Figure 6-16 – (a) creep strain and (b) plastic strain 10 µm from the inner surface of the cladding ahead of 
the radial crack in un-bonded fuel, bonded fuel with no ladder cracks and bonded fuel with ladder cracks 
at the end of the simulation for each of the fuel elements. 
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Figure 6-16(b) shows the same broad pattern in all models - that the plastic strain at the end 

of the ramp is associated most with the lower and colder fuel elements with very little 

plastic strain for fuel elements six to eight. As was the case for the creep strain, the plastic 

strain is very much greater for the bonded model with no ladder cracks than for the un-

bonded model, and only slightly greater for the bonded model ladder cracks. In all models, 

the peak plastic strain occurs in fuel element three. The peak strain for the bonded model 

with no ladder cracks is 1.4%, for the un-bonded model is 0.2%, and for the bonded model 

with ladder cracks is 0.4%. The peak plastic strain is therefore a quarter of the peak creep 

strain for the bonded model with no ladder cracks and an order of magnitude lower for the 

un-bonded model and the bonded model with ladder cracks. 

Figure 6-16 suggests that plastic strains might be more important to CBC growth than 

previously acknowledged. This is likely to be especially true in the lower fuel elements 

(numbers two to four) since the creep and plastic strains are similar in magnitude. The 

additional concentration of stress at the CBC tip might increase the plastic strain further. 

Figure 2-3 showed that failures due to PCI are concentrated in fuel elements two, three and 

seven, but that there are a number of failures in which the element number is not known. 

Whilst Figure 6-16 (a) suggests that the failures in fuel element seven are likely to be caused 

by creep damage, Figure 6-16 (b) suggests that failures in elements two and three might 

plausibly be due to combined creep and plastic effects.  
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Ligand Length 
Figure 6-17 is a plot of the ligand length predicted by PELICAN prior to the ramp to 150% 

power against the full power linear rating for each element. It can be seen that as the linear 

rating increases, the ligand length increases. This is due to the greater cross-pellet 

temperature drop and therefore crack tip width at the time of bonding.  

 
Figure 6-17 – The ligand length prior to the ramp to 150 % power plotted against the full power rating.  

A strong correlation is shown in Figure 6-17 and the line of best fit could be used to provide 

the ligand length at a given linear rating. It should be noted that the ligand length used in 

NIMROD (850 µm) is two orders of magnitude greater than those shown. Consideration 

should therefore be given to a more physical value of either 14 µm or the correlation shown 

in Figure 6-17. This is likely to give a greater and more physical stress concentration and 

therefore greater creep and plastic strains. 
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6.4 Conclusions 
Key Findings 

 Bonding increases the hoop stress ahead of the radial crack in the pellet. For 

example, in fuel element four, the hoop stress at the end of the ramp to 150 % power 

was increased from 241 MPa, using the un-bonded model, to 435 MPa using the 

bonded model with no ladder cracks. These values are shown in Figure 6-12. 

 Modelling the ladder cracks reduces the hoop stress during the periods when the 

cracks were open. In the same example, the hoop stress reduced to 273 MPa, only 

32 MPa greater than for the un-bonded model. These values are alsoshown in Figure 

6-12. 

 The ligand length of approximately 850 µm used in NIMROD is two orders of 

magnitude too large and should be replaced with the more physical value of 14 µm. 

 The role of plasticity in CBC growth might be greater than previously 

acknowledged, particularly in lower temperature fuel elements two and three. 

Failures in fuel element seven are more likely to be creep dominated. 

Stress & Strain Concentration at the Clad Bore Crack 
 The hoop stress in the cladding at the end of the ramp to 150% power was broadly 

concentrated ahead of the radial pellet crack in the model with no CBC and highly 

concentrated in a region ahead of the CBC in its presence. 

 For fuel element four, with un-bonded fuel and no ladder cracks, the maximum 

hoop stress at the end of the ramp to 150% power was raised from 149 MPa in bulk 

cladding to 260 MPa ahead of the radial pellet crack. It increased again to 450 MPa 

at the CBC tip and 491 MPa at a distance 0.3 µm ahead of it. These values are 

shown in Figure 6-3 and Figure 6-4. 

 Bonding increased the hoop stress at the CBC tip to 688 MPa in the absence of 

either a sliver or ladder cracks. This value is shown in Figure 6-8. 
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Applicability of Continuum Finite Element Models to the CBC Tip Region 
 At the end of the ramp in fuel element four, the peak stress of 491 MPa was reached 

0.3 µm from the CBC tip for the un-bonded model and falls to 270 MPa within 5 

µm. These values are shown in Figure 6-4. 

 Significant creep strains, plastic strains and creep damage were confined to a small 

region 0.5 to 1.0 µm from the CBC tip.  

 This is much less than the typical grain size of 10 µm and draws into doubt the 

applicability of the plasticity and creep models, as well as the stress fields, at the 

sub-grain scale.  

The Impact of Ladder Cracks 
 When the ladder cracks are open, they make the hoop stress ahead of the radial 

crack much lower and more like that of un-bonded fuel. 

 In fuel element four, the peak hoop stress ahead of the crack at a position 10 µm 

from the clad inner surface was reduced from 199 to 104 MPa during the up-rate 

following the outage. Following the period of low power operation, it was reduced 

from 238 to 107 MPa. At the end of the ramp to 150% power the stress was reduced 

from 435 to 273 MPa. These values are shown in Figure 6-12. 

 The rate of accrual of creep strain ahead of the radial cracks for the bondedmodel 

with ladder cracks is similar to that for the un-bonded model when the ladder cracks 

are open and similar to that for the bonded model with no ladder cracks when the 

ladder cracks are closed. 

Hoop Stress Moving up the Fuel Channel 
 Moving up the fuel stringer from fuel element two, the hoop stress in all models 

decreases. This is due to the increased temperature and therefore creep. 

 The hoop stress is consistently higher for the bonded models than for the un-bonded 

model. The bonded model with ladder cracks gives a much lower stress at the end 

of the ramp than the bonded model without ladder cracks.  

 For fuel element two, the hoop stress 10 µm ahead of the radial crack is reduced 

from 472 MPa to a more physical value of 302 MPa through the modelling of ladder 

cracks; the hoop stress for the un-bonded model was 279 MPa. These values are 

shown in Figure 6-15. 
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Inelastic Strains Moving up the Fuel Channel 
 The creep strain increases with increased cladding temperature and then reduces 

due to lower linear rating and therefore reduced fuel swelling and thermal 

expansion. 

 The peak in the creep strain is shifted from fuel element seven to six for the bonded 

models. The peak creep strain 10 µm ahead of the radial crack was reduced from 

5.7% for the model with no ladder cracks to 3.3% for the model with ladder cracks. 

This compares to 2.1% for the un-bonded model. 

 As in the un-bonded simulations presented in Chapter 5, the plastic strain at the end 

of the ramp is associated most with the lower and colder fuel elements with very 

little plastic strain in fuel elements six to eight. For all models, the peak plastic strain 

occurs for fuel element three. The peak plastic strain 10 µm ahead of the radial crack 

for the bonded model with no ladder cracks is 1.4%, for the un-bonded model is 

0.2%, and for the bonded model with ladder cracks is 0.4% 
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Chapter 7 Cross-Pin Temperature Tilt 
In this final results chapter, PELICAN is used to address a problem in AGR fuel 

performance that cannot be addressed by other current codes such as ENIGMA. Computer 

modelling allows phenomena such as this to be explored without needing to carry out 

expensive or technically challenging experiments.   

Carbon deposits have been observed on the surface of fuel pins from a number of reactors 

[1-7]. In a number of cases, the thickness and/or morphology have varied azimuthally 

around the fuel pin, giving rise to an estimated cross-pin temperature tilt of up to 250 K [8, 

9]. 

The current fuel performance code ENIGMA is unable to model azimuthally varying 

temperatures due to its assumed radial symmetry. It is therefore assumed that from the point 

of view of cladding damage, the behaviour of the fuel will be bounded by that on the cold 

and hot sides.  

In this chapter, we examine the behaviour of fuel with a cross-pin temperature tilt of 

approximately 200 K.  

7.1 Methodology 
7.1.1 Fuel Parameters 
Table 7-1 shows the key fuel parameters used to model AGR fuel with a cross-pin 

temperature tilt; all other parameters are the default values used in PELICAN.  

Table 7-1 - Fuel parameters used in the un-bonded simulations. 
Parameter Value 

Clad Outer Radius 7.650 mm 

Clad Inner Radius 7.280 mm 

Pellet Outer Radius 7.250 mm 

Pellet Inner Radius 3.175 mm 

Initial Fuel Density 10.75 g cm-3 

Enrichment 3.42 % 
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Parameter Value 

UO2 Grain Size 13.6 µm 

Pin Fill-Gas Pressure  0.1 MPa 

Fill Gas 100% He 

Pellet Stack Length 0.955 m 

7.1.2 Finite Element Model 
A model of a whole r-θ plane at the mid-pellet position was created; eight radial cracks 

were assumed. This is shown in Figure 7-1, together with a number of pairs of symmetry 

points. In order to increase the stability of the model and decrease the computational time, 

the symmetry of the system was exploited by setting at each point in a pair (shown in Figure 

7-1) the radial displacement to be equal and the azimuthal displacement to be opposite. The 

bonding of a sliver of fuel to the cladding was not modelled. 

 
Figure 7-1 – The symmetry points on the pellet fragments (A-P) and the cladding (Q-S). Contours show 
the temperature in Kelvin. The fuel sliver fragments remained joined to the pellet throughout the 
simulation. 
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7.1.3 Clad Surface Temperature 
Figure 7-2 shows the un-deposited cladding surface temperatures assumed for each fuel 

element in an AGR fuel channel; these are the same temperatures as assumed in other 

chapters of this thesis. In order to account for the cross-pin temperature tilt of 

approximately 200 K at 100% power [9], the deposited cladding surface temperature was 

increased in proportion to the linear power rating. The cladding temperature boundary 

condition was introduced in the DISP sub-routine, according to (7-1), in which T was the 

temperature applied (in K); T0 the un-deposited cladding temperature; Q, the linear rating 

(in kW m-1); ϑ, the additional temperature per unit linear rating (by default 10 K kW-1 m) 

and ϕ, the azimuthal angle from the pellet crack on the hot side of the cladding. 

 𝑇 = 𝑇0 + 𝜗𝑄𝑐𝑜𝑠∅ (7-1) 

 
Figure 7-2 – The cladding surface temperature along an AGR fuel channel used for both the deposited 
and undeposited (clean) simulations. 

7.1.4 Linear Rating & Irradiation History 
The linear ratings are the same as those applied in Chapter 5 and the irradiation history 

modelled the same as in Chapter 6. 
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7.1.5 Simulations Run 
In addition to a simulation including the azimuthal temperature profile defined by (7-1), 

simulations were run with uniform deposited and un-deposited temperature boundary 

conditions. Due to the constraint of time and the large simulation size, simulations were 

run only for fuel element four with no fuel-clad bonding. This was justified by the similar 

trends in creep strain and hoop stress seen in the un-bonded and bonded simulations carried 

out in Chapter 6. 
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7.2 Results & Discussion 
7.2.1 Fuel Temperature 
Figure 7-3 shows the temperatures predicted at the end of the ramp to 150% power, together 

with the points A-E used in later figures. It is clear that the effects of the cross-pin 

temperature tilt extend into the centre of the pellet.  

 
Figure 7-3 – The temperature (in Kelvin) of the fuel at the end of the ramp to 150% power. The points A-
E are referred to in later figures. 

The temperature at point A is 1240 K and at point E 933 K, giving a cross-pin temperature 

tilt on the cladding of 307 K (at 30.75 kW m-1). On the hot side of the bore, the temperature 

is 1776 K and on the cold side is 1498 K, a difference of 278 K. The tilt at the bore is 

therefore 90% of that on the cladding outer surface; prior to the ramp, the equivalent value 

was 87%.  

For the simulations of cladding with a uniform temperature, the temperature at the bore at 

the end of the ramp was 1447 K in the un-deposited model and 1818 K in the deposited 

model. Modelling a cross-pin temperature tilt rather than the hot and cold sides separately 

therefore reduced the peak temperature in the fuel by 42 K. This is likely to be due to the 
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sinusoidal temperature boundary condition meaning that less of the fuel is exposed to the 

highest temperatures. Whilst PELICAN does not currently have the ability to model fission 

gas release, this level of temperature change is likely to have a significant impact upon the 

fission gas release. Modelling a pin with a cross-pin temperature tilt as a ‘hot pin’ therefore 

represents a significant overestimation of the temperature and is therefore conservative. 

The results of this will now be examined with respect to PCI. 

7.2.2 Azimuthal Motion of Pellet Fragments 
Figure 7-4 shows the bulk azimuthal motion of the pellet fragments at the points B, C and 

D shown in Figure 7-3. There was no bulk azimuthal motion at points A and E due to 

symmetry about the horizontal axis. The pellet fragments are displaced towards the cold 

side of the fuel by several microns when at power. During the outage, the displacement 

reverses, with bulk displacement towards the hot side. This is due to creep in the fuel whilst 

at power. During the period of low power operation, the displacement is reduced, and 

during the ramp to 150% power it increases to 5-8 µm.  

 
Figure 7-4 – The azimuthal bulk motion of the pellet fragments towards the cool side of the pin at the 
points B, C and D in Figure 7-3.  

This immediately demonstrates the benefit of modelling the entire r-θ plane as it captures 

the interaction of the hot side of the pin with the cold side. This effectively allows the hot 
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side to be less constrained than it would be in a model with a uniform deposited boundary 

condition. 

Figure 7-5 shows the opening and closing of the pellet cracks at pellet inner and outer 

surfaces at each of the key points in Figure 7-3 in the models with uniform deposit (hot), 

non-uniform deposit (tilt), and uniform un-deposited (cold) boundary conditions. Figure 

7-5(a) shows that whilst at power, the crack is generally more open at the tip at positions A 

and E for the non-uniformly deposited model than for both the models with a uniform 

temperature boundary condition.  

At the end of the final power ramp, the maximum crack width at the tip was 10.9 µm at 

position C. This is greater than the 8.3 µm in the uniform un-deposited (cold) model and 

the 6.5 µm in the uniform deposited (hot) model.  

The crack width at the bore, shown in Figure 7-5(b), is bounded by that of the uniform hot 

clad model and is lower for the model with a varying, rather than uniform, boundary 

condition. The peak opening during the outage was also lower at point E than in the uniform 

cold model.  

 
Figure 7-5 – The opening and closing of the pellet cracks at (a), the pellet outer surface and (b), the pellet 
inner surface at each of the key points in Figure 7-3. 
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Taken together, Figure 7-5 shows that the crack tip motion is greater and more variable for 

the model with a cross-pin temperature tilt than for a model with a uniform cladding 

temperature, and that the crack base motion is less. 

7.2.3 Hoop Stress in the Cladding 
Figure 7-6 shows the hoop stress in the cladding at each of the key points in Figure 7-3, 

together with that at equivalent points in models with uniform temperature boundary 

conditions. It is complemented by Figure 7-7, which shows the maximum and minimum 

hoop stress at each point together with that at the end of the ramp, and Figure 7-8, which 

shows the stresses during the up-rates from the outage and period of low power operation. 

Together, Figure 7-6 and Figure 7-7 show that, with the exception of up-rates from the 

outage and period of low power operation, the hoop stresses of the hot and cold simulations 

effectively bound those of the simulation with a cross-pin temperature tilt. The hoop stress 

at the end of the ramp to 150% power is a little reduced at point A compared to the hot 

model and at point E compared to the cold model, the reduction being 6 and 55 MPa 

respectively. Similarly, the maximum hoop stress is reduced at points A and E compared 

to their equivalent uniform simulations (by 23 and 55 MPa). The minimum hoop stress 

reached at points D and E is less than that in the uniform simulations; this is however right 

at the beginning of the simulation, which in reality would be prior to any carbon deposition.  

It can therefore be argued that modelling a pin with a cross-pin temperature tilt reduces the 

maximum hoop stress recorded during power ramps and full power operation when 

compared to simulations with uniform hot and cold cladding.  
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Figure 7-6 – The hoop stress during the entire simulation at each of the key points in Figure 7-3, together 
with the equivalent positions in models with uniform temperature boundary conditions. 

 
Figure 7-7 – The maximum and minimum hoop stress, together with that at the end of the power ramp to 
150% power at each of the key points in Figure 7-3 and the equivalent positions in the uniform hot and 
cold models. 
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Figure 7-8 shows the hoop stress at the periods during the simulation at which the results 

from the uniformly deposited and un-deposited models did not bound the results of the 

model with a cross-pin temperature tilt. 

 
Figure 7-8 – The hoop stress during (a) the up-rate from the outage and (b) the up-rate from the period of 
low power operation at each of the key points in Figure 7-3, together with the equivalent positions in 
models with uniform temperature boundary conditions. 

Figure 7-8 shows that generally, the hotter regions of cladding reach their maximum 

magnitude hoop stress approximately mid-way through the uprate, whilst colder regions of 

cladding reach their maximum magnitude stress at the end of the up-rate. This is due to 

stress relief caused by creep in the hotter regions. The magnitude of hoop stress reached 

during the uprates is greater at point A and B than for the uniform hot model. This is due 

to the greater crack tip motion shown in Figure 7-5. During the uprate from the outage 

(shown in Figure 7-8(a)), the minimum hoop stress at point A was -59 MPa and at point B 

-74 MPa; this compares to -49 MPa for the uniform hot model. Similarly, during the uprate 

from the period of low power operation (shown in Figure 7-8(b)), the minimum hoop stress 

at point A was -39 MPa and at point B -51 MPa; the minimum stress for the uniform hot 

model was -37 MPa. Whilst the stress during the period of low power operation was 

greatest for the uniform cold model, the stress at point B was greatest during the outage. 
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The implications of this additional stress concentration in the cladding are shown in Figure 

7-9 and Figure 7-10. 

7.2.4 Creep and Plastic Strains in the Cladding 
Figure 7-9 shows the creep and Figure 7-10 the plastic strain during the entire simulation 

at each of the points in Figure 7-3 and for models with uniform temperature boundary 

conditions. They are complemented by Figure 7-11, which shows the creep and plastic 

strains at each point at the end of the simulation. Figure 7-11 shows that, unsurprisingly, 

more creep strain is accrued in the hotter cladding, but that, importantly, modelling cross-

pin temperature tilt actually decreases the total creep strain accrued both on the cold and 

hot sides of the fuel by the end of the entire simulation. 

It is interesting to compare the total creep strain accrued during the outage and period of 

low power operation, the associated rating changes and the post-transient relaxation to that 

which would have accrued had these not occurred. As shown in Figure 7-9, the overall 

impact of the outage and period of low power operation was to reduce the total creep strain. 

 
Figure 7-9 – The creep strain during the entire simulation at each of the key points in Figure 7-3, together 
with the equivalent positions in the models with uniform temperature boundary conditions. 

Whilst slightly higher creep strain was accrued during the up-rates, the creep rates 

following the up-rates are slower at positions A and B than is normal for full-power 
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operation, reducing the total creep strain accrued. Despite the increased stress observed in 

Figure 7-8 at points A and B during the returns to power at 229 and 334 days, no additional 

creep strain was therefore accrued.  

Figure 7-10 shows the plastic strains accrued during the entire simulation. Apart from 

during the ramp to 150% power, plastic strain is only accrued during the down-rate to the 

outage at 180 days. The plastic strain accrued during this down-rate is greater at points A, 

B and E than at either points C or D, or fpr the uniform models. This is due to high 

magnitude hoop stress due to greater pellet crack opening in the model with cross-pin 

temperature tilt. 

 
Figure 7-10 – The plastic strain during the entire simulation at each of the key points in Figure 7-3, 
together with the equivalent positions in the models with uniform temperature boundary conditions. 

Figure 7-11 (a) shows that for the tilt model, the creep strain at the end of the ramp is greater 

on the hot side of the cladding than the cold side 49.0% compared with 0.7 %. This is a 

consequence of the greatly increased temperature on the hot side. Of interest, the creep 

strain is reduced at positions A and E compared to the equivalent uniform models (by 2.5 

and 1.0 % respectively). Whilst a lower creep strain on the hot side compared to the uniform 

model could be explained by less fuel volume being at an elevated temperature, one would 

expect the creep strain on the cold side to be greater compared to the uniform un-deposited 

model due to more fuel being at a higher temperature. The reduced creep strain is therefore 
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likely to be due to an increased ability for fragments to move and accommodate the power 

change. 

 
Figure 7-11 – The creep  and plastic strains at the end of the ramp at each of the key points in Figure 7-3, 
together with the equivalent positions in models with uniform temperature boundary conditions. 

The response of the plastic strains shown in Figure 7-11 (b), which were around two orders 

of magnitude lower than the creep strains, followed a less obvious pattern than the creep 

strains. The plastic strains for the uniformly deposited hot model and for the model with 

cross-pin temperature tilt were accrued during the down-rate at the start of the outage. The 

plastic strain for the model with a uniform cold boundary condition was accrued during the 

ramp to 150% power. Whilst the plastic strain accrued at the end of the ramp was bounded 

by that of the uniform cold model, this was not true for the entire simulation, as shown in 

Figure 7-10. From the start of the outage to the start of the ramp, the maximum plastic stain 

for the model with cross-pin temperature tilt was almost double that for the uniform hot 

model, while the plastic strain for the uniform cold mode as zero. 
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7.2.5 The Impact upon PCI and the AGR Safety Case 
This work has shown that, whilst the deposition of carbon upon the cladding increases the 

creep strain in the cladding ahead of radial pellet cracks, the imposition of an azimuthally 

varying carbon deposit does not increase either the creep strain or hoop stress in the 

cladding further. Given that the dominant mechanism for cladding damage is creep, this 

suggests that the cross-pin temperature tilt itself does not increase the severity of PCI 

beyond that which would be expected for a uniformly hot pin. Given that the current 

analysis of the propensity for PCI to occur in AGRs is determined by modelling both 

uniformly hot and cold fuel pins, this work suggests that the implication of this for the AGR 

PCI safety case of cross-pin temperature tilt is likely to be negligible. It should be noted 

that only a limited range of operating conditions and deposit morphologies have been 

considered. 
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7.3 Conclusions 
Fuel Temperature Levels & Pellet Fragment Motion 

 At full power, the cross-pin temperature tilt at the pellet bore was 87% of that at the 

cladding outer surface. At the end of a ramp to 150% power, it was 90% of that at 

the cladding outer surface. 

 Modelling a cross-pin temperature tilt rather than the hot and cold sides separately 

reduces the peak temperature in the fuel by 42 K. Modelling a pin with a cross-pin 

temperature tilt as a ‘hot pin’ therefore represents a significant thermal 

conservatism, with implications for phenomena such as fission gas release, pellet 

swelling and ultimately PCI. 

 Due to azimuthal motion of the fuel pellet fragments, the hot side was less 

constrained than it would be in a model in which the uniform hot clad boundary 

condition was applied. The opening and closing of the pellet cracks at the pellet 

outer surface was greater in the model with a cross-pin temperature than in a model 

with a uniform cladding temperature; motion at the crack base was less. 

Stress State in the Cladding 
 The hoop stress at the end of the ramp to 150% power was reduced by 6 MPa on 

the hot side of the pin compared with the uniform hot model. On the cold side of 

the pin, the hoop stress was reduced by 55 MPa compared with the uniform cold 

model. 

 It can therefore be argued that during full power operation and power ramps, 

modelling a pin with a cross-pin temperature tilt reduces the maximum hoop stress 

compared to simulations with uniform deposit and un-deposited cladding. This is 

due to the greater ability of fuel pellets to move to accommodate operational 

changes. 

 During the return to power from the outage and low power operation, there was 

some additional stress concentration in the cladding due to increased pellet motion. 
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Inelastic Strains in the Cladding 
 The increased temperature due to carbon deposition significantly increased the 

creep strain at the end of the ramp compared to an un-deposited pin. On the hot side 

of the pin, the creep strain was 49.0%, compared with 0.7% on the cold side. 

 The creep strain was 2.5% lower than for the uniform hot model and 1.0% lower 

than for the uniform cold model. This shows that whilst carbon deposition increases 

the creep rate in the fuel and is more likely to cause fuel failure, the imposition of 

azimuthally varying deposit does not increase the creep damage in the fuel. 

 The additional stress concentration in the cladding, due to increased pellet motion 

during the down-rate at the start of the outage, resulted in greater plastic strains in 

the model with cross-pin temperature tilt. However, during the ramp to 150% 

power, the plastic strain in the uniform cold model was greater than at any point in 

the model with a cross-pin temperature tilt. 
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Chapter 8 Conclusions & Further Work 
A number of features of the modelling developed in PELICAN can be readily identified as 

being novel: 

 The clad stress profile predicted ahead of a radial pellet crack is much more detailed 

than that which could be obtained from a traditional 1.5D commercial fuel 

performance code such as ENIGMA. It has not been predicted before for an 

advanced gas-cooled reactor pin. In addition, the stress ahead of a clad bore crack 

(CBC) has been determined and shown to vary on the sub-grain scale. 

 The processes of pellet relocation, soft-PCI, relocation accommodation and hard-

PCI have not been previously predicted when modelling the AGR system. 

 The phenomena of bore closure, and radial pellet crack closure at the pellet bore, 

are unique to the AGR system and have not been reproduced by any existing nuclear 

fuel performance code. 

 A finite element model has been built that is able to describe cracked fuel with a 

sliver of bonded fuel. It has been extended to consider the full r-θ plane and the 

effect of a cross-pin temperature tilt due to non-uniform carbon deposition. 

 A non-local approach has been taken to modelling ladder cracks in the sliver. This 

was inspired by work carried out on ice sheets and removes undesirable mesh 

sensitivity. 

Subtle differences in the radial displacement of cracked and un-cracked pellets have a 

significant impact upon the stress state in the cladding and the pellet-clad gap size, and 

therefore the propensity for PCI to occur. In addition, the opening and closing of the pellet 

cracks increases the magnitude of the clad hoop stress and therefore also the clad creep 

strain ahead of the radial cracks in the pellets. 

Stress in the cladding was found to be highly concentrated in a region ahead of the cracks 

in the pellet. In the un-bonded model of fuel element four, the concentration of the creep 

strain was to within a region 32 µm from the cladding inner surface. This high concentration 

of strain would not be captured fully in other more traditional fuel performance codes and 

the corresponding concentration of stress allows the prediction of significant plastic strains 

in addition to creep strains. During a ramp to 150% power in un-bonded models of fuel 

elements one to three, the plastic strains accrued were greater than the creep strains. This 
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suggests that plasticity may play more of a role in CBC growth and AGR PCI than has been 

previously acknowledged. 

Modelling the bonding of the fuel and cladding further increases the clad hoop stress ahead 

of the radial pellet cracks. At the end of a ramp to 150% power in fuel element four, the 

hoop stress was increased from 241 MPa, in the un-bonded model, to 435 MPa in the 

bonded model. Modelling the microscopic ladder cracks in the sliver reduced the hoop 

stress to 273 MPa, within 32 MPa of that with the un-bonded model. Generally it was found 

that when modelling the opening and closing of ladder cracks, the hoop stress in the 

cladding ahead of the radial pellet cracks was similar to the un-bonded value when the 

cracks were open (typically during and following up-rates) and was similar to the bonded 

value when the cracks were closed (typically once full power operation was established for 

some time). The derivation of an empirical factor to predict the stress in bonded fuel from 

that in un-bonded fuel would be challenging since the point at which ladder cracks close 

would need to be determined. This would be difficult as the stress state in a sliver of fuel 

bonded to the cladding is fundamentally different to that in a section of fuel which is part 

of a fuel pellet and would be strongly dependent upon irradiation history.  

During both routine operation and outages, the stress state in the cladding was highly 

dependent upon the exact operating conditions assumed. The stress state in the cladding 

was the result of relative contributions to the total strain (driven by swelling and thermal 

expansion of the pellets) of the elastic, creep and thermal components. During contact, the 

total strain was driven by the behaviour of the underlying pellets or slivers of fuel, including 

both radial and azimuthal displacement. This was balanced by the sum of the creep, thermal 

and elastic strains; to a lesser extent, plastic strains make a contribution during rating 

changes and power ramps. Upon entering a rating change, the behaviour of the pellets is 

driven by the rating and coolant temperature changes, and the thermal strain in the cladding 

is driven solely by the final coolant temperature. Different changes in coolant temperature 

therefore have a substantial impact upon the cladding thermal strain and therefore the stress. 

Given that the creep strain is driven by the prior history due to both the behaviour of the 

pellets and the temperature, the irradiation history has a significant impact upon 

instantaneous elastic strain and hoop stress. 

For each un-bonded fuel element, less creep strain was predicted for the relatively severe 

ramp to 150% power than for the preceding six years of routine operation. The opposite 
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was true for the plastic strain, at least for fuel elements one, two and three. This suggests 

that failures in cold fuel elements are more likely to result from instantaneous plastic strain 

due to a single severe incident. Failures in hotter elements are more likely to be due to creep 

strain due to continuous operation and routine transients. Identifying failures due to each 

of these mechanisms in post-irradiation examination would, however, be challenging. 

Another prediction from the un-bonded simulations is the trend of increasing levels of 

cladding creep strain during normal operation, and decreasing levels of cladding plastic 

strain up the fuel channel strain during the ramp to 150% power. Significant plastic strains 

are accrued in the cladding ahead of the radial cracks in the pellets during the ramp to 150% 

power in un-bonded fuel elements one, two and three. The reason for the accrual of plastic 

strains in these colder elements is the clad stress concentration ahead of the radial pellet 

cracks and that creep is too slow to reduce the stress. 

Modelling a 2 µm deep CBC in an un-bonded fuel element four produced a maximum clad 

hoop stress of 491 MPa, 0.3 µm from the CBC tip, at the end of the ramp to 150% power. 

The stress then reduced to that observed in the absence of a CBC within 5 µm from the tip, 

with significant creep strains within 0.5 to 1.0 µm of the tip. The concentration of stresses 

and strains at the sub-grain scale draws into question the applicability of the empirical 

relations used to describe creep and plasticity. In addition, the prediction of creep strains 

of 177% and creep damage of over 5300% when bonding is simulated implies the need for 

a more complicated model for the process zone ahead of a CBC tip than is obtainable using 

the standard finite element modelling approach. 

Given the concentration of stresses around the CBC tip at the sub-grain scale, future models 

to determine the damage rate ahead of the crack should perhaps include techniques such as 

crystal plasticity. This approach would however require additional experiments to 

determine the crystal texture, grain sizes and shapes. Such work might prove challenging 

in the context of severe radiation damage and neutron fluxes and would require the use of 

a traditional finite element model to capture more macroscopic phenomena. 

Moving up the fuel stringer in bonded models, it was found that the hoop stress in the 

cladding at the end of the ramp to 150% power decreased due to the increased cladding 

temperature and therefore increased clad creep rate. The hoop stresses were much greater 

for the bonded model with no sliver or ladder cracks than for the un-bonded model. When 
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ladder cracks were simulated, the hoop stresses were reduced to levels similar to those in 

the un-bonded model.  

Comparing the trends in inelastic strains in the cladding up the fuel channel, the same broad 

trends were seen for the bonded models with / without ladder cracks as for the un-bonded 

model. Moving up the channel, the creep strain increased with cladding temperature until 

element six in the bonded models and seven in the un-bonded model and then decreased in 

the highest elements due to reduced linear rating and therefore reduced fuel thermal 

expansion and swelling. The creep strains with the model of bonded fuel with no ladder 

cracks were typically two to three times those with the un-bonded model, whilst those for 

the model of bonded fuel with ladder cracks were around 50% higher than with the un-

bonded model.  

Given the similar trends in the bonded and un-bonded models and the computational 

demands of the bonded models in the full r-θ plane, it was decided to construct the carbon-

deposited model assuming un-bonded fuel. In the simulations using this model, it was found 

that the stresses in the cladding with a 200 K cross-pin temperature tilt at 100% power were 

in general bounded by those for models with no increase in cladding temperature (no 

deposition) and a uniform increase in temperature (uniform deposition). This was at least 

partly explained by the increased capacity for fuel fragments to move so as to accommodate 

operational changes in the model with a cross-pin temperature tilt. At the end of the ramp 

to 150% power, the creep strain in the model with a uniform increased cladding temperature 

was 51.5%, compared to 49.0% on the hot side of the model with a cross-pin temperature 

tilt. Similarly, the creep strain was 0.7% on the cold side of the model with a cross-pin 

temperature tilt and 1.6% in the model with a uniform un-deposited boundary condition. 

The performance of a model with azimuthally varying carbon deposition is therefore 

bounded by models of the hot and cold fuel pins. 

When validating PELICAN against the measured cladding surface temperatures of 

encapsulated AGR fuel pins in IFA-576 and IFA-577, the temperature was over-predicted 

during the first 300 h of both experiments. Following this, a good agreement between 

experimental and modelling results was obtained. One plausible explanation for this is that 

the thermal creep of the cladding was more rapid in the model than the experiment. This 

can be explained by in-pile creep during creep-down being caused by a compressive hoop 

stress, whilst the empirical relations were derived for a tensile hoop stress that was applied 
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to irradiated cladding out of pile. It is possible that the creep rates in compression and 

tension for AGR cladding differ, or that fresh cladding creeps at a slower rate than irradiated 

cladding. Experimental work to investigate this could focus upon the measurement of the 

creep rate of fresh and irradiated cladding under both compression and tension. 

This and other works have shown the sensitivity of the stress concentration in the cladding 

ahead of a radial pellet crack to the coefficient of friction employed between the cladding 

and pellets when unbonded. Increasing the coefficient of friction from 0.2 to 1.2 increased 

the stress concentration factor at the end of a ramp to 150% power, in fuel element four, 

from 1.09 to 1.82. A wide range of values are used in fuel performance codes, from 0.2 to 

1.0, based upon sparse experimental data. Generally, French and Japanese codes use a value 

closer to the lower end of this range and British codes use a value towards the upper end of 

this range. The choice of 0.8 used by default in this thesis followed the precedent of 

ENIGMA. Whilst this is likely to be conservative with respect to PCI, experimental 

programmes aimed at better understanding the tribology of PCI could help to reduce 

conservatisms and identify changes to the fuel design, such as the introduction of a 

lubricant, which could help reduce PCI and the restrictions due to it. 

When validating PELICAN against the measured clad outer radii of encapsulated AGR fuel 

pins in IFA-583, no single gaseous fission product swelling model was able to give an 

adequate prediction of the clad outer radius under both normal and ramped conditions. By 

changing from Spino’s to Hollowell’s model at a temperature threshold of 1875 K, 

satisfactory performance was however obtained with arguably superior performance over 

ENIGMA. Future work should focus upon ensuring that the threshold model can be applied 

with confidence, by the validation of the model against a wider range of power ramp and 

cycling experiments.  

Based upon PELICAN predictions, when modelling bonded AGR fuel using the NIMROD 

model within ENIGMA, a ligand length of 14 µm should be used; even lower values might 

be appropriate to lower-rated elements. This would be likely to increase the predicted stress 

concentration in the cladding and give increased creep and plastic straisn. 

Compared with a single severe power ramp to 150% power, routine operation over six years 

gave rise to much greater total creep strain. In addition, the extent of PCI is highly sensitive 

to minor changes in the linear rating and cladding surface temperature. Consideration 
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should therefore be given to employing PELICAN to investigate a wider range of operation 

than in this thesis. PELICAN could be readily employed to investigate a series of low power 

refuelling campaigns, fuel shuffling and actual irradiation histories.  

PELICAN could be used to investigate the appropriateness of the AGR operating rules 

restricting the rate of return to full power from periods of low power. This could be 

beneficial, since this thesis showed that in some un-bonded fuel elements (such as element 

one), the creep rate in the cladding is accelerated following the return to full power, while 

in others (such as element four), the creep rate is suppressed due to a stress reversal caused 

by pellet fragment motion. 

The crack patterns assumed in this and other similar works are highly regimented and 

imposed a priori. Modelling more realistic crack patterns using PELICAN could give 

increased fuel temperatures due to circumferential components of cracks as well as 

imperfect crack closure and relocation. One further improvement might be to model the 

formation of more prototypical crack patterns, and their impact upon PCI, using techniques 

such as peridynamics. Despite the simplistic modelling of cracks, this thesis has shown that 

increasing the number of radial cracks beyond eight reduces the hoop stress at the pellet 

surface to less than the UO2  fracture stress, implying that eight radial cracks is a typical 

situation, as observed. 

One gap in the current PELICAN model is that it is unable to model fission gas release. 

Fission gas release upon discharge from AGRs has historically been low. The lack of fission 

gas release modelling does not therefore preclude the application of PELICAN to 

operational transients, which are of most interest in understanding CBCs. If PELICAN 

were to be applied to high burn-ups or more severe transients, the development of a full 

fission gas model might become necessary. In addition, the observation of increased fission 

gas release in heavily deposited pins means that it may be important to model fission gas 

release for such pins. 

Finally, PELICAN could be easily extended to three-dimensional modelling. However, as 

noted when running the cross-pin temperature tilt simulations, the larger simulations gave 

rise to long simulation times. Given instabilities, due to contact, necessitating a number of 

simulation attempts (typically around twenty), together with the poor parallelisation of 

Abaqus, these simulations might become impractical. Indeed, this was the case for 
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attempted bonded cross-pin temperature tilt simulations which took over a week to run and 

were not included in this thesis. 
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