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ABSTRACT 

Using fossil fuels to produce energy has caused problems such as global warming. Nuclear reactors 

include a variety of components and parts. Fuel rods cladding in the core of reactors are one of the most 

important parts and should have certain characteristics.  

The present paper reviews a selection of nuclear fuel rods cladding materials and summarizes the 

characteristics including absorption cross-section, mechanical temperature, thermal expansion, heat 

transfer, young‟s modulus for fuel, Poisson‟s ratio for fuel and other similar features 

Keywords: Nuclear technology, Nuclear reactor ,Fuel rods, Cladding material 

 

 

1. INTRODUCTION 

  

The first reported the nuclear fuel fabrication . 

Fuel fabrication is the last step in the process of turning uranium into nuclear fuel rods .nuclear fuel 

assemblies are specifically designed for particular types of reactors and are made to exacting standards . 

while all present fuel is oxide , R&D is focused on metal , nitride and other forms . [2] 

Nuclear reactors are powered by fuel containing fissile material . the fission process release large amount 

of useful energy and for this reason the fissioning components –u-235 and/or –pu-239 must be held in a 

robust physical from capable of enduring high operating temperatures and an intense neutron radiation 

environment.[2] 

The standard fuel from comprise a column of ceramic pellet of uranium oxide , clad and sealed into 

zirconium alloy (zircalloy) tubes . for light water reactor (LWR) fuel , the uranium is enrichment to 

various levels up to about 4.8% u-235 pressurized heavy water reactor (PHWR) fuel is usually 

enrichment natural uranium (0.7% u-235 ) , although slightly – enriched uranium is also used. [1,2]  

Fuel assembly performance has improved since the 1970s to allow increased burn-up of fuel from 40 

GWday/tU to more than 60 Gwday/tU .this is correlated with increased enrichment levels from about 

3.25% to 5% and the use of advanced burnable absorber for PWR , using gadolinium . core monitoring 

giving detailed real – time information has enabled better fuel performance also .[2] 

The fabrication of fuel structures – called assemblies or bundles – is the last stage of the front end of the 

nuclear cycle ,and represents less than 20% of the final cost of the fuel . The process for uranium –

plutonium mixed oxide (MOX) fuel fabrication is essentially the same – notwithstanding some specific 

features with handing the plutonium component . 

There are three main stages in the fabrication of the nuclear fuel structures used in LWRs and PHWRs : 

1.producing pure uranium dioxide (UO2) from incoming UF6 or UO3. 

2.producing high –density , accurately shaped ceramic UO2  pellets . 

3.producing the rigid metal framework for the fuel assembly –mainly from zirconium alloy ; and loading 

the fuel pellets into the fuel rods , sealing them and assembling the rods into the final fuel assembly 

structure .[2,3] 

 Nuclear fuel designs dictate that the pellet-filled rods have a precise physical arrangement in terms of 

their lattice pitch (spacing ) , and their relation to other features such as water (moderator) channels and 

control-rods channels . The physical structure for holding the fuel rods are therefore engineered with 
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extremely tight tolerances . They must be resistant to chemical corrosion, high temperatures , large static 

loads, constant vibration,fluid and mechanical impacts.[1,2] 

Assembly structures comprise a strong framework made from steel and zirconium upon which are fixed 

numerous grid support pieces that firmly hold rods in their precise lattice positions . These are made from 

zirconium alloy and must permit (and even enhance ) the flow of coolant water around the fuel rods . The 

grid structure grip the fuel rod and so are carefully designed to minimize the risk of vibration – induced 

abrasion on the cladding tube – called „fretting „ wear . [1,2] 

 

2.Basic Of The Core Of Nuclear Fission Reactors  

 

Nuclear fission reactors are based on the control of a nuclear reaction , where a large fissile atomic 

nucleus (for instance U-235 or Pu-239 ) absorbs a neutron and undergoes a nuclear fission reaction 

,which its nucleus splitting into lighter nuclei and releasing a large amount of energy . For instance , a 

kilogram of uranium  (U-235) contains approximately three million times more energy than a kilogram of 

coal burned conventionally. The heat produced by several self-sustained nuclear fission reaction can be 

converted into electricity by the use of heat exchangers and steam turbines . The total binding energy per 

nucleon (see Figure1) is the energy required to break apart a nucleus into its constituent nucleons and it is 

used as a measurement of nuclear stability of the elements . High values of binding energy represent 

greater element stability . with iron being the most stable element [7,8].when one nucleus is converted 

into another or others of higher binding energy there is a release of energy . For instance , two nuclei of 

low binding energy can combine by nuclear fusion to form a more stable nucleus (see extreme left region 

of Figure 1) ,while nuclei of high binding energy can move into a more stable configuration by atomic 

fission , releasing a comparatively smaller quantity of energy than nuclear fusion (see extreme right 

region of Figure 1 ) [5,7,9,10]. 

Fig.1. binding energy per nucleon for pure elements, showing fuels for nuclear fusion and nuclear fission 

[5,7,8]  

During atomic fission , the parent nucleus absorbs a neutron ( through neutron bombardment ) , becoming 

unstable and decaying into fission fragments of unequal mass combined with kinetic energy , releasing 

during this process γ rays , α and β particles and several fast neutron (~13.800 km/s) , whit a kinetic 
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energy of about 2 MeV each .These fast neutron could induce further fission events in other fissile nuclei 

, but in practice these neutrons must be slowed down into thermal neutrons (kinetic energy of about 0.025 

eV and velocity around 2.2km/s at room temperature ) by a neutron moderator material in order to 

produce further fission reactions . Thermal neutrons have a larger effective neutron absorption cross-

section y\than fast neutrons and can be frequently absorbed by fissile nuclei, creating unstable fissile 

isotopes, which lead to further nuclear fission reactions , producing a sustainable chain reaction[7,9,10] . 

Additionally , neutron moderator materials should present a low value of neutron absorption cross-section 

to maximize the number of thermal neutrons available for  fission . Efficient neutron moderator materials 

must , therefore , present high values of neutron scattering cross-section ,    , and low values of neutron 

absorption cross-section ,   (see Figure 2) . Hydrogen , for instance , presents a good neutron scattering , 

but it features a high value of neutron absorption cross-section , so reactor using     as a moderator 

material are forced to employ enriched U   to compensate the neutron losses imposed by the absorption 

[5,7] .By constant , heavy water (     features a low value of neutron absorption cross-section .  

The effectiveness of a neutron moderator material , however , also depends on the mass of the nucleus of 

the moderator material so a moderating ratio factor , M (see E.q. (1) ) can be defined and used for the 

selection of efficient neutron moderator materials [5,7]. For instance , a high moderating ratio associated 

with a lower atomic number ( see upper left region of Figure 3) indicates efficient neutron moderator 

materials , such as     , which allows the use of unenriched U   . The selection of moderator materials 

for early European nuclear programs was very limited in terms of neutron economy , as there was no 

enriched U   fuel available , leaving the materials selection for moderator materials between     and 

graphite . In the USA , however     was soon adopted as a moderator material associated with the use of 

enriched U   fuel [5,7,9,10]. 

M=ξ                                                                                                                                                  (1) 

Where ξ is the fraction of neutron energy lost per scattering event ; ξ=6/(3A+1) , where A is the atomic 

mass number . The nuclear chain reaction is controlled not only by the velocity of the emitted neutrons  , 

but also by the number of emitted neutrons available in the system . this can be done by the use of 

neutron absorption elements in the core of the reactor in order to gain further control on the nuclear chain 

reaction. 

Fig. 2. Neutron scattering cross-section versus neutron absorption cross-section for pure elements, 
indicating the best materials for moderators(upper left) and control rods (lower right )[5,7,8] 
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 These control elements absorb a fraction of the emitted neutrons, controlling the rate of fission of the fuel 

by quenching the chain reaction that generates them. The best materials for neutron control rods should 

therefore present high absorption cross-sections (such as Boron, seen on the extreme right of Figure 2), 

without transmuting into fissionable material [5,7]. 

During the design of the nuclear reactor‟s core, there is a trade-off between multiple design constraints, 

such as maximizing the neutron economy, the service temperature and the thermal efficiency of the 

reactor. Pressurised water reactors (PWR) constitute the vast majority of all western nuclear power plants 

(61%) and use zirconium alloys as fuel cladding material [5,7,9,10,11]. 

 

3. Materials Selection For Nuclear Fuel Cladding  

The fission of U atoms produces radioactive materials, which emit neutrons, γ rays along with α and β 

particles. These particles can be lethal to humans, so the use of fuel cladding keeps the radioactive 

materials isolated from the coolant/moderator, which surrounds the cladding and maintains the fuel rods 

cooled. The material for fuel cladding is selected after other design aspects of the reactor‟s core have 

already been decided, such as the nuclear fuel and the moderator and coolant materials, defining, 

therefore, the multiple design constraints for the selection of the fuel cladding material. These constraints 

includes the neutron absorption cross section, the maximum service temperature, the creep resistance, the 

mechanical strength, the toughness, the neutron radiation resistance, the thermal expansion, the thermal 

conductivity and the chemical compatibility with fissile products and coolant, moderator and fuel 

materials[5,7,8]. For instance, the cladding material should be transparent to neutrons, meaning that the 

material should present a low value for the neutron absorption cross-section to minimize neutron losses 

(such as Mg, Be, Si, Al, and Zr, see Figure 4). Additionally, the cladding material should present an 

acceptable service temperature to increase the thermal efficiency of the reactor, leading to a trade-off 

between service temperature and neutron transparency. Table 1 shows the calculated values of the 

neutron absorption cross section, the yield strength and the relative neutron absorption for a given stress 

(barns/MPa) for pure elements in relation to Zr (the most used fuel cladding material at the moment). The 

results indicate that many multi-component systems combining Be, C, Mg, Zr, Si, and O (including 

metallic and ceramic systems) might be considered as potential new materials for nuclear fuel cladding in 

Fig.3. moderating ratio versus atomic weight for pure elements, indicating the most 
effective neutron moderator materials (see upper left) [5,7,8] 
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terms of neutron economy. As a matter of fact, Al, Mg, and Zr alloys have already been used as fuel 

cladding materials; with great advantages for Zr alloys at the moment [7]. 

 

 

The fuel cladding material should also be radiation resistant and there are several ways in which fission-

generated neutrons can interact with the crystal lattice of the cladding, producing point, line and volume 

defects, such as dislocation loops and void and self-interstitial clusters. As a result, there will be a change 

in the mechanical properties of the material, as long as the service temperature is below 40% of the 

homologous temperature of the material . Furthermore, radiation can also alter the redistribution of 

alloying elements, the stability of phases and the kinetics of phase transformations, with consequences 

not only to the mechanical properties, but also to corrosion and creep resistance of the cladding material. 

The cladding material should be able to withstand the service temperatures (in normal or accident 

conditions), making thermal creep resistance and microstructural stability key issues for the selection of 

materials as there is a trend to increase the service temperatures to achieve higher thermal efficiency for 

the reactor. Finally, the cladding material should be corrosion/oxidation resistant to the environment 

(coolant/moderator/fuel/fission products) and should present high thermal conductivity to increase the 

energy efficiency of the reactor; and low thermal expansion coefficient to minimize the thermal stresses 

in the cladding/pellet interface [7,8]. It is worthwhile to observe the historic evolution of the design 

constraints trade-off in order to understand the trends for new materials for GIV reactors. 

Fig.4. temperature resistance (given as melting temperature) versus neutron absorption cross-
section for pure elements, showing a trend for new cladding materials with a trade-off between 
higher service temperature and lower neutron transparency (see arrow) [5,7,8] 
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Table.1.calculated effective neutron absorption cross-section (neutron absorption cross-section per unit 

of yield strength) for pure elements in comparison to Zr [7,8] 

 
Elements Neutron absorption 

cross section (Barns) 

Yield strength (MPa)* Relative effective neutron 

absorption cross section in relation 

to Zr 

Be 0.009 200–350 0.04 

C 0.004 24–28 0.2 

Mg 0.063 65–100 1 

Si 0.160 165–180 1 

Zr 0.185 135–310 1 

Al 0.231 30–40 8 

Mo 2.480 170–350 10 

Cr 3.050 185–280 15 

Nb 1.150 75–95 15 

Fe 2.550 110–165 20 

Ni 4.430 80–280 30 

V 5.040 125–180 40 

Sn 0.630 7–15 70 

* values for pure commercial alloys in the annealed condition 

 

According to Howe [6], during the early 1940s the materials challenges for the nuclear technology grew 

rapidly for the construction of Pu-producing reactors. Beryllium (hexagonal close packed) was considered 

as a candidate nuclear fuel cladding material since early 1950s due to its unique nuclear properties (see 

Figure 4and Table 1). This material, however, found very limited use as structural material in nuclear 

applications due to its low ductility even in the absence of irradiation, as Be has only two operating slip 

modes (basal slip on  {0 0 0 1} planes and prismatic slip on {1 0 1 0} planes) at low temperatures. 

Additionally, Be undergoes significant embrittlement at low doses of irradiation due to the irradiation 

growth of anisotropic crystals and the formation of He bubbles as a result of (n, α) reactions. 

Additionally, Be also presented catastrophic corrosion behavior above 500 C. Work on Be–Ca alloys was 

developed to improve the corrosion resistance and optimise the mechanical properties and the radiation-

induced embrittlement. Cost, brittleness (especially after irradiation) and toxicity ruled out the 

commercial application of the metal as cladding material. Nowadays, the main research for the use of Be 

is in area of fusion reactors, but safety aspects, such as its reactivity with steam and water under accident 

conditions, and its radiation resistance are unique challenges for its successful application[7]. 

 

4.Types of nuclear fuel assemblies for different reactors 

 

4.1 Pressurised Water Reactor (PWR) 

Pressurised water reactors (PWRs) are the most common type of nuclear reactor accounting for two-

thirds of current installed nuclear generating capacity worldwide . A PWR core uses normal water (light 

water) as both moderator and primary coolant .[2,5] 

The primary pressurised water loop of a PWR carries heat from the reactor core to a steam generator.The 

loop is under considerable pressure 15.5Mpa – sufficient to allow the water in it to be heated to 324 C or 

597 K without boiling .The heat is transferred to a second loop generating steam at 287 C or 560K and 

about 7Mpa,which generates heat that drives the turbine .[2,5] 
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Fuel for western PWRs is built with square lattice arrangement and assemblies are characterized by the 

number of rods they contain, typically 14×14 to 17×17 in current designs. A PWR fuel assembly stands 

between four and five meters high, is about 20 cm across and weighs about half a ton. The assembly has 

vacant rod positions-space left or vertical insertion of a control rod. Not every assembly position requires 

fuel or a control rod , and a space may be designated as a „guide thimble‟ into which a neutron source rod 

,specific instrumentation , or a test fuel segment can be placed .[2,3] 

A PWR fuel assembly comprises a bottom nozzle into which rods are fixed through the lattice and to 

finish the whole assembly it is crowned by a top nozzle. The bottom and top nozzle are heavily 

constructed as they provide much of the mechanical support for the fuel assembly structure . In the finish 

assembly most rod components will be fuel rods, but some will be guide thimbles , and one or more are 

likely to be dedicated to instrumentation.[2] 

A PWR fuel assembly is shown in Figure 5 and Figure 6.  PWR fuel assemblies are rather uniform 

compared with BWR ones , and those in any particular reactor must have substantially the same design. 

 

An 1100 MWe PWR core may contain 193 fuel assemblies composed of over 50,000 fuel rods and some 

18 million fuel pellets. Once loaded, fuel stays in the core for several years depending on the design of 

the operating cycle. During refueling , every 12 to 18 months , some of the fuel- usually one third or one 

quarter of the core – is removed to storage, while the remainder is rearranged to a location in the core  

better suited to its remaining level of enrichment . [2,3] 

Russian PWRs are usually known by the Russian acronym VVER .A VVER-1000 fuel assembly is 

shown in Figure 7. Fuel assemblies for these are characterized by their hexagonal arrangement, but are 

otherwise of similar length and structure to other PWR fuel assemblies. Most is made be TVEL in Russia, 

but Westinghouse in Sweden also fabricates it. TVEL is instigating using erbium as a burnable poison in 

fuel enriched to about 6.5%  in order to prolong the intervals between refueling to two years . [2] 

 

Fig.6. A PWR fuel 
assembly[2] 

Fig.5. Schematic view of PWR fuel assembly (Mitsubishi Nuclear Fuel )[2] 
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4.2 Boiling Water Reactor (BWR) 

Boiling water reactors are the second most common nuclear reactor type  accounting for almost one-

quarter of installed nuclear generation capacity. in a boiling water reactor , water is turned directly to 

steam in the reactor pressure vessel at the top of the core and this steam is then used to drive a          

turbine .[1,2] 

The BWRs operates at constant steam pressure (7.17 MPa) and outlet temperature is 288 C or 561 K . 

BWRs also use fuel rods comprising  zirconium-clad (Zircalloy 2) tubes encasing enriched U  ( 

Enrichment   3-4.5 % ,max of 5 % in US ) ceramic fuel pellets . some of the fuel rods contain gadolinium 

oxide (      , which acts as a burnable “poison” absorbing neutrons when the fuel is fresh but burning 

up as the fuel decays, buffering the neutron flux. Their arrangement into assemblies is again based on a 

square lattice , with pin geometries ranging from     to       feul rods and 4 meters long .[2,5] 

The power  is controlled by control rods inserted from the bottom of the core and by adjusting the rate of 

flow of water. The control rods are made of boron carbide (     clad in stainless steel 304 or 304L . [5] 

But BWR fuel is fundamentally different from PWR fuel in certain ways : (i) Four fuel assemblies and a 

cruciform shaped control blade from a „fuel module‟ , (ii) each assembly is isolated from its neighbours 

by a water-filled zone in which the cruciform control rod blades travel, (iii) each BWR fuel assembly is 

enclosed in a zircalloy sheath or channel box which directs the flow of coolant water through the 

assembly and during this passage it reaches boiling point ,(iv) BWR assemblies contain larger diameter 

water channels flexibly designed to provide appropriate neutron moderation in the assembly .[2] 

The zircalloy tubes are allowed to fill with water thus increasing the amount of moderator in the central 

region of the assembly . Different enrichment levels are used in the rods in varying positions-lower 

enrichment in the outer rods, and higher enrichments near the center of the bundle. A BWR reactor is 

designed to operate with 12-15 % of the water in the top part of the core as steam, and hence with less 

moderating effect and thus efficiency there . [1,2] 

For many BWR models , control of reactivity to enable load –following can be achieved by changing the 

rate of circulation inside the core. 

Jet pumps located in the annulus between the outer wall of the vessel and an inner wall called the shroud 

increase the flow of water up through the fuel assembly. At high flow rates steam bubbles are removed 

mor quickly, and hence moderation and reactivity is increase . when flow rate is decreased, moderation 

decreases as steam bubbles are present for longer and hence reactivity drops. This allows for a variation 

of about 25 % from the maximum rated power output, enabling load –following more readily than with a 

PWR .[1,2] 

BWR fuel fabrication takes place in much the same way as PWR fuel . 

A BWR fuel assembly is shown in Figure 8. 

 
 

Fig.7. A VVER-1000 fuel assembly [2] 
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GE‟s Global Nuclear Fuels is developing fuel with new clad material –NSF- contaning 1% niobium,1% 

tin,0.35% iron (Nb,Sn,Fe) to reduce or eliminate fuel channel distortion due to chemical interaction with 

zircaloy and in 2013,8% of cores were using this. Toshiba and ceramics company lbiden in Japan are 

developing silicon caribide sheaths or channel boxes for BWR fuel assemblies .[2] 

 

4.3 Pressurised Heavy Water Reactor(PHWR) 

Pressurised Heavy Water Reactors (PHWRs) are originally a Canadian design (also called „CANDU‟ ) 

accounting for ~6% of world installed nuclear generating capacity. PHWR a use pressure tubes in which 

heavy water moderates and cools the fuel . they run on natural (unenriched) or slightly-enriched uranium 

oxide fuel in ceramic pellet form , clad with zirclloy.[1,2,3] 

PHWR fuel rods are about 50 cm long and are assembled into „bundles‟ approximately 10 cm in diameter 

. A fuel bundle comprises 28,37 or 43 fuel elements arranged in several rings around a central axis . Their 

short length means that they do not require the support structures characteristic of other reactor fuel types. 

PHWR fuel does not attain high burn-up nor does it reside in the reactor core for every long and so the 

fuel pellets swell very little during their life . This means that PHWR fuel rods do not need to maintain a 

pellet-cladding gap , nor be highly pressurised with a filling gas (as for LWR fuel ) , indeed , the metal 

cladding is allowed to collapse into the fuel pellet thereby assuring good thermal contact .[2,3] 

The fuel bundles are loaded into horizontal channels or pressure tubes which penetrate the length of the 

reactor vessel(known as Calandria ),and this can be done while the reactor is operation at full power . [2] 

About twelve bundles are loaded into each fuel channel depending on the model –a 790 MWe CANDU 

reactor contains 480 fuel channel composed of 5,760 fuel bundles containing over 5 million fuel      

pellets . [2] 

The on- load refueling is a fully- automated process : new fuel is inserted into a channel at one end and 

used fuel is collected at the other . This feature means that the PHWR is inherently flexible with its fuel 

requirements , and can run on different fuels requiring different residence times , e.g. natural uranium, 

slightly enriched uranium , plutonium- bearing fuels and thorium – based fuels .  [2] 

 

Fig.8. Schematic view of BWR fuel assembly(Nuclear tourist and GE)[2] 

Fig.9. Indian PHWR fuel bundles [2] 
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4.4 The Advanced Gas-Cooled Reactor (AGR) 

 

The Advanced Gas-Cooled Reactor (AGR) is a second-generation UK-designed nuclear reactor only used 

in UK . AGRs account for about 2.7% of total global nuclear generating capacity . They employ a vertical 

fuel channel designed, and use CO2 gas as the primary coolant and graphite moderated . The core consist 

of high strength graphite bricks mounted on a steel grid . Fuel rods of enriched UO2 clad in stainless steel 

(20-Ni  25-Cr ) are placed in graphite sleeves and inserted into vertical channels in the bricks ,and the 

assembly weighs about 43 kilograms .[2,5] 

Enrichment levels very up to about 3.5% . 

Gas circulators blow CO2 up through the core and down into steam generators . Holes in the graphite 

allow access tom the gas. The outlet  temperature of the CO2 is about 670 C or 943 K at a pressure of n4 

MPa . The graphite in the core is kept at temperatures below 450 C or 723 K to avoid Thermal       

damage .[2,5] 

Eight assemblies are stacked end on end fuel channel , inserted down through the top of the reactor . 

During refueling this whole stack is replaced . Fuel life is about five years , and refueling can carried out 

on-load through a refueling machine .[2] 

 

 

4.5 The RBMK Reactor 

 

The RBMK Reactor is an early soviet design , developed from plutonium production reactors.  

Eleven units are in operation (3% of world total ),with control systems and oxide fuel greatly modified 

since 1990. It employs vertical pressure tubes (just under 1700 of these , each about 7 meters long ) 

running through a large graphite moderator . The fuel is cooled by light water , which is allowed to boil in 

the primary circuit ,much as in a BWR.[1,2] 

RBMK fuel rods are about 3.65 meters long , and a set of 18 forms a fuel bundle about 8 cm diameter . 

Two bundles are joined together and capped at either end by a top and bottom nozzle, to from a fuel 

assembly with an overall length of about 10 meters , weighing 185 kilograms. Since 1990 RBMK fuel has 

a higher enrichment level , increasing from about 2% average 2.8% (varying along the fuel element from 

2.5% to 3.2% ) and it now includes about 0.6% erbium (a burnable absorber ) . This has the effect of 

improving overall safety and increasing fuel burn-up.[2,4] 

This new fuel can stay in the reactor for periods of up to six years before needing to be removed  . All 

RBMK reactors now use recycled uranium from VVER reactors. 

Fig.10. cutaway of an AGR assembly[2] 
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As with other pressure tube designed such as the PHWR , the RBMK reactor is capable of on-load 

refueling .  

 

4.6 Fast Neutron Reactor (FNR )  

 

There is only one commercially operating fast reactor (FNRs) in service today – the BN-600 at Beloyarsk 

in Russia . There are two FNRs under construction –a 800 MWe unit in Russia and a 500 MWe unit in 

India ( which expects to build five more ) . two BN-800 units were planned in china .[2] 

Fast Neutron Reactors (FNRs) are unmoderated and use fast neutrons to cause fission . Hence they mostly 

use plutonium as their basic fuel , or sometimes high-enriched uranium to start them off ( they need about 

20-30% fissile nuclei in the fuel ) . the plutonium is bred from U-238 during operation .  If FNR is 

configured to have a conversion ratio above 1 (more fissile nuclei are created than fissioned ) as 

originally designed , it is called a Fast Breeder Reactor (FBE) . FNRs use liquid metal coolants such as 

sodium and operate at higher temperatures.Apart form the main FNR fuel , there are numerous heavy 

nuclides –notably U-238 , but also Am , Np and Cm that are fissionable in the fast neutron spectrum – 

compared with the small number of fissile nuclides in a slow (thermal ) neutron  field (just U-235 , Pu-

239 and U-233 ) . A FNR fuel can therefore include a mixture of transuranic elements . Also it can be in 

one of several chemical forms ,including ; standard oxide ceramic, mixed oxide ceramic(MOX) , single 

or mixed nitride ceramics , carbides and metallic fuels . Further, FNR fuel can be fabricated in pellet form 

or using the „vibro-pack‟ method in which graded powders are loaded end compressed directly into the 

cladding tube . Carbide fuels such as used in India have a higher thermal conductivity than oxide fuels 

and can attain breeding ratios larger than those of oxide fuels but less than metal fuels . [2] 

The core of FNR is much smaller that a conventional reactor , and cores tend to be designed with distinct 

„seed‟ and „blanket‟ regions according to whether the reactor is to be operated as a „burner‟ or a „breeder‟ 

. In each case the fuel composition  for the seed  and blanket regions are different –the central seed region 

uses fuel with a high fissile content (and thus high power and neutron emission level ) , and the blanket 

region has a low fissile content but a high level of neutron absorbing material which can be fertile (for a 

breeding design , e.g. U-238 ) or a waste absorber to be transmuted .[2] 

BN-600 fuel assemblies are 3.5 m long , 96 mm wide , weigh 103 kg and comprise top and bottom 

nozzles ( to guide coolant flow) and a central fuel bundles . The central bundle is a hexagonal tube and 

for seed fuel houses 127 rods , each 2.4 m long and 7 mm diameter with ceramic pellets in three uranium 

enrichment  levels ; 17 % , 21 % and 26 % . Blanket fuel bundles have 37 rods containing depleted 

uranium. BN-600 fuel rods use low-swelling stainless steel cladding .[2] 

FNRs use liquid metal coolants such as sodium or lead – bismuth eutectic  mixture and these allow for 

higher operating temperatures-about 550 C , and thus have higher energy conversion efficiency . They are 

capable of high fuel burn-up . [2] 

4.7 High Temperature Reactor  (HTR) 

 

High temperature reactors operate at 750 to 950 c ,  and are normally  helium – cooled . Fuel for these is 

the form of TRISO ( tristructural-isotropic )  particles less than a millimeter in diameter . Each has a 

kernel (ca .0.5mm) of uranium oxycarbide (or uranium dioxide ) , with the uranium enriched up to 20 % 

U-235 , though normally less . This is surrounded by layers of carbon and silicon carbide , giving a 

containment for fission products which is stable to very high temperatures. Recent trials at two US 

laboratories confirmed that most fission products remain securely in TRISMO particles up to about 1800 

C – the performance being much better than previously  known . [2] 

There are two ways in which these particles can be arranged in HTR : in blocks-hexagonal „prisms‟ of 

graphite , or in billiard ball-sized pebbles of graphite encased in silicon carbide , each with about 15,000  

fuel particles and 9 gr uranium . Either way, the moderator is graphite . HTRs can potentially use thorium 

–based fuels , such as high –enriched or        low – enriched  uranium with Th, U-233 with with Th , and 

Pu with Th. Most of the experience with thorium fuels has been in HTRs . [2] 

 

Archive of SID

www.SID.ir

http://www.sid.ir


 

 
 

  

 اولین همایش ملی مهندسی قدرت و نیروگاه های هسته ای 12
 

5. Material Properties  

 

5.1 Thermal Properties  

 

 Heat Transfer Coefficient Between Coolant and Cladding  

The cladding outer temperature is given by [12]: 

       
 ́

       
                                                                                                                                      (   

Where     : temperature of the outside of the cladding [k] 

              : coolant temperature [k]  

            ́ : linear heat rate [W/cm] 

            : outer radius of the cladding [cm] 

           : heat transfer coefficient between the coolant and the cladding [W/     ]  

The coolant condition , nucleate boiling or forced convection , is selected by input at the first stage of 

calculation . The heat transfer coefficient for the nucleate boiling condition is calculated using the Jens-

Lottes correlation , and given by [12]: 

               (
  

         
)                                                                                                     (   

With          
  

     
                                                                                                                                        (    

Where          : heat transfer coefficient between the coolant and the cladding for the nucleate boiling 

condition [W/(   .k)] 

                     : coolant pressure [Pa]  

                     : heat flux [w/   ] 

The heat transfer coefficient for the forced convection condition is calculated using the Dittus-Boelter 

correlation [12]: 

           
  

  
(
    

 
     (   

                                                                                                             (   

Where        : heat transfer coefficient between the coolant and the cladding for the force convection 

condition [Btu/(hr.        
   : coolant thermal conductivity [Btu/(hr.ft. )]  

   : equivalent hydraulic diameter [in] 

υ  : coolant velocity [ft/s] 

ρ : coolant density [lb/   ] 

μ : viscosity of coolant water [lb/(ft.s)] 

   : prandtl number ,           

   : specific heat [Btu/(lb. )] 

 

5.2 Mechanical Properties  

 

 (1) Young’s Modulus for Cladding  

Young‟s modulus is given as a function of temperature [12,13]: 

   [                (                                                                                    (   

Where     : Young‟s modulus for cladding [pa] 

             T : temperature [K]  

 

 (2) Poisson’s Ratio for Cladding  

Poisons‟s ratio for cladding is a function of temperature [12,13]: 

                    (                                                                                                            (   

Where      : poisson‟s ratio for cladding  

              T : temperature [K]  
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 (3) Plasticity for Cladding  

Yield stress for cladding is given by [12] :  

    (
  

 
   )

 

                                                                                                                                               (   

With  

     (
   

 
                                                                                                                                              (   

Where    : Yield stress [kg/   ] 

   E : Young‟s modulus for cladding [kg/   ] 

     : plastic strain 

     : 0.2% yield stress [kg/   ]  

     n : strain hardening exponent  

0.2% yield stress (     is expressed as : 

       
      

                                                                                                                                                   (    

Where    
  : out-of-pile 0.2% yield stress [kg/   ] 

    
    : increment of 0.2% yield stress due to irradiation induced hardening [kg/   ] 

   
  is given as a function of temperature for recrystallized cladding tube : 

   
                  ,                    220℃ ≤T≤ 450℃ 

For stress-relieved cladding tube ; 

   
                 ,                     220℃ ≤T ≤450℃                                                                       (11) 

Where T : temperature [℃] 

    
    is given as a function of fast neutron flux and irradiation time : 

    
         [     (                                                                                                             (12) 

With  

C=2.92 ×     exp (-1.6×                                                                                                             (13) 

Where  ϕ : fast neutron flux [n/(        
              t : time [s] 

strain hardening exponent n is given as a function of temperature :  

n=0.0504+0.0001435×T                                                                                                                      (14) 

Where T : temperature [℃] 

 

(4) Creep Law for Fuel  

Creep law for the fuel is given by [12,15] : 

 ̇  
(      ̇         

(         
             

(      
     ̇                                                                              (15) 

With  

                                   

                                          

                                                  

                   

              

                    

Where   ̇  : creep strain rate [    ] 

  ̇ : fission rate (=8.4 ×                  [fission/(      
σ : stress [1,000 to 16,000 psi ] 

R : gas constant [cal/(mol.K)] 

 Q : activation energy for diffusion [cal/mol] 

 T : temperature [713 to 2,073 K]  

    : fraction of theoretical density [0.92 to 0.98 ]  

 G : grain size [4 to 35 μm] 

Archive of SID

www.SID.ir

http://www.sid.ir


 

 
 

  

 اولین همایش ملی مهندسی قدرت و نیروگاه های هسته ای 14
 

(5) Creep Law for Cladding  

Creep law for the cladding is given by [12,15]:  

 ̇   [              
    
  {                       }   (

    

  
)                                            (    

Where  ̇  : creep strain rate [      ] 

     : total creep strain  

Φ:fast neutron flux [n/(        ] , E>1.0MeV 

 σ: stress [Pa]  

T : temperature [K] 

 R : gas constant (=1.987) [cal / mol.K) ] 

 

 (6) Cladding Thermal Expansion  

The cladding axial thermal expansion is expressed as a function of temperature [12,15]:  

(
  

  
  
                                                                                                                    (17) 

Where  (
  

  
  
   : cladding axial thermal expansion  

                    T : temperature [℃]  

The cladding diametral thermal expansion is given as a function of temperature :  

(
  

  
  
                            ,   for 27 ℃ < T < 800 ℃                                               (18) 

Where  (
  

  
  
   : cladding diametral thermal expansion  

       : initial diameter  

      T : temperature [℃] 

 

(7) Fuel Relocation 

 At the start-up the fuel cracking occurs due to the thermal expansion different across the fuel caused by 

high temperature gradient in the fuel . The fragments of cracked fuel relocate outward to reduce a certain 

fraction of the gap . The radial displacement of the fuel due to relocation given by [12]:  

                                                                                                                                                                        (    

Where        : radial displacement of the fuel by relocation  [cm] 

                  α : relocation parameter  

                     : as-fabricated radial gap  [cm]  

The relocation parameter α is assumed to constant during the whole irradiation period , and the burn-up 

dependency or power cycle effect to the fuel relocation is not considered .  

The value of empirical parameter α was determined by fitting the model to the in-pile fuel center 

temperature data. The best estimated value of α was 0.3 . 

This value is not applied to the FEM mechanical analysis part for the reason that the radial displacement 

of fuel and of cladding is calculated independently in the FEM mechanical analysis part from the thermal 

analysis part by using two-dimensional models. Therefore the relocation parameter for the FEM 

mechanical analysis was separately determined by fitting the model to the in-pile fuel diameter 

measurement data. The value of relocation parameter α for the FEM mechanical analysis was estimated to 

be 0.5 [12]. 

(8) Fuel Densification  

The in-pile fuel shrinkage ,which is called fuel densification , is attributed to the irradiation induced 

sintering of the initial fuel porosity. This phenomenon occurs even at low temperature and result in an 

asymptotic increase of the fuel density. An empirical expression for the volume change of porosity as a 

function of burn up is given by [12]:  

(
  

  
   

     

  
[     (       

  

   
                                                                                                            (    

Where (
  

  
   : volume change by densification  
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                   : initial free volume  

               : maximum volume change of porosity  

              BU : burnup [ MWd/tU  ]  

            SBU : burnup constant for densification  

      and SBU are given as input values determined on the basis of resintering tests on the fuel. SBU 

defines the slope of densification.  

(9) Fuel Swelling  

 The fuel swelling associated with retention of gaseous and solid fission products inside the fuel lattice is 

correlated to the fission numbers for uranium dioxide fuel. The swelling rate due to solid fission product 

is given by [12,15]:  

(
  

  
                          0.0025 

Where (
  

  
    : volume change by solid fission product swelling  

The swelling rate due to the retention of gaseous fission product is correlated to the fuel temperature and 

fission numbers according to … an d… , and it is given by :  

(
  

  
                       =4.396×      ( 

         

  
  

With          

Where (
  

  
    : volume change by gaseous fission product swelling  

                    T : temperature [K]  
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