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Abstract

Nitride fuels have gained a new interest in the last few years as both a candidate

for GEN IV reactors and as accident tolerant fuels for current light water reactors.

They however are decades behind oxide fuels when it comes to qualification and

development of tools to assess their performances. In this thesis, such a tool is

developed. The fuel performance code TRANSURANUS, which has very good results

with oxide fuels, is extended to handle nitride fuels. The relevant thermo-mechanical

properties are implemented and fuel type dependent modules are updated. Their

limitations and discrepancies are discussed. A particular attention is brought to the

athermal fission gas release, and a new model based on the open fabrication porosity

is developed and added to the code, as a starting point toward a mechanistic model.

It works well on oxide fuels, but its efficiency is harder to evaluate for nitride fuels,

due to large uncertainties on many key correlations such as the thermal conductivity

and the effective diffusion coefficient of gas atoms. Recommendations are made to

solve the most important problems.
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Sammanfattning

P̊a senare år har nytt intresse väckts kring nitridbränslen, b̊ade som en kandidat för

fjärde generationens reaktorer och som ett säkrare alternativ för nuvarande lättvat-

tenreaktorer. Dock ligger nitridbränslen årtionden bakom oxidbränslen vad gäller

utvecklingen av redskap för att bedöma prestanda. I denna avhandling har ett

s̊adant redskap utvecklats. Stavkoden TRANSURANUS, som visar mycket goda re-

sultat för oxidbränslen, har för vidareutvecklats för att även hantera nitridbränslen.

Relevanta termomekaniska egenskaper har implementerats och bränsletypberoende

moduler har uppdaterats. Begränsningar och avvikelser har diskuterats. Speciellt

fokus har lagts p̊a icke-termiska fissionsgasutsläpp, och en ny model baserad p̊a öppen

fabrikationsporositet har utvecklats och lagts till i koden som en början p̊a mekanis-

tisk modell. Den nya modellen fungerar väl för oxidbränslen, men är sv̊arare att

utvärdera för nitridbränslen p̊a grund av stora osäkerheter i m̊anga nyckelkorrela-

tioner, t.ex. värmekonduktivitet och effektiva diffusionskoefficienter för gasatomer.

Rekommendationer har givits för att lösa de viktigaste problemen.
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Chapter 1

Introduction

The economic awakening of many third-world countries, and the increase of green-

house gases emissions which goes with it, is unavoidable. The industrialized coun-

tries are very unlikely to cut back their electricity needs. A lot of work is directed

towards shifting part of the oil consumption to electricity consumption, favoring

for instance more and more electric vehicles. These are trends which are not fore-

seen to change in the near future. In order to avoid a catastrophic global warming,

the electricity production has to be decarbonized. To succeed, such a shift must

be towards one or several sources that are as cheap and reliable as gas and coal.

With that in mind, nuclear power has the potential to be a part of the answer.

However, many voices have been raised to denounce the risks of accident and the

already-considerable and growing stock of highly-radioactive spent fuel. Nuclear

power cannot be developed without a strong popular acceptance, and therefore

without a clear answer to these issues. In that end, a fourth generation of nuclear

power plants has been proposed. Six prototypes with passive safety features and

the capacity to use spent fuel to produce energy are under investigation [1].

These reactors use fast neutrons to maximize the chance of fission over the

chance of capture, which would only lead to more actinides to store. Instead,

already existing plutonium, americium and curium should be inserted in the fuel

pins, which degrades the neutronic properties of the fuel, therefore decreasing the

safety margins. One way to increase them back is to use a more favorable fuel type,

such as a nitride one or a different technology such as an accelerator driven system

[2].

This licentiate thesis focuses on nitride fuels. The proximity of UN and PuN with

the Mott-Hubbard transition [3] confers to these fuels a high melting temperature

and high thermal and electric conductivities, all useful to increase safety margins

or the admissible linear rating. The higher density of nitride fuels when compared

to oxide fuels also allows us to have, for a similar reactor size, either a higher power

1



2 CHAPTER 1. INTRODUCTION

output or a longer time without reloading the plant, resulting in financial gains even

for the currently built NPPs [4], and therefore an acute interest.

However, as promising as nitride fuels might seem, they do not benefit from

decades of operating experience and any licensing program would have to heavily

rely on modelling if one wants to proceed in a timely fashion. The irradiation

experience is mostly limited to the space reactor program which was carried on in

the USA half of a century ago and on a few Russian and Japanese experiments

in both thermal and fast reactors. More details and references will be provided in

later sections. Important properties of the fuel such as the swelling and the fission

gas release (FGR) which can lead to failure are therefore only known in a specific

and narrow set of irradiation conditions. That is where fuel performance codes can

play a major part in designing future reactors. Their predictive capabilities already

demonstrated for oxide fuels have to be proven for nitride fuels.

Converting an oxide fuel performance code to a nitride one demands that all of

the thermo-mechanical and most of the neutronics properties are changed to their

counterparts. Models can also be very different and have to be checked, updated

or completely changed. Although this is a lot of work, starting from a well-written

oxide code is the path of least resistance since all of the code architecture is reusable.

A full section of this thesis is dedicated to the literature review of all the correlations

that are needed.

One key property that has to be correctly modelled if one wants to get nitride

fuel licensed is the fission gas release. Indeed, the thermal conductivity of the gap

quickly degrades when xenon and krypton is released. Long term storage is affected

by iodine release. The swelling of the fuel is partially depending on the fission

gas behaviour too, since the gas bubbles contribution is important. In particular,

the effect of the porosity and open-porosity is incorporated in a model which is

described in chapter 2. This is important since nitride fuels usually have a much

higher porosity than the oxide fuels, and this has been shown to have an extremely

high importance on the release [5]. This model and the development of a nitride fuel

performance code are the object of the thesis. Once they are introduced, testing

and calibration are carried out using both oxide and nitride fuel experiments in

both fast and thermal reactors.

1.1 TRANSURANUS

The fuel performance code chosen for this study in TRANSURANUS, developed by

JRC-ITU [6]. This code has demonstrated excellent predictive capabilities for oxide

fuels [7, 8]. It can handle a wide range of situations, both in steady-state or transient

operation, for very short times or years, and has a deterministic and a statistical

version. Its mostly European community is very active and works on expanding
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the code, by inserting new models for the high burn-up structure or a mechanistic

treatment of the fission gas which can deal with both the fission gas release and

the gaseous swelling. A final reason is that it has been developed in such a way to

facilitate the implementation of physical models and correlations, which are mainly

independent of the mathematical architecture of the code.

TRANSURANUS has been written for fast reactor modelling but has since several

decades been refocused on thermal reactors. It can handle a large variety of cladding

materials and coolants. Concerning the fuel, it is primarily designed to reproduce

oxide fuel performances - UO2 and MOX. The addition of a different fuel in the

code requires the insertion of its thermo-mechanical properties and the change or

calibration of a few fuel-dependent models. This is described in chapter 3.

In this code, the fuel rod is split in axial slices and these slices are split in radial

zones. The axial coupling is “weak” and involves both a mechanical equilibrium as

well as the balance of fission gas and its influence on the gap conductance. The radial

zones consist of macroscopic and microscopic zones. The former are considered for

varying material properties (depending on temperature, burnup, etc.) while the

second subdivision of the macroscopic rings is used for the purpose of numerical

integrations.. At each time step, the new power profile is calculated, from which the

burn-up is obtained. Many models such as checking for failures, local melts, applying

micro-structure changes, calculating the new temperatures and mechanical stresses

are then used in a sequential way. For more details and a complete organization of

the code, the reader is referred to the user’s manual [9].





Chapter 2

Fission gas release model

2.1 Review of the physical phenomena affecting the

fission gas

Hereafter is a quick review of the different phenomena acting upon the fission gas and

therefore more or less directly its release rate. For a more detailed study, the readers

are referred to [10, 11]. This part is only here to give the reader context. The present

thesis does not focus on implementing individually all of these effects, nor does it

give a mathematical framework. Equations can be found in the references provided.

Such a framework would be heavily dependent on empirical parameters needed in

nearly every approximate model required to describe each of the phenomena. In

this work, a macroscopic approach has been adopted, following what was already

present in TRANSURANUS.

It is important to realize that a correct understanding of the fission gas behaviour

provides insight into one major factor of fuel swelling and is needed if one wants to

implement a mechanistic model for the fission gas, which would take care of both

the fission gas release and of the swelling.

An review of what can happen to the fission gas from its creation to its release

is presented here.

• Fission gas creation

The fission gas atoms are created at a rate of around 0.3 atom per fission,

with variations depending on the mother nuclide and the type of flux, as can

be observed from the evaluated nuclear data file. In a harder flux, the fission

fragments tend to have similar masses [12]. For a higher precision, the fission

yields should be reconsidered for every reactor type. It is useful to remember

here that many gas atoms will not be created as such directly after the fission,

5



6 CHAPTER 2. FISSION GAS RELEASE MODEL

but will appear after the decay of precursors, that might also move in the

lattice.

Although rarely a fission gas, helium production coming from alpha decay

and (n,α) reactions should be considered. For nitride fuels, some oxygen

and helium atoms are created from the nitrogen atoms, respectively through

successive neutron captures and (n,3α) reactions [13].

• Recoil

When the fission gas atoms are created, they have a high kinetic energy that

will be dissipated by transfer to the fuel, creating crystallographic defects.

In some cases, the kinetic energy is sufficiently high and the location of the

fission sufficiently close to a free surface to allow for direct release to the open

space.

• Knock-out

The fission products might transfer enough of their kinetic energy to a gas

atom through collision for it to reach the open volume. The knock-out and

recoil phenomena are not, or very marginally, temperature dependent and

will therefore be most visible at low temperatures, before the other processes,

thermally activated, start. The release originating from these phenomena will

often in the rest of this thesis be referred to as athermal release.

• Thermal diffusion in the lattice

1. Single atoms

When the temperature becomes sufficiently high, the probability of gas

atoms migrating is not negligible anymore. Depending on the type of gas

atom, the lattice diffusion can be vacancy-aided or follow an interstitial

path. In both case, the atoms can reach the free surface by this mean.

One should also keep in mind that xenon and krypton are seldom pro-

duced directly from fission but rather from decay of the precursors iodine,

tellurium, selenium and bromine. Therefore, their diffusion should also

be considered. Fortunately, they are a lot less mobile and neglecting their

diffusion can be accepted, especially considering the high uncertainty on

any experimental diffusion coefficient.

The diffusion of the atoms can however be hindered or slowed down

by defects in the crystal structure. They can also aggregate and form

bubbles that have a lower mobility.

2. Bubbles
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The same as for single atoms is true for bubbles, that is to say that their

diffusion is a temperature activated phenomenon. The main difference is

that for bubbles to effectively diffuse, the temperature has to be higher,

since it needs the coordinated displacement of many single atoms. Due

to the heavy density of gas atoms in the bubbles, one should be aware

that the gas atoms are not in a gas phase until after they are released to

the open volume.

When modelling bubbles, one has to keep in mind that there is a prob-

ability for resolution. One gas atom of the bubbles can be “injected”

back in the lattice. The bubbles can also interconnect when they grow

and diffuse. This phenomenon can, through a heavy parametrization,

be described by means of rate theory. This is however too computation-

ally demanding to be inserted as such in a fuel performance code, and is

instead treated using simpler models 2.2.1.2.

3. Irradiation enhanced diffusion

The effective diffusion of gas atoms can be greatly enhanced by irradia-

tion. According to the work of Dienes et al. [14], its effect is three-fold:

The diffusion will be enhanced due to the high number of defects cre-

ated, the nucleation will be enhanced and the clusters and bubbles will

be broken up partially or entirely. The last two phenomena should be

taken into account in the bubbles part of the model. It is also interesting

to notice that this enhancement will be constant in time (for a constant

fission rate) only once a thermodynamic equilibrium has been reached

and the number of defects (vacancies and interstitials) is constant. This

“ramping” of the enhancement is however believed to take a very short

time when compared to the full irradiation time and can therefore safely

be neglected.

The diffusion is also greatly enhanced by creep, which will also massively

create defects, but this is not included in this thesis nor in TRANSURANUS.

4. Diffusion on grain boundaries

The jump frequency of atoms on a planar defect (here a grain boundary)

is much higher than in a perfect 3 dimensional lattice, resulting in a much

faster diffusion of gas atom once they reach those defects. This is one of

the main assumptions of the model described in section 2.3.

• Grain boundary sweeping

Small grains have a tendency to transfer atoms to bigger grains until they

disappear. That is a consequence of the interfacial energy penalty. The gas
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contained in those smaller grains is therefore released to the grain boundary,

even without diffusion of said gas atoms.

• Gas at the grain boundary

The behaviour of fission gas atoms at the grain boundaries is in itself a full area

of study. Its treatment is usually minimalistic in a fuel performance code, but

it is however interesting to briefly discuss what is believed to happen. Once

again, the readers are referred to more complete reviews, such as [10].

The processes described thereafter repeat themselves when the gas is released

to the open volume, creating a somewhat ”fresh“ grain boundary, meaning

that the gas is once more stored until the threshold is again reached.

1. Nucleation

The first step on the grain boundaries in the nucleation of the bubbles.

These bubbles are very small and their density can vary a lot. Although

mostly visible at the beginning, this process is believed to go on until the

end.

2. Growth

Then, the small bubbles absorb more gas atoms coming from inside the

grain, and they are therefore growing.

3. Coalescence

Once the bubbles are big enough, chances are that they will interact with

each other and coalesce to form an even bigger bubble. This is a very

complex phenomenon with a lot of geometric considerations.

4. Tunnel networks

In addition to direct venting for the bubbles close to the open surface,

they can through coalescence form a tunnel network of interconnected

bubbles. Once this network reach the free volume, the gas is released.

• Gas once released to the open volume

To finish the story on fission gas, one could mention that once released, the

gas will be stored in the open volume until the fuel rod is opened. If the fuel

is not reprocessed, that is not meant to happen. The gas is detrimental to the

gap conductance, applies a pressure on the cladding and is a biological hazard

if released to the environment, and should therefore be taken into account

when designing any subsequent step.
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Figure 2.1: Phenomena pertaining to fission gas release [9]
With permission from European Commission

2.2 Historical development of a fission gas release

model

There are two main different approaches to model the fission gas release. One is

at a microscopic scale, taking into account all of the phenomena described in the

previous section in, for instance, a rate theory code. This requires not only a lot

of computational power, but also, and that is still today the main hindrance, an

extensive work of parametrization. Each of the process affecting the fission gas

should be characterized by several parameters such as the diffusion coefficient, the

binding energy with defects, the resolution rate in bubbles and so forth. A few

attempts to do it this way have been published [15, 16, 17, 18]. However, although

physically interesting and very challenging, this has not been adopted in this work.

Instead, a somewhat macroscopic approach has been used, considering averaged

values allowing for an analytical solution in the simplest cases, and for a numerical

solution in more realistic cases. This approach still considers the physical phe-

nomena and needs parametrization, but this is made easier since the position of
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the gas atoms are not considered individually. The historical development of the

intra-granular part of this approach is the topic of the next subsection.

Another way to do it is to simply use an empirical correlation equation giving

the fission gas release from a few parameters such as the temperature, the burn-up

and the density. This approach is not favored in this study and has only been used

for comparison with the nitride fuel results.

2.2.1 Intra-granular model of FGR

2.2.1.1 Booth’s model

Booth’s model [19] relies on considering that the fuel is composed of homogeneous,

uniform and spherical grains which radius is determined by keeping the surface to

volume ratio identical to the one of the real non-ideal case, and the boundaries of

these spheres are perfect sinks, that is to say that their gas concentration and gas

concentration gradient remain zero. The ratio of gas released over the total amount

of gas can then be calculated using Fick’s second law of diffusion, considering a

source term (corresponding to irradiation) or a sink term (corresponding to decay

in case of unstable fission gas atoms, or to a neutron absorption converting the gas

atom to a different element) if needed.

This model is the basis of many modern fission gas release models but presented

a number of limitations that had to be overcome. For instance, the source term

and diffusion coefficients had to be constants, corresponding to constant fission rate

density and temperature. This can be solved by using numerical methods to solve

the equations instead of looking for an analytical solution [20, 21]. These methods

are not going to be discussed in this thesis, as it is sufficient to know that two of them

are present in the TRANSURANUS code. More cumbersome were the realizations

that the Booth model cannot reproduce physical phenomena such as the bubble

effects (trapping, resolution, diffusion, ...) within and outside of the grains nor the

incubation period experimentally observed during which nearly no gas is released.

2.2.1.2 Speight’s model

One key realization on how to take into account intragranular bubbles was that at

typical irradiation temperatures, those were moving much slower than individual

atoms and therefore, these individual gas atoms could be considered trapped in

them. From that point, Speight [22] proposed to modify the diffusion coefficient to

an effective diffusion coefficient, which would be weighted by the fraction of time

the gas was available for diffusion. In other words, the effective diffusion coefficient

became the diffusion coefficient multiplied by the fraction of time when the gas

atoms were not in bubbles. Speight noticed that this fraction could conveniently be
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written as a factor depending only on the resolution and trapping rates. Theoretical

expressions for those have been proposed, but more work is needed on those, and one

could argue that the diffusion coefficients measured during irradiation experiments

already at least partially account for this effect, since bubbles will be present.

Further, considering the diffusion of bubbles has been done [15], yielding another

slightly more complex equation to convert the diffusion coefficient to the effective

diffusion coefficient.

2.2.2 Inter-granular model of FGR

The problem of the incubation period can be solved by using an appropriate model

for the intergranular part. Before being released to the open volume where it can

be measured, the gas is released from the grains to the grain boundaries where it

is temporarily stored. As mentioned in the previous section, the behaviour of the

gas in the grain boundaries is particularly intricate. Fuel performance codes has to

rely on simplified models if one does not wish to sacrifice the performance.

Different approaches, depending on the wanted degree of refinement, can be

used. The simplest one, which does not help solving any problem, is to consider

that the grain boundaries are not storing any gas and that the fission gas released

from the grains is integrally released to the open volume. Another slightly improved

model is to consider that the gas is released when a predefined threshold on the gas

concentration, or gas pressure, is overcome. Then all the gas present at this grain

is released and the concentration is set back to zero. Continuing with refinements,

one can consider this threshold not to be a constant, but instead to vary with

the temperature, since the gas pressure will then change, or with the temperature

gradient, which will in some conditions create micro-cracks that will lead to releasing

the stored gas.

Some work on percolation has also been done [23, 24], but seems harder to im-

plement in a fuel performance codes since the grains are not considered individually

but instead all of the grains present in a region of the fuel are considered together.

Although this region can be made bigger or smaller easily, they will not reach the

small size of a grain, as this would dramatically hamper the speed of calculations.

This issue has to be kept in mind when modelling all the phenomena that are grain

dependent, since those will have to be somewhat averaged.

2.2.3 Other physical phenomena

In addition to the intragranular and intergranular parts, one might wish to “plug

in” some models that can easily be activated or deactivated depending on the effect

one wishes to study. That is for instance the case of a grain boundary sweeping

model, a high burn-up release model, or an athermal release model. The latter is
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important as it will be the main driver of the release at low temperature, and the

development of such a model is the topic of this thesis.

Currently, several approaches exist to take into consideration the athermal re-

lease. One of them is to add a term in the effective diffusion coefficient which

will dominate at low temperature. That is the choice that Turnbull made in its

three-domain diffusion coefficient model [25]. A different one, chosen for instance

in a recent study of nitride fuels [26] based on the work conducted at the Battelle

Memorial Institute [5] is to consider that the athermal release is a fraction of the

total gas production.

2.3 Open porosity based model

In this study, a different approach has been chosen for the athermal release. An

approach based on the porosity is chosen because of its importance in the release

[5] and of its typically high value in nitride fuels. The goal was to decrease the

importance of the empirical parameters by taking into account the porosity directly

in the model, instead of a variable in a fitting parameter used to enhance the

predictions. The model is fully described in Paper I which is attached to the

present thesis and the reader is referred to it to read the mathematical derivation.

2.3.1 Nomenclature

Many terms in this thesis and in the attached paper are not conventional and are

described hereafter. Some important abbreviations are also explained for clarity.

• TD refers to the theoretical density, which is the highest density that can be

achieved according to the theory.

• The porosity in this work is as usual referring to the volume fraction occupied

by void or gas over the total volume.

• The open porosity is the porosity that is in direct contact with the open space,

namely the gap and the plena. Its value ranges from 0 % and the volue of the

porosity.

• The surface porosity is the fraction of the surface of a grain which is covered

by porosity.

• The surface open porosity is the fraction of the surface of a grain which is

covered by the open porosity.
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2.3.2 Assumptions for the model

The model assumes that the space is filled with identical grains. Those grains are

homogeneous and take the shape of a tetrakaidecahedron (TKD), since it is the

highest order polyhedron that permits to fully fill the space. Conventional oxide

fuels are typically a few percent away from a density of 100 %TD, and this justifies

a filled space as a starting point.

Grains that are in contact with the gap or a central void have been disregarded as

they represent an extreme minority. They are therefore not expected to significantly

impact the averaged surface open porosity that is used in the model. Averaged

values are needed since grains are individually modelled.

The porosity is assumed to occupy cylinders along the TKD edges. All of the

cylinders are of the same size. This assumption is breaking down when the porosity

becomes too big. The exact limit at which this becomes unrealistic is unknown but

is certainly under 30% porosity, since results are unphysical for lower densities, as

mentioned in the appendix of paper I.

The open porosity is modelled as a fixed fraction of the porosity at any place

in the fuel. Such an assumption is needed because a fuel performance code such

as TRANSURANUS cannot keep track of grains in an individual way, neither can

experimenters provide such an accurate information to use as an input parameter.

This fraction is currently derived from the work of Song [27], which is only valid

for oxide fuels at beginning of life. A correlation with a broader range of validity

should be sought.

All the fission gas atoms that reach the open porosity are released to the open

volume. This is because the diffusion coefficient of gas atoms in grain boundaries

is higher as explained in a previous section. Therefore, the grain boundaries are

always modelled at equilibrium, that is to say that the athermal release and thermal

venting are instantaneous.

The gas diffuses according to the Speight model within a grain. This implies a

number of assumptions already discussed in a previous section.

These assumptions limit the validity of the model to porosities under 30% where

the porosity could not take the cylinder shape anymore. At density under 85 %TD,

the correlation to convert the porosity to open porosity has not been investigated

and is obtained through extrapolation, which could also be a problem.

2.3.3 Fission gas release model

The full fission gas release model of TRANSURANUS can be described in a serial

way.

1. The fission gas is created. This amount is derived from the linear power
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indicated as input after converting it to a volume power generation rate, the

type of fuel and the type of neutron spectrum. A limited number of elements

are considered: Xe, Kr, and He.

2. The intragranular routine calculates the amount of gas that reaches the grain

boundaries. This is done using the various numerical solutions for the Speight

model, including a modified algorithm developed by Forsberg and Massih [20]

or the URGAS. An effective diffusion coefficient has to be used. It is usually

assumed to be the same for xenon and krypton as the literature is too scarce

and uncertain to use different ones. Ab initio results might change this in the

future.

3. A fraction of the initial porosity resulting from fabrication is considered to be

open porosity.

4. This open porosity is converted to the surface fraction of the grain boundaries

covered by open porosity.

5. A fraction of the gas reaching the grain boundaries, corresponding to this

surface fraction of open porosity, is directly released to the volume. It is

therefore removed from the gas stored at the grain boundaries.

6. The grain boundary sweeping routine is activated.

7. The high burn-up routine is optionally launched.

8. The intergranular routine determines if the gas stays at the grain boundary or

is released to the open volume, i.e. whether the grain boundaries are saturated

or not.

The steps 3, 4 and 5 corresponds to what have been developed and tested in

this thesis work. It replaces a single step consisting in releasing a fraction of the

fission gas produced, between the steps 1 and 2.

2.3.4 Conversion from the porosity to the open porosity

This part of the model is probably where most of the future work has to be focused.

Already at the beginning of the irradiation, the conversion is highly dependent on

the as fabricated porosity, but also on the manufacturing route. As shown by the

work of Song for oxide fuels, the amount of cold-work has an influence, especially at

low densities. Manufacturing the fuel with a new method such as the spark plasma

sintering could also have unexpected results on this correlation. Additionally, the

type of fuel used could have an impact, and as long as a sound theoretical model is
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not available, one should use one correlation per type of fuel (and ideally, one per

type of manufacturing route, but the data is not available).
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Figure 2.2: Open porosity as function of the density in % of theoretical density
(TD) [27]. Linear fitting following Eq 2.1, 2.2, 2.3.

The main uncertainty is in the evolution of this correlation during irradiation.

Models exist to describe the porosity changes, based on densification and creation of

bubbles, but nothing is known about the way it relates to the open porosity. In the

absence of data, this part has been ignored in this thesis, and the initial correlation

kept for all the irradiation time.

The work of Song [27] as been used, and the correlation is separated in three

linear regions.

Under 5% of porosity, with P (−) being the porosity and Popen(−) being the

open porosity

Popen = P/20 (2.1)

Under 5.8% of porosity

Popen = 3.10P − 0.1525 (2.2)

Above 5.8% of porosity

Popen = P/2.1− 3.2 · 10−4 (2.3)

For nitride fuels, data are insufficient to derive a useful correlation, although

work in this direction is currently being carried out [28]. The same correlation as

for oxide fuels is used.
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2.3.5 Conversion from volume to surface open porosity

The heart of the model resides in the conversion from the open porosity to the

surface open porosity. This is the part where most of the assumptions described

in section 2.3.2 are useful, and after the uncertain correlations discussed in the

previous section, the part which will limit the range of validity of the model.

A complete geometric and mathematical description is provided in the annex of

paper I. Only the result is reproduced here, in equation 2.4, showing the fraction

of gas reaching the grain boundary which is actually reaching the open volume, in

function of the porosity.

SP
ST

=
12

1 + 2
√

3

r

l
= 1.54

√
P (2.4)

2.3.6 Athermal release and release threshold at the grain

boundaries

The release calculated by this model is considered to be the athermal release, since

it is not based on the tunnel networks of interconnected bubbles that will appear

as soon as thermally activated processes start. As explained before, a fraction of

the gas reaching the grain boundaries as calculated by the Speight model is directly

released to the open volume, and therefore not stored at the boundary.

It is however important to realize one limitation of the fuel performance code

when using this model which will lead to a minor under-prediction of the fission

gas release. Indeed, the gas should be fully released at some grain boundaries, or

some part of a grain boundary, without affecting the amount of gas stored at the

grain boundaries which are in the closed porosity. However, since the grains are

not modelled individually, the code considers that the amount of gas stored per

surface unit is a weighted average between the amount of gas actually stored at the

closed porosity and no gas stored at the open porosity. The direct effect is that

the recorded stored gas is lower than it should be, and the threshold mentioned in

section 2.2.2 is longer to reach.

2.4 Benchmark of the athermal release model

The model described in section 2.3 has been applied on two irradiation experiments:

The first case of the FUMEX project of the IAEA [29] and 4 fuel pins from the

SUPERFACT irradiation [30, 31]. Details about the irradiations and the results are

available in Paper I.

The objective of this section is to complement the results with a small sensitivity

study through the parametrization of the diffusion coefficient. By doing so, the
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extreme importance of correctly determining this parameter will appear even more

clearly. The goal is to remind the scope of the development presented in this report:

only the athermal fission gas release has been revamped, and it is not, in most cases,

the main driver of the release. That is however believed to be different when the

porosity, and especially the open porosity is higher. For instance, in nitride fuels,

which are the object of the next chapter, it is not uncommon to have up to 15% of

as-fabricated porosity.

2.4.1 Effective diffusion coefficients

The work on oxide fuels has been very thorough and many research groups have

tried to determine a diffusion coefficient for gas atoms, usually not differentiating

xenon and krypton. In this study, two of them have been used, to check their

influence.

The first one has been derived by Turnbull et al [25] and has been very frequently

used, since its three-domain approach allows for more physics to be incorporated in

the diffusion coefficient. Its mathematical expression is

D = 7.6 · 10−10exp

(
−35000

T

)
+ 3.22 · 10−16

√
Rexp

(
−13800

T

)
+ 6 · 10−23R (2.5)

where R is the rating in W/gU, T the temperature in Kelvin and the diffusion

coefficient is given in m2s−1. The first term is dominating at high temperature, and

represents the thermal diffusion. The second part will overtake for an intermediate

temperature range as should the irradiation-enhanced diffusion do, and the last one,

which is not temperature-dependent will be predominant when the temperature is

too low to allow for any thermal diffusion, be it enhanced or not.

The second diffusion coefficient used in this study has been reported by Matzke

et al [32] and is reproduced in Eq 2.6. It is also expressed in m2s−1. This coefficient

is much simpler and focusing solely on the thermal diffusion, with a constant to

account for the athermal release.

D = 5 · 10−8exp

(
−40262

T

)
+ 10−25 (2.6)

Not very surprisingly, both diffusion coefficient are fairly similar at high tem-

perature, as can be observed in Fig 2.3. However, at low temperature, Turnbull’s

coefficient becomes bigger, especially at high power ratings.

2.4.2 Sensitivity study

This study complements the results already presented in Paper I. Three different

cases have been run with the two diffusion coefficient introduced in the previous
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Figure 2.3: Diffusion coefficients of gas atoms in UO2

section and with different model options. The results are presented in tables 2.1

and 2.2.

The nomenclature is explained in the paper. As a reminder, here is a quote

of the passage explaining it. “Each case was run in four different configurations,

namely where the empirical athermal release is considered as a fixed percentage

(RT+A) or as a low-temperature term of the diffusion coefficient (RT ), where the

empirical athermal release module is replaced by the new model considering the

porosity (RT+P ), and where the empirical athermal release module is replaced by

the new model considering the open porosity (RT+OP ).”

Case Exp RT+A RT RT+P RT+OP

Matzke 1.8 0.53 0.30 0.39 0.32

Turnbull 1.8 3.24 3.00 4.01 3.39

Table 2.1: Fission gas release (%) for the first case of the FUMEX project of the
IAEA

The results clearly show that although the model does what it was created for,
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Pins Case Exp RT+A RT RT+P RT+OP GERMINAL [33]

4 and 16
Matzke 68.5 57.06 56.86 59.99 57.50 53.1

Turnbull 68.5 58.93 58.75 63.68 59.83 53.1

7 and 13
Matzke 66.5 73.47 73.34 76.11 73.89 57.47

Turnbull 66.5 70.02 69.87 74.17 70.77 57.47

Table 2.2: Fission gas release (%) for the first case of the SUPERFACT irradiation
experiment

the influence of the effective diffusion coefficient stays preponderant. The impor-

tance will be even more obvious when dealing with non-conventional fuels where

the diffusion coefficient is not nearly as well determined, for instance nitride fuels,

as depicted in Fig 3.5.





Chapter 3

Nitride fuels

A chapter is not enough to cover the topic of nitride fuels, when several books have

been fully dedicated to the matter. In this thesis, aspects such as manufacturing,

reprocessing, and storage are not evoked even though they play a major part in

the motivations for the choice of nitride fuels. Ab initio modelling of actinides

is not mentioned here either, but there is hope that it will soon become accurate

enough, while keeping reasonable computational needs, to better characterize uncer-

tain properties, as mentioned in some of the subsequent subsections. This chapter

focuses on the thermo-mechanical properties and a few related models, as well as on

the capture and fission cross sections. In other words, it presents everything which

is needed to parametrize a fuel performance code. A quick comparison with other

types of fuels is given when relevant.

3.1 Thermo-mechanical properties of Nitride fuels

Introducing the nitride fuel model in TRANSURANUS requires a careful implementa-

tion of relevant thermo-mechanical properties. A few reviews exist [34, 35, 36, 37, 38]

and have been used as a basis together with more recent publications to choose the

correlations or models that should be used in a fuel performance code. Oftentimes,

information about the purity of the sample or the manufacturing route are not pro-

vided and one must assume that the fuel samples are similar, and will also resemble

the fuel pellets used in reactors. This is sometimes quite a stretch as it will be

explained in subsequent sections.

3.1.1 Phase diagram

A correct understanding of the phase diagram is crucial if one wishes to know

what happens when the temperature or the stoichiometry changes. Such a phase

diagram is reproduced in Fig 3.1 [39]. From this diagram, it can be concluded that

21
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the stoichiometry of the UN phase has to be remarkably close from a ratio 1:1 up to

around 1300 Celsius. At this point, some deviation toward a U-rich phase is possible,

but even then, very limited. It is important to realize it, since it follows that the

following correlations essentially do not have to depend on the stoichiometry, as is

the case for UO2. The high temperature behaviour is a bit less clear and depends

heavily on the nitrogen partial pressure. It will be the object of section 3.1.7.

3.1.2 Crystal properties

Knowing precisely the crystal properties is important since from the lattice param-

eter and its evolution with temperature or pressure, properties such as the density,

the thermal expansion and the elastic moduli can be determined. They are also

needed if one wishes to carry out ab initio modelling, at least as a starting guess.

UN and PuN have the same crystal structure. They are both of rocksalt type

(Fm3m). Their lattice parameters are precisely known thanks to a number of

experiments, for instance in [34] and [41]. They are respectively 0.48883 nm and

0.49049 nm. Since they have the same structure and a similar lattice parameter,

a perfect solubility is expected [42]. The lattice parameter of this mixture can be

obtained through a simple linear interpolation. The same reasoning can be applied

for NpN, AmN and CmN, which also have a rocksalt structure.

3.1.3 Density

The density of the fuel is important to know in a fuel performance code for diverse

reasons, including the burn-up calculation from the linear power rating, which is ob-

tained from the number of atoms fissioned with regards to the total number of atoms,

which directly depends on the density. Many traditional fuel performance codes use

the burn-up to build physical models, and to some extents, TRANSURANUS is one

of them, and any deviation from reality is therefore to be avoided.

The theoretical density of pure UN and PuN is known and could be easily

obtained through the crystal properties if needed. They are 14.331 and 14.356

t/m3 for fuels with non-enriched nitrogen and U-238 and Pu-241. The density of a

mixture is usually calculated in fuel performance codes by a linear interpolation of

the density of the perfect compounds, since it is easy and computationally efficient.

However, this approach is not correct. The density should be obtained using a linear

interpolation on the lattice parameter and the crystallographic structure properties.

In the case of elements with similar mass and lattice parameters, the difference can

be neglected but this is not the case anymore if one wishes to include an inert matrix

fuel in the code, be it oxide or nitride fuels.
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Figure 3.1: Phase diagram of the uranium-nitride system [40]



24 CHAPTER 3. NITRIDE FUELS

For a Face Centered Cubic (FCC) structure, the density can be calculated as

ρ =
4m

a3
(3.1)

where m is the mass of one atom and a is the lattice parameter. This yields for

a rocksalt (UxPu1−x)N a density that can be computed as

ρ((UxPu1−x)N) =
4(x ·mU + (1− x) ·mPu +mN )

(x · aUN + (1− x) · aPuN )3 (3.2)

This approach is used for the simulations of nitride fuels in this thesis and could

be compared with the conventional formula (Eq 3.3).

ρ((UxPu1−x)N) = xρ(UN) + (1− x)ρ(PuN)

= x
4(mU +mN )

a3
UN

+ (1− x)
4(mPu +mN )

a3
PuN

(3.3)

The density of UN can also be compared to the one of UO2 (10.97 t/m3). The

density of actinide atoms is much higher for nitride fuels, and a higher power can

therefore be reached for reactors of similar size.

3.1.4 Thermal expansion

The thermal expansion is needed for self-explanatory reasons. When expanding,

the fuel will bridge part of the gap, given that its expansion is bigger than the

cladding one’s, due to the temperature increase, the swelling and the strain coming

from the released fission gas. The fuel thermal expansion coefficient is usually lower

than the cladding’s, but the temperature in the fuel is much higher, leading to a

larger expansion. This should be taken into account while designing the fuel rods,

to avoid pellet-cladding mechanical interaction (PCMI), while not having a gigantic

gap that would cause the temperature to be very high in the fuel. The size of the gap

can dramatically change the fuel temperature and hence the fission gas release and

should therefore be predicted in a very precise manner. Thus, a precise correlation

is needed.

The thermal expansion is describing the evolution of the lattice parameter when

the temperature changes. As such, the thermal expansion of a mixture can be found

by doing a linear interpolation on the thermal expansion of pure elements.

One difficulty in doing a review of the available correlation comes from the

multiple definition of the thermal expansion. The linear thermal expansion (LTE),

in percentage of the original length is defined as

LTE(T ) = 100
a(T )− a(293)

a(293)
(3.4)
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When the traditional instantaneous linear coefficient of thermal expansion is

calculated using the following expression

α(T ) =
1

a(T )

da(T )

dT
(3.5)

but often reported in the literature as a mean thermal expansion coefficient, with

reference to another temperature, usually the room temperature but not always, and

then calculated as

α(T, T0) =
1

a(T0)

a(T )− a(T0)

T − T0
(3.6)

α is used in TRANSURANUS with the reference temperature being 20 Celsius in

the chosen correlations.

The thermal expansion of UN has been reported in the literature in [43, 34,

44, 45, 46]. For PuN, a similar work has been carried out in [47, 48, 49]. Billone

[50] and Thetford [35] have been working directly on a (U,Pu)N mixture. More

experimental data can be found in the reviews mentioned in section 3.1.

It can be observed in Fig 3.2 that the mean thermal expansion increases with the

actinide series. The reason for that could lie in the strength of the bonds, as seems

to be confirmed by their dissociation temperature. Simulations could be carried out

if one was to want the exact reason.

The correlations from Politis for UN, Thetford for (U,Pu)N and Hayes and

Takano for any mix of UN and PuN have been introduced in the code. The first

two have been included in an official release of TRANSURANUS and a correlation

for any amount of plutonium has been derived from a linear interpolation of the

most trustworthy available data for UN and PuN.

3.1.5 Thermal conductivity

The thermal conductivity of the fuel will be the main factor in determining the tem-

perature gradient between the centerline and the outer surface. It is very important

to know it precisely since if it is underestimated, the high temperature that will be

calculated will favor the release of fission gas, which will in turn favor an increase of

the temperature at the fuel surface, and therefore at the fuel centerline. The reader

is referred to the section on fission gas release for more details.

The thermal conductivity of actinide nitrides has been experimentally deter-

mined by many of groups. For UN, results have been published in [43, 51, 52, 53,

54, 55, 56, 57, 44], and in [35, 58, 59] for PuN.

The thermal conductivity of mixtures cannot be derived by a classic linear in-

terpolation. It is believed to be feasible on the thermal resistivity, but some recent

data seem to indicate the contrary [60].
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Figure 3.2: Mean thermal expansion of mononitride compounds [34, 48]

The conclusions of Hayes and Thetford are followed in this work for respectively

UN and PuN.

3.1.5.1 Porosity

The porosity has a huge effect on the thermal conductivity. Experiments are not

carried out on 100% TD samples and therefore the correlations have to be cor-

rected. One should be aware that similar corrections should be done for impurities,

but their impact is not nearly as important as the one of porosity. Many studies

based on mechanistic approaches or finite element modelling exist, but for the sake

of conciseness, only the porosity correlations previously used for nitride fuels are

considered.

Hayes suggested to use Eq 3.7, that came from a 3D modelling study based on

analytical temperature solutions [61], valid for porosities under 30%.

FP = exp(−2.14P ) (3.7)

Eq 3.8 is coming from Thetford’s review.

FP =
1− P
1 + 2P

(3.8)
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Inoue and coworkers proposed to use Eq 3.9 in [62], when a power of 1.5 (Eq 3.10)

has sometimes been preferred [63].

FP = (1− P )3.8 (3.9)

FP = (1− P )1.5 (3.10)

A Maxwell-Eucken distribution has been used by Arai et al. [58], following this

equation.

FP =
1

1 +
(
2.6− T

2000

)
P

(3.11)

As can be seen from Fig 3.3, already at 10% of porosity, the difference in thermal

conductivity of the fuel can be 20% of the full-density value, depending on the

chosen correlation. Moreover, this uncertainty adds up with the one coming from

the correlation itself, and can lead to huge differences, as shown in section 3.3.2.1.
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Figure 3.3: Comparison of the different porosity corrections for the thermal con-
ductivity of nitride fuels

3.1.6 Heat capacity and enthalpy of fusion

The heat capacity is a measure of the energy that can be stored for a set temperature

increase. Its importance can be relative in a steady-state reactor operation but is
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capital in case of transients. The enthalpy of fusion can be seen in the same way,

as a sort of very last barrier before melting.

The enthalpy of fusion of UN has been estimated to be 49.79 and 53,35 kJ/mol

in [53, 64] for UN and 55.23 kJ/mol for PuN [53]. This property is only relevant in

case of fuel melting. However, as will clearly appear from the next section, the fuel

dissociation will occur before that under usual conditions.

The heat capacity has been determined very often, or at least a great number of

correlations have been proposed from a somewhat limited set of experimental data

points. The ones concerning UN can be found in [43, 64, 39, 35, 65, 66, 67, 44, 68].

Additionally, one correlation coming from an ab initio modelling work can be found

in [69] and one coming from a physical model is available in [70]

For PuN, the readers are referred to [71, 72, 35, 53, 73, 74].

The differences between these correlations are much smaller than for the thermal

conductivity for instance, and the previous reviews have been able to reasonably

follow most of the data in a single equation. For this reason, the correlations

reviewed by Thetford et al. [35] have been implemented for UN and (U,Pu)N.

Additionally, the one from Baranov et al. [70] has also been used for UN, since it

comes from a physical model instead of only being a correlation, and it has been

linearly mixed with the PuN correlation of Oetting to model (U,Pu)N.

3.1.7 Melting and dissociation temperature

As mentioned before, at high temperature and under atmospheric conditions, UN

and PuN will dissociate into liquid U and Pu, and nitrogen. The dissociation

temperature heavily depends on the partial pressure of nitrogen. The higher the

latter is, the higher the dissociation temperature will be. Using a high enough

partial pressure permits to push back the dissociation temperature far enough for

the fuel to melt first, and a melting temperature can be measured in this way.

The melting temperature of UN has been measured to be 3120 K [75], which

has been confirmed in recent studies [76]. For PuN, a value of 3100 K has been

determined [77]. It is surprising to note that both the melting point of UN and

PuN have been found to be higher than the one of (U,Pu0.2)N - 3045 K [76].

As for the dissociation temperature, a lot of work has been done by Olson et al.

[75, 78]. The nitrogen pressure has been found to be

log(pN2) = 8.193− 29.54 · 103

T
+ 5.57 · 10−18T 5 (3.12)

for UN. For PuN, the vapor pressure is higher and has been determined and

follow the equation 3.13.
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log(pN2) = 8.193− 29.54 · 103

T
+ 11.28 · 10−18T 5 (3.13)

Both these equations are giving the pressure in unit of atmosphere and they are

valid for respectively 1406-3125 K and 2290-2770 K. Using them at a pressure of

one atmosphere of nitrogen gives a dissociation temperature of respectively 3050 K

and 2860 K.

3.1.8 Elastic properties

It is well known that only two independent elastic constant are necessary to calculate

all of the other ones in isotropic cubic crystals. For TRANSURANUS, the choice has

been made to use Poisson’s ratio and Young’s modulus. They are used to determine

the deformation of both the fuel and the cladding under pressure, due to gas in the

open volume or to mechanical contact.

The review work of Hayes et al. [51] is followed for uranium nitride fuels.

No satisfactory data exist for PuN to the best knowledge of the author. Instead,

data for (U0.82, Pu0.18)N are used [79, 35].

E(P, T ) = 280(1.0274− 9.2 · 10−5T )(1− 2.70P )[GPa] (3.14)

G(P, T ) = 110(1.0274− 9.2 · 10−5T )(1− 2.62P )[GPa] (3.15)

ν =
E

2G
− 1 =

280

220

1− 2.70P

1− 2.62P
− 1 (3.16)

One could also point that these data are in theory relatively easy to obtain from

ab initio modelling, but it has not been done correctly yet, due to difficulties in

handling 5f electrons.

3.1.9 Thermal creep rate

The creep rate is used to determine the deformation of the fuel under prolonged

stresses. It has been reviewed by Hayes et al. [51] to be

ε̇UN (T ) = 2.54 · 10−3σ4.5exp

(
−327334

RT

)
0.987

(1− P )27.6
exp(−8.65P ) (3.17)

where σ is the applied stress and P is the porosity.

No data exist for pure PuN but a correlation has been determined for mixed

nitride fuels containing 20% of plutonium [37].
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Figure 3.4: Thermal creep rate of mononitride fuels at 1 MPa

ε̇(U,Pu)N (T ) = 0.425 · 10−3σ1.35exp

(
−330000

RT

)(
1 +

(100P )2

8

)
(3.18)

The nomenclature is the same as in equation 3.17.

As can been observed from figure 3.4, the thermal creep is more severely affecting

UN than PuN, and fuels with a higher density are more resistant to creep.

3.1.10 Emissivity

The emissivity of nitride fuels has been measured by Johnson et al. [64] to be

0.65. Since this is the only available value, it has been adopted in place of the 0.8

generally accepted for oxide fuels.

3.2 Other models

TRANSURANUS is a well established fuel performance code for oxide fuels and comes

therefore with a number of validated models in addition to the thermomechanical

properties. Although many of them, including the previously described correlations,
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need to be modified, a good part can be used as such. That is for instance the

case of the burn-up model that calculates the new isotopic composition, or the

correlations concerning the cladding. In the next subsections, the models that need

to be updated are described.

3.2.1 Gap conductivity

The temperature gradient is strongest within the gap, and this becomes gradually

truer as fission gas atoms are released to the open volume, reducing the gap con-

ductance. Although the composition of the gap and its influence on the thermal

conductivity can be treated in the exact same way as it is for oxide fuels, the heat

transfer coefficient between the fuel and the gas can be very different. Indeed,

it depends on the micro-structure and on the intrinsic properties of the fuel. This

could be easily determined experimentally would one have the necessary equipment,

but has not been done as of yet, or at least it has not been published in the open

literature. For this reason, the oxide model is used for nitride fuels too.

3.2.2 Swelling

Swelling should be determined with the greatest precision since the temperature of

the fuel highly depends on the width of the gap. Indeed, the temperature gradient

is the biggest in the usually gas-filled volume between the fuel pin and the cladding,

and this only gets truer during the irradiation, as xenon and krypton are released.

On the other hand, if the gap is fully closed, PCMI will start, and since nitride fuel

is brittle, it should be avoided at all cost.

Swelling is a very complicated effect in which many physical phenomena in-

tervene. It is very closely linked to the gas release, since the gas atoms that are

not released are aggregating and forming under-pressure clusters that contribute to

swelling. One could notice that it is mistakenly called “gaseous swelling” when the

pressure before being released to the open volume is too big for it to actually be a

gas.

Many research groups have tried to determine correlations and models for swelling,

and a full section could easily be dedicated to at least the mechanistic approach.

However, in this thesis, ready-to-use correlations will be discussed. For UN, Ross

and coworkers [55] have devised the equation 3.19 in the case of unrestrained

swelling.

S = 4.7 · 10−11T 3.12
av B0.83

√
1− P (3.19)

If one wishes to account for the pressure of the cladding, the correlation proposed

by the CEA and reported in [37] can be used for (U,Pu)N.
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S = Ssol + Sgas = 0.008C3 + 0.01C1 · C2 · C3 · C4 · exp(−C2 ·B)

Ssol = 0.008 · C3

C1 = 10 +
24

1 + exp
(

1277−T
74

)
C2 = 0.06 + 1000 · exp

(
−17620

T

)
C3 = exp(0.04− P )

C4 = exp(−0.1 · PC)

(3.20)

B is the burn-up in atom %, T the temperature in Kelvin, P the porosity fraction

and PC the pressure at the contact in MPA.

Lastly, the IAEA has also proposed a correlation [80], following

S = 1.16 · 10−8T 2.36BU0.85 (100− P )0.5

100
(3.21)

where BU is the burn-up in atom %, P is the porosity in % of the theoretical

density, and T is in Kelvin.

3.2.3 Densification

When the fuel is in the reactor, the intense heat has for effect to further the work of

the furnace in which it was sintered, and therefore to act towards a densification of

the fuel. This is important to have a good model for it since closing the porosity will

ultimately reduce the fission gas release due to some of the mechanisms described in

section 2. Many different methods to handle it are implemented in TRANSURANUS

and the most recent work for nitride fuels considers the migration of small bubbles

[81].

3.2.4 Grain growth

The grain growth is important to know as the gas contained in the smaller grains

consumed for the size increase of the bigger ones is released to the grain boundaries.

For more details, see the part on grain boundary sweeping in section 2.1. The only

experimental work looking at the grain growth has been carried out by Ronchi et al

[82]. In this work, the grain growth of UN was determined to follow equation 3.22

where D0 is the initial grain size, t is the time in seconds, and T is the temperature

in Kelvin.
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D3 −D3
0 = 1700 · texp

(
−112000

RT

)
(3.22)

3.2.5 Open porosity

For the model described in the previous chapter to work, the open porosity of the

fuel has to be known. Unfortunately, data are still too scarce for nitride fuels (only

one reference to the knowledge of the authors [83], and the correlation used for oxide

fuels to determine which fraction of the porosity is open is conserved for other types

of fuels. Details are presented in section 2.3.4.

3.2.6 Cross sections

The cross sections of actinides have to be recalculated for characteristic spectra with

a nitride fuel. They have been calculated in two cases in this work: in the case of

a PWR where only the fuel type changes for an example of a thermal spectrum,

and in the case of the experimental reactor ELECTRA [13] for a hard spectrum. All

the calculations have been carried out using the Monte-Carlo code SERPENT [84].

In both cases, different fuels with varying amount of plutonium and uranium 235

in the initial composition have been considered. The plutonium vector has been

taken from a conventional LWR spent fuel. In table 3.1, an ’X’ means that data

exists and has been implemented in TRANSURANUS. The capture and fission cross

sections are reported in Appendix A.

Concentration U-235 or Pu in % 2 5 10 20

Thermal cross sections

UN X X X X
(U,Pu)N X X X

Fast cross sections

(U,Pu)N X X X

Table 3.1: Summary of the calculated cross sections
X: calculated and implemented in TRANSURANUS

Values in Appendix A.

3.2.7 Diffusion coefficients

Diffusion coefficients represent the tendency to move of different elements in a ma-

trix. In a nuclear fuel such as UN, one can be interested in the diffusion coefficient

of plutonium or of the other actinides to study the redistribution, since most of

the fission reactions will happen at the periphery of the fuel, at least in a thermal



34 CHAPTER 3. NITRIDE FUELS

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10
-75

10
-63

10
-51

10
-39

10
-27

10
-15

2000� T @1�KD

D
if
fu
s
io
n

c
o
e
ff
ic
ie
n
t
Ac
m

2
�
s
E

Weinstein -2

Weinstein -1

Blank

Ritzmann

Oi

Biddle -2

Biddle -1

Melehan

Figure 3.5: Comparison of the different diffusion coefficients of Xe and Kr in UN as
reported in [18]

spectrum. One can also look at the nitrogen diffusion coefficient, to study the local

stoichiometry of the fuel, and the possible creation of different phases which would

have different physical properties.

The diffusion coefficients of Xe and Kr in UN have been reviewed in [18]. As

appears clearly in Fig 3.5, the authors cannot reach a consensus. The correlations

give results differing by many orders of magnitude. This is due to different purity

of the samples, different measurement methods, different grain sizes, and so on. To

this day, no correlation or set of correlations can be said to be reliable.

However, since Weinstein et al [85] have taken into account three different mech-

anisms in their correlation - i.e. simple gas atom thermal diffusion, simple gas atom

irradiation enhanced diffusion and gas bubble thermal diffusion - it is the one that

is commonly used in recent works, for instance in [26]. It takes the form

D = 8.22 · 10−31f + 2.37 · 10−10exp

(
−18800

T

)
+ 1.00 · 10−18 f

λ2T 2
exp

(
−18400

T

)
(3.23)

where f is the fission rate density in (cm3s)−1, λ is the thermal conductivity

(W.cm−2K−1) and T is the temperature in Kelvin. The diffusion coefficient is given
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in cm2s−1. The first part of the diffusion coefficient corresponds to the irradiation-

enhanced diffusion, the second one to the thermal diffusion of single atoms and the

last one to the thermal diffusion of bubbles.

3.3 Validation of the nitride model

Once all of the needed correlations have been reviewed and chosen, the model still

has to be validated. In particular, a few parts of the model affecting dramatically

the results have been identified, and a quick sensitivity study is presented in section

3.3.2.

3.3.1 Irradiation experiments

To be able to correctly validate the nitride model, irradiation experiments had to

be chosen. The database with this type of fuels is limited and the four experiments

chosen represent most of the experience with available data for fission gas release.

1. BMI-50

In this program, Battelle Memorial Institute has irradiated 24 (U.Pu0.20)N

pins in the Engineering Test Reactor (thermal spectrum). The pins have been

subjected to a very intense linear power of up to 150 kW/m and the fission

gas release has been measured for 11 of them. The main advantage of this

irradiation set consists of the large range of results that were obtained. The

FGR varied from 5.9% to 47% depending on the pin. Pins with both helium

and sodium bounding and with different grain sizes have been used. The pins

have either porosity of more than 15% or of less than 6%.

The details about the irradiation are available in [5, 86, 87, 88]. Key informa-

tions such as the power history or the axial peaking factor at the location of

the fuel do not seem to have been published. The gap width of the helium-

bounded pins, reported to be less than 25 µm is also very surprising, as it

is far smaller than current standards, and even if the goal of reducing the

temperature increase in the gap is obvious, the fabrication process for such a

small gap is very delicate.

2. Irradiation in BOR-60

4 fuel pins with a very high plutonium content - two (U,Pu0.45)N and two

(U,Pu0.60)N - have been irradiated in the fast spectrum of the reactor BOR-

60. They had a porosity of slightly more than 15% of the theoretical density

and were irradiated in two steps, allowing for intermediate results. A fairly

high fission gas release has been measured.
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More information about this irradiation can be found in [89, 90, 91].

3. Irradiation in JMTR

4 fuel pins with around 20% of plutonium a fission gas release of less than 3%

have been irradiated in the thermal reactor JMTR. One of them had a central

hole, and all of them had a porosity neighbouring the 15%. Variations in linear

power (from 535 W/cm to 730 W/cm) and other properties related such as

temperature and burn-up offer a nice case to study its influence. Details about

the irradiation have been published in the literature [92, 93, 94].

Here too the axial peaking factor is missing.

4. Irradiation in JOYO

The last irradiation experiment that has been used in this work happened in

the fast sodium cooled reactor JOYO. 2 pins with 18.6% of plutonium and

19.39% enriched uranium have been brought to 4.3% FIMA. The two pins

are similar except for the gap size, and have been irradiated under the same

conditions. This experiment is particularly valuable for this work since they

measured not only the porosity but also the open porosity at the end of the

irradiation, starting from a fabrication porosity of around 15%. The overall

porosity increased, but the fraction of open porosity strongly decreased. For

more information on these two pins, the readers are referred to [95, 96, 62]

3.3.2 Comparative study

As mentioned in the previous sections, for a few of the models, it is not clear whether

a good correlation has been found, or when several of them exist, which is the best.

The goal of this section is to study the impact of all of them, to assess if a small

deviation to the reality will have a noticeable effect on the results or not. The

irradiation experiments presented in the previous section are used as a support for

the sensitivity study, but at the moment, there is no interest in knowing how well

the results correlate with the experiments. This is the subject of the next section.

Here, only the influence of the correlations is studied.

3.3.2.1 Thermal conductivity

The uncertainty on the thermal conductivity is probably one of the biggest there

is in the nitride model, as discussed in section 3.1.5. To witness its impact, the

temperature difference between the fuel centerline and the fuel surface is monitored.

The overall effect, that is to say that the temperature delta will be bigger when the

thermal conductivity is lower, is obvious. The question is to know in which order of

magnitude the difference lies, and its impact on other meaningful results, such as
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the fission gas release. And as it can be seen in Tab 3.2, depending on the chosen

diffusion coefficient and its porosity correction, the temperature gradient can be as

much as nearly three times as steep.

The experiment needed to come to an agreement concerning the porosity cor-

rection is reasonably easy to perform and would benefit a lot any nitride fuel per-

formance code. It however seem to depend not only on the porosity, but also on

the type of porosity (close/open) [28], and on the shape and size of the pores, see

for instance [97].

Porosity correction exp(−2.14P ) (1− P )1.5 (1− P )3.8 (1-P)/(1+2P)

Hayes
JOYO-1 325 295 492 325
JMTR-2 170 155 256 169

Thetford
JOYO-1 404 364 688 468
JMTR-2 212 192 344 245

Table 3.2: ∆T between the fuel surface and the fuel centerline [K]

3.3.2.2 Swelling correlation

The three swelling correlations are tested. Due to their complicated form, it is very

complicated to know precisely what impact they will have from looking at them,

and applying them on real cases is the most efficient way to have a clear idea about

the actual differences that will occur. For simplicity, only the radial expansion (in

percentage of the initial radius) is reported. It includes thermal expansion, but since

this part of the expansion should be fairly independent of the swelling correlation,

a meaningful comparison is still possible.

Correlation Ross IAEA CEA

JOYO-1 4.29 2.05 4.19

BMI 6-3 8.48 5.27 9.21

BMI 11-5 9.59 4.01 9.03

Table 3.3: Radial expansion (%)

From table 3.3, one can see that the correlations proposed by Ross et al. and

by the CEA yield similar results. The high burn-up reached in the pin BMI 6-3

highlights the exponential dependency of the CEA correlation and makes it predict

a higher swelling. The correlations proposed by the IAEA has the same form as the

one proposed by Ross with a much lower temperature effect, and as such, system-

atically predicts a lower swelling. The IAEA correlation was derived considering a
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very limited set of data points, and more reliable experiments are needed to know

precisely the impact of different parameters. It could also be useful to consider

more variables, as did the CEA and as do the researchers working on a mechanistic

model.

3.3.2.3 Diffusion coefficient

As shown in Fig 3.5, the diffusion coefficient of gas atoms is basically unknown

in nitride fuels. This is even more true for the effective diffusion coefficient. In

the only recent work on nitride fuel [26], the authors had to use a fitting parameter

reducing the diffusion coefficient by nearly 500. If some of it can be attributed to the

traps and sinks in the uranium nitride matrix, it is as of today hard to understand

why the difference between D and Deff is so big. On the other hand, taking the

diffusion coefficient found by Biddle (Biddle-2 on Fig 3.5) would tackle this problem,

being several orders of magnitude smaller than the one found by Weinstein. A new

experiment with the objective of determining a reliable diffusion coefficient is the

first priority if one want to be able to model the fission gas release of nitride fuels.

An alternative to experiments could be modelling. Very promising results have

been reached for the diffusion of xenon in UO2 [98] and a similar work could and

should be carried out for nitride fuels.

To insist on the effect of the diffusion coefficient, test runs have been performed

with different fitting factors on Weinstein’s correlation, and the results are displayed

in table 3.4. Without the fitting parameter, the FGR predicted is indeed much too

high.

Fitting factor 1 0.1 0.01 0.001

JOYO-2 67.23 23.87 6.93 2.39

JMTR-1 70.17 32.44 11.84 4.38

Table 3.4: Fission gas release (%) in function of the fitting parameter

3.3.2.4 Intragranular release: pressure threshold

The gas accumulating at the grain boundaries is release when a tunnel network of

interconnected bubbles is formed. For this to happen, the pressure at the grain

boundaries has to become sufficiently high. There is no study on what the pressure

threshold should be set to when modelling nitride fuels, and it is therefore interesting

to try varying a this parameter, so as to determine if the need for an experimental

work exists.
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Threshold [µmol/mm2] 1e-04 2e-04 4e-04 8e-04

JOYO-2 6.47 3.27 1.81 1.81

BMI 11-5 37.39 36.68 35.36 32.95

Table 3.5: Fission gas release (%) depending on the grain boundary threshold

The effect of the pressure threshold is significant but well within the error of

margin in the case of a fuel with a high burn-up, since their is enough gas produced

and reaching the boundaries to overcome the threshold. However, when the burn-

up and the linear power are lower, choosing a correct threshold appears to be

primordial. No gas at all is released by thermal mechanisms when the threshold is

set to 4 ·10−4 or higher, and all the release is due to athermal processes. From these

observations, it can be clearly stated that this parameter needs to be experimentally

defined.

3.3.2.5 Irradiation history

Although some of the previous correlations can have a huge impact on the results,

they can be improved by a lot of work. There is another set of information that

exist and should be systematically reported with the irradiation details, since no

amount of work can permit to fix the problem once the persons in charge of the

experiment are not in the picture anymore. For this reason, many tests from the

60s and the 70s are bound never to be reproduced in fuel performance codes, and a

huge knowledge is lost for this community.

Among the informations which are important and too often not reported are a

precise history of the linear power, including the axial power profile. Any under-

or over-estimation will necessarily have an impact on the results, since the fuel will

not be burnt to the correct amount.

3.3.3 Preliminary results

Keeping in mind everything that is before this section in chapter 3, one can only

picture the difficulties to have reliable results. Nothing even remotely close to a

final result has been reached, and in the case of the Battelle Memorial Institute

irradiations, not even preliminary results have been found, since the irradiation

history is so partially given. No results will be presented for the Russian experiments

either.

The results presented here are for the two types of pins of the JOYO irradiation

and the 4 pins of the JMTR irradiation. Everything is preliminary and subject to
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change, and is presented only so as to show the current success and failures of the

model.

• Burn-up

The burn-up is mainly decided by the linear power and the residence time of

the fuel. If the information provided are good enough, this model is robust

and gives the correct results. However, the burn-up given in papers is usually

taken at the center of the pin, and the one given by the fuel performance

code is integrated over the pin. It is therefore expected to be lower than the

experimental one, due to the peaking factor.

Case Exp Model

JMTR 1 35 28.5

JMTR 2 29 24.7

JMTR 3 45 38.4

JMTR 4 47 39.8

JOYO 1 37 37.2

JOYO 2 37 36.6

Table 3.6: Burn-up [GWd/tU]

• Fuel centerline temperature

The fuel centerline temperature is always useful to look at, since if correct, it

gives informations about the thermal conductivity of the fuel, the gap width

and the gap conductance.

Case Exp Model

JMTR 1 1770 1730

JMTR 2 1470 1495

JMTR 3 1710 1480

JMTR 4 1740 1755

JOYO 1 1970 2060

JOYO 2 1970 1760

Table 3.7: Max fuel centerline temperature [K]

• Fission gas release

The fission gas release is very closely related to the temperature. It is therefore

not surprising to observe that the overestimated temperature in JOYO-1 leads
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to a too high release, and inversely for JOYO-2. In table 3.8, the nomenclature

is the same as in section 2.4.2. No thermal release is observed in the pin with

a central hole (JMTR-2), and the reason still has to be found. It could be due

to the coolant circulating in the hole, lowering the temperature of the pin.

In general, one is satisfied when the fission gas release results are within a

factor two of the experimental results, since the uncertainty on the diffusion

coefficient is so huge. Except for JMTR-4, it is the case. The reason why the

prediction for this pin is so far off still have to be investigated and understood.

Case Exp RT RT+OP

JMTR 1 2.9 1.68 5.91

JMTR 2 1.8 0.00 1.70

JMTR 3 2.8 1.02 2.77

JMTR 4 1.7 6.57 7.62

JOYO 1 3.3 2.59 5.28

JOYO 2 5.2 1.58 3.27

Table 3.8: Fission gas release (%)





Chapter 4

Discussion and conclusions

Developing a fuel performance code with a reliable nitride model is a long and com-

plicated task. In this work, the thermo-mechanical properties of UN and (U,Pu)N

have been implemented in the fuel performance code TRANSURANUS. Similarly,

fuel-dependent models have been updated to accommodate nitride fuels. The limi-

tations of some of these correlations and models have been discussed, and the most

needed experimental validations stated.

Nitride fuels often have a high porosity, favoring the athermal release. With that

in mind, the traditional fixed empirical release is not satisfactory and a model based

on the open fabrication porosity has been developed and implemented in the code.

It has been tested on oxide fuels in a first step, in order to limit uncertainties coming

from other models. The results show that the previous results can be reproduced

without the need to use an empirical parameter. It should be seen as a base on

which to build, by adding physical bricks as they are needed, and therefore as the

very first step of the development of a mechanistic model.

The model was then applied for nitride fuels with more mitigated results. How-

ever, it is believed that the other modules are at fault, and that once enough exper-

imental or ab initio data to fix them has been produced, the open porosity fission

gas release model will work as fine as in oxide fuels. It has been shown that other

properties are not perfectly reproduced either, partially confirming this hypothesis.

The future work is not to do at the same scale. It is important to establish which

of the correlations that have been established, often in the 60s and 70s, are valuable

and which are not. New experiments should also take advantage of the theoretical

knowledge that has been gained since then to be designed in a way allowing for a

better parametrization of the equations. For instance, diffusion coefficients are now

known to be the sum of many coefficients, each representing a physical phenomenon.

The activation energy of each of these phenomena should be determined, instead of

a general, average one.

43
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Some work can also be done on the modelling side, especially in the ab initio

field. Robust methods to use the density functional theory with 5f electrons have

been developed and benchmarked since around 5 years, and continuing this work

will soon permit to access properties such as the elastic constant, the diffusion rate

of any element in UN, and even the thermal conductivity.



Bibliography

[1] John Deutch, Ernest Moniz, S Ansolabehere, M Driscoll, P Gray, J Holdren,

P Joskow, R Lester, and N Todreas. The future of nuclear power. an MIT

Interdisciplinary Study, http://web. mit. edu/nuclearpower, 2003.

[2] Youpeng Zhang. Transmutation of Americium in fast neutron facilities. PhD

thesis, KTH Royal Insitute of Technology, 2011.

[3] Quan Yin, Andrey Kutepov, Kristjan Haule, Gabriel Kotliar, Sergey Y

Savrasov, and Warren E Pickett. Electronic correlation and transport proper-

ties of nuclear fuel materials. Physical Review B, 84(19):195111, 2011.

[4] Bo Feng, Eugene Shwageraus, Benoit Forget, and Mujid S. Kazimi. Light

Water Breeding with Nitride Fuel. Progress in Nuclear Energy, 53(7):862 –

866, 2011.

[5] A.A. Bauer, J.B. Brown, E.O. Fromm, and V.W. Storhok. Mixed-nitride fuel

irradiation performance. In Fast reactor fuel element technology. Jan 1971.

[6] K. Lassmann. TRANSURANUS: a fuel rod analysis code ready for use. Journal

of Nuclear Materials, 188(0):295 – 302, 1992.

[7] P Van Uffelen, A Schubert, J Van de Laar, C Gyori, D Elenkov, S Boneva,

M Georgieva, S Georgiev, D Hozer, C Martens, et al. Verification of the

Transuranus fuel performance code-an overview. 2008.

[8] P Van Uffelen, A Schubert, C Gyeori, and J Van De Laar. The added value

of international benchmarks for fuel performance codes: an illustration on the

basis of TRANSURANUS. 2009.

[9] European Commission. TRANSURANUS handbook. Technical report, JRC-

ITU, 2014.

[10] Rodney J White. The development of grain-face porosity in irradiated oxide

fuel. Journal of nuclear materials, 325(1):61–77, 2004.

45



46 BIBLIOGRAPHY

[11] Paul Van Uffelen. Contribution to the modelling of fission gas release in light

water reactor fuel. PhD report, 2002.

[12] Amos S Newton. The fission of thorium with alpha-particles. Physical Review,

75(1):17, 1949.

[13] Janne Wallenius, Erdenechimeg Suvdantsetseg, and Andrei Fokau. ELECTRA:

European lead-cooled training reactor. Nuclear Technology, 177(3):303–313,

2012.

[14] George Julian Dienes and AC Damask. Radiation enhanced diffusion in solids.

Journal of Applied Physics, 29(12):1713–1721, 1958.

[15] Giovanni Pastore. Modelling of fission gas swelling and release in oxide nuclear

fuel and application to the TRANSURANUS code. PhD thesis, Italy, 2012.

[16] Giovanni Pastore, Lelio Luzzi, Valentino Di Marcello, and Paul Van Uffelen.

Physics-based modelling of fission gas swelling and release in UO2 applied to

integral fuel rod analysis. Nuclear Engineering and Design, 256:75–86, 2013.

[17] Yang Hyun Koo and Dong Seong Sohn. Development of a Mechanistic Fission

Gas Release Model for LWR UO − 2 Fuel Under Steady-State Conditions.

JOURNAL-KOREAN NUCLEAR SOCIETY, 28:229–246, 1996.

[18] DL Deforest. Transient fission-gas behavior in uranium nitride fuel under pro-

posed space applications. Doctoral thesis. Technical report, Air Force Inst. of

Tech., Wright-Patterson AFB, OH (United States), 1991.

[19] AH Booth. A method of calculating fission gas diffusion from UO2 fuel and its

application to the X-2-f loop test. Technical report, Atomic Energy of Canada

Limited, Chalk River, Ontario (Canada), 1957.

[20] K Forsberg and AR Massih. Diffusion theory of fission gas migration in irradi-

ated nuclear fuel UO2. Journal of nuclear materials, 135(2):140–148, 1985.

[21] Pekka Lösönen. Modelling intragranular fission gas release in irradiation of

sintered LWR UO2 fuel. Journal of nuclear materials, 304(1):29–49, 2002.

[22] MV Speight. A calculation on the migration of fission gas in material exhibiting

precipitation and re-solution of gas atoms under irradiation. Nucl. Sci. Eng,

37:180–185, 1969.

[23] Paul C Millett, Michael R Tonks, and SB Biner. Grain boundary percolation

modeling of fission gas release in oxide fuels. Journal of Nuclear Materials,

424(1):176–182, 2012.



BIBLIOGRAPHY 47

[24] Paul C Millett. Percolation on grain boundary networks: Application to fission

gas release in nuclear fuels. Computational materials science, 53(1):31–36, 2012.

[25] JA Turnbull, RJ White, and C Wise. The diffusion coefficient for fission gas

atoms in uranium dioxide. In Water reactor fuel element computer modelling

in steady state, transient and accident conditions. IAEA, 1989.

[26] Bo Feng, Aydın Karahan, and Mujid S Kazimi. Steady-state fuel behavior

modeling of nitride fuels in FRAPCON-EP. Journal of Nuclear Materials,

427(1):30–38, 2012.

[27] Kun Woo Song, Keon Sik Kim, Young Min Kim, Ki Won Kang, and Youn Ho

Jung. Reduction of the open porosity of UO2 pellets through pore structure

control. Journal of Nuclear Materials, 279(2-3):253 – 258, 2000.

[28] Private communication with K. Johnson.

[29] ”Fuel Modelling at extended burnup”, Report of the Co-ordinated Research

Programme on Fuel Modelling at Extended Burnup - FUMEX 1993 - 1996.

Technical Report IAEA-TECDOC-998, IAEA.

[30] JF Babelot and N Chauvin. Joint CEA/ITU synthesis report of the experiment

SUPERFACT 1. ITU Report, JRC-ITU-TN-99/03, 1999.

[31] CT Walker and G Nicolaou. Transmutation of neptunium and americium in a

fast neutron flux: EPMA results and KORIGEN predictions for the superfact

fuels. Journal of nuclear materials, 218(2):129–138, 1995.

[32] Hj Matzke. Gas release mechanisms in UO2 - a critical review. Radiation

Effects, 53(3-4):219–242, 1980.

[33] V Bouineau, M Lainet, N Chauvin, M Pelletier, V Di Marcello, P Van Uffelen,

and C Walker. Assessment of SFR fuel pin performance codes under advanced

fuel for minor actinide transmutation. Technical report, American Nuclear

Society, 555 North Kensington Avenue, La Grange Park, IL 60526 (United

States), 2013.

[34] SL Hayes, JK Thomas, and KL Peddicord. Material property correlations for

uranium mononitride: I. Physical properties. Journal of nuclear materials,

171(2):262–270, 1990.

[35] Roger Thetford and Mike Mignanelli. The chemistry and physics of modelling

nitride fuels for transmutation. Journal of nuclear materials, 320(1):44–53,

2003.



48 BIBLIOGRAPHY

[36] William Carmack and Richard Moore. Nitride Fuel Modeling. Technical report,

Idaho National Laboratory, 2005.

[37] L Zabudko. MATINE-Study of Minor Actinide Transmutation in Nitrides:

Modeling and Measurements of Out-of-pile Properties. Technical report, Tech.

Rep., FSUE, ISTC Project, 2006.

[38] Yeon Soo Kim and GL Hofman. AAA fuels handbook. United States. Depart-

ment of Energy, 2003.

[39] Tagawa Hiroaki. Phase relations and thermodynamic properties of the

uranium-nitrogen system. Journal of Nuclear Materials, 51(1):78 – 89, 1974.

[40] Tsuneo Matsui and RW Ohse. An assessment of the thermodynamic properties

of uranium nitride, plutonium nitride and uranium-plutonium mixed nitride.

Technical report, Commission of the European Communities, Karlsruhe (Ger-

many, FR). European Inst. for Transuranium elements, 1986.

[41] Tadasumi Muromura. Effect of oxygen and carbon impurities on lattice pa-

rameter of PuN. Journal of Nuclear Science and Technology, 19(10):852–854,

1982.

[42] U Benedict. The solubility of solid fission products in carbides and nitrides

of uranium and plutonium (part 2, solubility rules based on lattice parameter

differences). 1977.

[43] MA DeCrescente, MS Freed, and SD Caplow. Uranium Nitride Fuel Develop-

ment SNAP-50. Rep. PWAC-488, Pratt & Whitney Aircraft, 1963.

[44] Edward O Speidel and Donald L Keller. Fabrication and properties of hot-

pressed uranium mononitride. Technical report, Battelle Memorial Inst.,

Columbus, Ohio, 1963.

[45] Hubert Blank. Nonoxide Ceramic Nuclear Fuels. Wiley-VCH Verlag GmbH &

Co. KGaA, 2006.

[46] Constantin Politis. Zur thermischen Gitterdilatation einiger Übergangsmetal-

lverbindungen. PhD thesis, Ges. f. Kernforschung mbH, 1975.

[47] YS Touloukian, RK Kirby, RE Taylor, and PD Desai. Thermophysical Proper-

ties of Matter-the TPRC Data Series. Volume 12. Thermal Expansion Metallic

Elements and Alloys. Technical report, DTIC Document, 1975.



BIBLIOGRAPHY 49

[48] Masahide Takano, Mitsuo Akabori, Yasuo Arai, and Kazuo Minato. Lattice

thermal expansions of NpN, PuN and AmN. Journal of Nuclear Materials,

376(1):114–118, 2008.

[49] Tatiana Iakovlevna Kosolapova. Handbook of high temperature compounds:

properties, production, applications. CRC Press, 1990.

[50] MC Billone, VZ Jankus, JM Kramer, and CI Yang. Progress in modeling car-

bide and nitride fuel performance in advanced LMFBRs. In Advanced LMFBR

fuels. 1977.

[51] SL Hayes, JK Thomas, and KL Peddicord. Material property correlations for

uranium mononitride: II. Mechanical properties. Journal of nuclear materials,

171(2):271–288, 1990.

[52] Mohamed S El-Genk, Steven B Ross, and R Bruce Matthews. Uranium nitride

fuel swelling and thermal conductivity correlations. In Space Nuclear Power

Systems, volume 1, pages 313–317, 1987.

[53] A Sheth and L Leibowitz. Equation-of-state for advanced fuels. Technical

report, Argonne National Lab., Ill.(USA), 1974.

[54] ABG Washington. Preferred values for the thermal conductivity of sintered

ceramic fuel for fast reactor use. Technical report, UKAEA Reactor Group,

Risley, 1973.

[55] Steven B Ross, Mohamed S El-Genk, and R Bruce Matthews. Thermal con-

ductivity correlation for uranium nitride fuel between 10 and 1923 K. Journal

of nuclear materials, 151(3):318–326, 1988.

[56] JP Moore, W Fulkerson, and DL McElroy. Thermal Conductivity, Electrical

Resistivity, and Seebeck Coefficient of Uranium Mononitride. Journal of the

American Ceramic Society, 53(2):76–82, 1970.

[57] Roy W Endebrock, EL Foster Jr, and Donald L Keller. Preparation and Prop-

erties of Cast UN. Technical report, Battelle Memorial Inst., Columbus, Ohio,

1964.

[58] Y Arai, Y Suzuki, T Iwai, and T Ohmichi. Dependence of the thermal con-

ductivity of (U,Pu)N on porosity and plutonium content. Journal of nuclear

materials, 195(1):37–43, 1992.

[59] BD Rogozkin, NM Stepennova, and AA Proshkin. Mononitride fuel for fast

reactors. Atomic Energy, 95(3):624–636, 2003.



50 BIBLIOGRAPHY

[60] Private communication with M. Pukari.

[61] KL Peddicord, ME Cunningham, and A Tripathi. Porosity correction to ther-

mal conductivity based on analytical temperature solutions. Trans. Am. Nucl.

Soc.;(United States), 28, 1978.

[62] M Inoue, T Iwai, Y Arai, and T Asaga. Irradiation performance of uranium–

plutonium mixed nitride fuel pins in JOYO. In Proceeding of the Global 2003

Conference (New Orlans, USA, 16-20 November 2003), page 794, 2003.

[63] Tsuyoshi Nishi, Masahide Takano, Akinori Itoh, Mitsuo Akabori, Kazuo Mi-

nato, and Minoru Kizaki. Thermal diffusivity of Americium mononitride from

373 to 1473K. Journal of nuclear materials, 355(1):114–118, 2006.

[64] CE Johnson. Thermophysical and Mechanical Properties of Advanced Carbide

and Nitride Fuels. ANL AFP-27, Argonne National Laboratory, 1976.

[65] Franklin L Oetting and James M Leitnaker. The chemical thermodynamic

properties of nuclear materials I. uranium mononitride. The Journal of Chem-

ical Thermodynamics, 4(2):199–211, 1972.

[66] JF Counsell, RM Dell, and JF Martin. Thermodynamic properties of ura-
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Appendix A

Cross sections

Element
Thermal fission XS [b]

2% U 5% U 10% U 20% U 5% Pu 10% Pu 20% Pu

U-233 63.665 40.266 27.701 18.693 26.670 19.967 14.863
U-234 0.451 0.499 0.535 0.575 0.525 0.561 0.590
U-235 51.614 27.817 16.287 9.424 15.365 10.267 7.365
U-236 0.297 0.317 0.327 0.331 0.332 0.342 0.341
U-237 1.730 1.730 1.654 1.529 1.776 1.720 1.589
U-238 0.090 0.100 0.109 0.119 0.108 0.117 0.124
U-239 2.500 1.300 0.827 0.606 0.823 0.618 0.523
Np-237 0.471 0.526 0.567 0.613 0.555 0.595 0.629
Np-238 181.763 96.257 55.004 30.469 49.490 30.180 19.034
Np-239 0.556 0.622 0.671 0.725 0.659 0.702 0.741
Pu-238 2.792 2.309 2.108 2.003 2.103 2.043 1.995
Pu-239 134.947 77.738 45.337 23.685 29.215 15.828 8.943
Pu-240 0.576 0.628 0.661 0.693 0.611 0.649 0.682
Pu-241 136.588 75.137 43.337 24.004 34.895 21.447 14.000
Pu-242 0.411 0.459 0.495 0.536 0.484 0.519 0.549
Pu-243 27.996 20.251 15.513 11.369 16.097 13.011 9.952
Am-241 1.549 1.259 1.053 0.892 0.885 0.800 0.748
Am-242 765.573 384.038 198.709 92.632 163.018 82.725 42.147
Am-243 0.409 0.447 0.471 0.497 0.465 0.489 0.506
Am-244 244.058 131.844 76.012 41.740 66.186 39.993 24.771
Cu-242 1.341 1.210 1.158 1.138 1.143 1.144 1.143
Cu-243 92.819 64.048 46.871 32.796 45.639 35.194 26.189
Cu-244 0.888 0.932 0.954 0.967 0.940 0.946 0.938
Cu-245 151.872 78.732 44.892 25.537 42.810 29.975 17.797

Table A.1: Fission cross sections [b]
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Element
Thermal capture XS [b]

2% U 5% U 10% U 20% U 5% Pu 10% Pu 20% Pu

U-233 7.687 5.398 4.021 2.871 4.023 3.183 2.415
U-234 22.961 18.995 15.839 12.674 17.106 15.162 12.638
U-235 11.159 6.929 4.649 3.050 4.977 3.931 3.149
U-236 8.702 8.468 7.870 6.640 8.581 7.946 6.655
U-237 59.844 41.655 30.921 21.819 31.966 24.824 17.873
U-238 0.845 0.762 0.708 0.654 0.769 0.700 0.666
U-239 9.359 0.771 6.629 5.434 7.127 6.191 5.056
Np-237 37.990 29.047 22.504 16.065 22.009 17.071 12.450
Np-238 18.400 9.829 5.600 3.170 5.132 3.170 2.014
Np-239 17.894 14.651 12.336 9.946 13.193 11.604 9.730
Pu-238 38.135 19.145 10.590 5.885 10.228 6.358 4.421
Pu-239 76.095 45.321 26.915 14.070 16.260 8.709 4.746
Pu-240 240.531 210.907 166.003 109.101 32.832 18.264 9.669
Pu-241 49.917 27.757 16.059 8.619 12.009 7.006 4.227
Pu-242 30.204 29.122 26.306 21.531 15.592 9.829 5.795
Pu-243 13.613 9.843 7.527 5.487 7.824 6.309 4.800
Am-241 152.924 102.729 68.755 41.058 50.091 35.514 20.208
Am-242 147.545 73.268 37.339 16.970 30.561 15.122 7.446
Am-243 52.230 47.687 40.953 31.683 40.527 32.304 22.893
Am-244 62.233 33.493 19.239 10.521 16.773 10.090 6.218
Cu-242 4.183 3.585 3.156 2.634 3.355 3.046 2.637
Cu-243 14.748 9.391 6.490 4.348 6.432 4.828 3.552
Cu-244 15.630 15.271 14.163 12.057 13.376 10.659 7.810
Cu-245 23.264 11.698 6.507 3.668 6.354 3.980 2.658

Table A.2: Capture cross sections [b]
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Element
Fast fission XS [b]

5% Pu 10% Pu 20% Pu

U-233 3.152 2.641 2.460
U-234 0.277 0.308 0.354
U-235 2.238 1.807 1.659
U-236 0.089 0.093 0.111
U-237 0.975 0.922 0.907
U-238 0.035 0.037 0.045
U-239 0.547 0.541 0.527
Np-237 0.281 0.313 0.364
Np-238 3.960 3.398 3.113
Np-239 0.408 0.466 0.531
Pu-238 1.305 1.195 1.204
Pu-239 1.998 1.748 1.687
Pu-240 0.346 0.371 0.419
Pu-241 2.989 2.430 2.232
Pu-242 0.239 0.263 0.306
Pu-243 1.103 0.831 0.756
Am-241 0.241 0.256 0.301
Am-242 3.710 3.037 2.782
Am-243 0.175 0.185 0.220
Am-244 3.812 3.095 2.823
Cu-242 0.614 0.620 0.667
Cu-243 3.884 3.208 2.954
Cu-244 0.382 0.411 0.470
Cu-245 3.273 2.637 2.412

Table A.3: Fission cross sections [b]
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Element
Fast capture XS [b]

5% Pu 10% Pu 20% Pu

U-233 0.318 0.249 0.222
U-234 0.832 0.568 0.461
U-235 0.721 0.504 0.434
U-236 0.612 0.404 0.332
U-237 0.970 0.589 0.444
U-238 0.318 0.249 0.221
U-239 0.897 0.597 0.490
Np-237 2.085 1.458 1.218
Np-238 0.252 0.160 0.129
Np-239 2.558 1.760 1.457
Pu-238 0.751 0.499 0.413
Pu-239 0.733 0.444 0.350
Pu-240 0.742 0.472 0.382
Pu-241 0.625 0.450 0.386
Pu-242 0.697 0.459 0.372
Pu-243 0.555 0.366 0.295
Am-241 2.359 1.715 1.456
Am-242 0.613 0.463 0.400
Am-243 2.246 1.575 1.304
Am-244 0.967 0.812 0.753
Cu-242 0.658 0.428 0.346
Cu-243 0.423 0.270 0.212
Cu-244 1.139 0.808 0.681
Cu-245 0.658 0.491 0.425

Table A.4: Capture cross sections [b]


