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ABSTRAKT 

Tato práce se zabývá oblastí kompozitních jaderných paliv založených na UO2. V práci je 
vyjmenováno několik materiálů vhodných jako aditivum ty jsou srovnány z několika různých 
hledisek. Byla vybrána kombinace UO2 + SiC pro detailní analýzu. Bylo zjištěno, že tato kombinace 
vykazuje dobré parametry v průběhu normálního provozu. Uvolňování plynných produktů štěpení je 
nižší společně s tepelně-mechanickým namáháním. Nicméně, je potřeba vyvinout nové modely 
chování kompozitních paliva. Analýza havárie blézké typu LOCA ukazuje,   že palivo UO2 + SiC 
vykazuje poněkud lepší parametry ve srovnání s UO2. Centrální teplota je nižší a mechanické 
namáhání je rovněž nižší. Na druhou stranu, analýza RIA havárie ukázala možné potíže. Například, 
zvýšená tepelná vodivost byla pravděpodobným důvodem zvýšené maximální teploty pokrytí a 
umocněné krize varu. Toto zjištění se pravděpodobně týká všech paliv založených UO2, které mají 
zvýšenou tepelnou vodivost pomocí dopantů. 

Tato práce byla podpořena projektem CANUT, reg. č. 2012TE01020455. 
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ABSTRACT 

This work deals with the domain of composite fuels based on standard UO2. Several candidate 
materials for dopants are listed in the work and they are compared from different points of view. 
The UO2 + SiC fuel option is selected for detail analysis. It was found that this fuel option shows 
good behavior during steady state operation. The Fission Gas Release is lower together with 
mechanical load. Nevertheless, new models of the composite behavior need to be developed. The 
analysis of LOCA-type accident reveals that the UO2 + SiC fuel option shows slightly better behavior 
compared with UO2. The fuel centerline temperatures is lower and the mechanical loading is lower 
as well. On the other hand, the analysis of RIA accident revealed possible issues. For example, the 
increased thermal conductivity was likely the root of higher peak cladding temperature and 
consequent increased departure from nucleate boiling. This finding is very likely to be find by all 
UO2 based fuels with thermal conductivity increased by dopant. 

The work was supported by the CANUT project, reg. No. 2012TE01020455. 
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1 Introduction

1.1 Aims of the thesis
The necessity of safe operation of nuclear reactor forces the nuclear power industry
to utilize all the means which are usable for higher safety of reactor operation. This
work focuses on the most basic part of the nuclear reactor - the nuclear fuel itself. By
influencing its basic mechanical properties, one can reach significant improvements
in reactor operation and mitigate accident consequences. This is why this work deals
with the concept of the composite nuclear fuel which is based on the standard UO2

fuel by addition of small fraction of second phase.
In this thesis, this concept was selected for a simple reason. Most of the proper-

ties of such kind of fuel can be estimated from the known properties of UO2 which
are corrected for the influence of the secondary fraction. This work assesses selected
composite fuel from different points of view and estimates the influence on opera-
tional and accidental parameters. The following lines also provides details on how
the assessment was done throughout this work.

This first chapter provides the general information. First, the operational states
of nuclear reactor are presented. This is followed by the summary of how the nuclear
fuel pellet behaves during normal burnup conditions. After that the concept of such
called Accident Tolerant Fuels (ATF) is introduced and the main representatives
of this section are mentioned. This type of fuel should pose improved behavior
during the operational and accidental conditions.

Second chapter provides mainly the theoretical background for the third com-
putational analysis chapter. At first, the thermal conductivity mathematical mod-
els of composite systems are deeply introduced since their knowledge is crucial for
thermal behavior analysis. After that, the individual candidate material are intro-
duced which are considered as potential additives into the UO2 matrix. Such a UO2

fuel containing larger fractions of additives is referred as composite fuel within this
work. The next part of the second chapter is dedicated to models usable for mod-
elling the thermal conductivity degradation of individual candidate materials under
neutron irradiation. Material property models are listed in the last subchapter.

The third chapter is dedicated to computational analysis of composite fuel op-
tions. At first, the individual candidate composite fuels are compared using the
UWB neutronic code and other simple methods. After that, one representative fuel
option is selected for more detail analysis using the RELAP5 and FEMAXI6 codes.
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The fourth chapter gives a short introduction of codes (RELAP5, FEMAXI6,
UWB, and TRANSURANUS) used for the composite fuel behavior analysis.

The fifth chapter focuses on the behavior of the selected option of the composite
nuclear fuel during normal operation. The FEMAXI6 code was verified by com-
parison of its modeling results with results of other codes at first. After that, the
code was modified by implementing material models of second phase. A sensitivity
study was performed using this modified code in order to see its influence on selected
operational parameters.

The sixth chapter investigates the influence of the second phase on the mitigation
of LOCA-type accident. The PSB-VVER model and RELAP5 code were utilized
for this study in the first step. The influence on macroscopic parameters of changed
thermal conductivity and specific heat was investigated. Next, the simulation results
in the form of cladding surface temperature were used as the boundary condition
for microscopic fuel analysis performed by the modified FEMAXI6 code.

The analytical part is finished by the RIA analysis of the selected composite
in the chapter number seven. This work has been done in cooperation with NRC
Řež. Here, the TRANSURANUS code has been utilized for the analysis of the stan-
dard and composite nuclear fuel at different burnups. This chapter predicts very
interesting behaviour of the standard fuel compared that composite one.

The last chapter summarises the results and conclusions drawn in individual
chapters. General conclusions and recommendations are presented here as the main
contribution of this work. There is now appendix in this work.

There are two versions of this PhD. thesis. The first one is confidental and
contains all the data and modelling details. The second non-confidental version does
not contain the detail information about the SiC thermal conductivity degradation
model and about the RIA analysis results.

1.2 Burnup effects in nuclear fuels
The information given in this subchapter is mainly based on the lecture dedicated
to nuclear fuel behavior during burnup which was given by Mr. Druenne within
the BNEN course Safety of Nuclear Power Plants provided by the SCK-CEN [1].
Another great source of information was the famous book of Olander Fundamental
aspects of nuclear fuel elements [2].

During the burnup, the nuclear fuel undergoes a strong change in the sense
of structural integrity, chemical composition, and physical properties. The main
fuel behavior phenomena are briefly listed here because they are then investigated
in the second practical part of this work. The emphasis is put on the thermal
conductivity behavior since it is of the main interest of this work. On the other
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hand, the interaction with cladding is omitted in this subchapter since this work is
limited on the fuel (pellet) behavior only.

First, the nuclear fuel is typically loaded with very high linear heat generation
rate (LHGR). For instance in the case of VVER-1000 TVSA-T, the peak LHGR can
reach up to 448 W/cm. The heat generated by fission is distributed along the pellet
radii depending on the state of nuclear fuel (influence of plutonium content, self-
shielding etc.) but for simplicity, a uniform volumetric heat generation is assumed.
Starting from the general equation of heat conduction:

∂(ρcT )
∂t

= ∇ · (λ∇T ) + Q, (1.1)

where ρ is the density, c is the heat capacity, T is the temperature and λ is
the thermal conductivity, the famous general equation of temperature profile can be
derived:

∫ T

T0
λ(T )dT = ql

4π

(
1 − r2

r2
u

)
. (1.2)

Here, λ(T ) is the temperature dependent thermal conductivity which is inte-
grated from reference temperature T0 to the temperature T at the radial coordinate
r. The ql is the linear heat generation rate (LHGR) and ru is the fuel pellet radius.
The temperature T is usually found numerically for specific radial ratio on the right
side of the equation.

If the equation of temperature profile is presented in the form of eq. 1.2, the axial
heat conduction is neglected, the fuel is in steady state, and the heat is generated
uniformly within the whole pellet volume. Next, this equation neglects the self-
shielding effect as well, but, for low enriched fuel, its temperature prediction differs
very slightly when the self-shielding effect is not neglected [3].

It is apparent, that the central temperature within the fuel pellet is depen-
dent on the LHGR and thermal conductivity only. It can be seen from Figure 1.1
how the LHGR influences the centerline temperature. The temperature profile has
the parabolic shape causing high centerline temperatures. So, in the case of UO2

fuel, a risk of fuel melting can be significant.
The second factor having the influence on the centerline temperature is the ther-

mal conductivity. The model of the UO2 thermal conductivity consists of phonon
and electronic terms, as depicted in Figure 1.2. The phonon term represents the phonons
- virtual quasi-particles carrying the heat within the solid which behave like an ideal
gas. Another interpretation of the phonon theory is that phonons are simply lattice
vibrations travelling through the lattice as waves [4].
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Fig. 1.1: Temperature profile in a fuel pellet calculated for different LHGR [1]

The phonon thermal conductivity in solids (λp) can be expressed by:

λp = 1
3

ρCvuλ, (1.3)

where the Cv is the heat capacity at the constant volume, u is the phonon velocity,
and λ is the phonon mean free path between collisions, defined as:

λ = 1
A + B · T

. (1.4)

The A term represents the phonon scattering cross section added by impurities
and B is the term representing the influence of temperature T and phonon-phonon

Fig. 1.2: Components of UO2 thermal
conductivity (from [1], modified)

Fig. 1.3: Degradation of UO2 thermal
conductivity as measured at Halden [4]
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Fig. 1.4: Pellet internal stresses and the resulting pellet cracking

scattering. The thermal conductivity of UO2 is very low due to the large phonon-
phonon scattering which is due to the anharmonic components of crystal vibrations.
As there is a large mass difference between U and O atoms, the lattice anharmonicity
is consequently very large [2] and (Pu/U)O2 pose the lowest thermal conductivity
among other oxides. Next, the A is additionally increased by non-stoichiometry,
presence of fission products, irradiation induced defects, porosity, and burnable ab-
sorbers within the lattice. The thermal conductivity degradation caused by burnup
is depicted in Figure 1.3.

The second electrical term in Figure 1.2 is linked to electrical conductivity where
the heat carriers are especially the electrons and then the holes, but this process is
effective at higher temperatures only (>1500 ◦C).

Due to the steep temperature gradient within the pellet, the pellet is subjected to
very high internal stress. Figure 1.4 shows the radial σr, axial σa, and circumferential
σθ stresses acting during the hot full-power state of the reactor.

One can see, that whereas the interior of the fuel pellet is loaded by pressure,
the surface is exhibited to tension. As a result of this tension state, the pellet cracks
in a specific way. The zero-stress line is indicated by red curves and it is clearly
visible in the figure on the far right that circular cracks are formed. Another influence
resulting from the stress conditions is the pellet takes the shape of hourglass, as
indicated in Figure 1.4.

Swelling and densification are the two processes related to the fuel pellet dimen-
sions. The fresh pellet contains typically 5 % porosity which is intentionally left to
accommodate the fission gasses and thus limit the pellet swelling. Pores which are
smaller than approx. 1 µm disappear due to the radiation effect. As a consequence,
the pellet shrinks about 0.5 % at the beginning of the fuel cycle (this is so called
densification process). The pellet swelling works towards the densification process.
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As the uranium atom splits in two fission products, the matrix has to accommodate
the higher number of atoms. The solid fission products remain within the crystalline
structure but the gaseous fission products (especially Xe and Kr) are not soluble.
They either coalesce and form intragranular bubbles inside the grains or diffuse to
grain boundaries and form intergranular bubbles between the grains [1].

The fission gas release (FGR) is another consequence of the intergranular bubble
formation. In the case of athermal FGR, gaseous fission products escape directly
through the free surface to the free volume. Another option is that the gas migrates
from the intergranular bubbles along the grain boundary to free surface of the pellet
and after that escapes from the pellet to the free volume. If so, the phenomenom is
called thermal FGR and this type of FGR depends also on temperature and burnup.
Both these phenomena increase the internal pin pressure. Too large internal pin
pressure can cause the pellet-cladding gap reopening or clad collapse. This is why
the FGR is of big importance for the safety operation of nuclear reactor.

1.3 The concept of accident resistant fuels: objec-
tives and options

Since 2011, when the Fukushima accident happened, the R&D of ATF has gone
through substantial progress. More money and scientific effort has been invested in
order to enhance the reactor safety during normal operation and accidents. This
means that new fuel concepts are under investigation in terms of new types of fuel
matrix, claddings and their methods of production. Several main streams of ATF
research can be identified nowadays: 1) modification of the current standard UO2

fuel matrix, 2) development of new types of nuclear fuel matrix, 3) modification
of the current Zr based cladding, 4) development of new types of cladding.

During the normal operation and accidental conditions, the new types of nuclear
fuel matrix should pose at least comparable or even better operational and safety pa-
rameters (for example: lower fuel operating temperature, minimized fuel relocation,
higher fuel melt temperature etc.). The main objective in cladding research is to
improve the resistance to steam oxidation and to increase fission products retention
especially above 1200 ◦C [5, 6, 7]. The US DOE plans to put these into commerce
operation during the year 2022.

Within this subchapter, these concepts will be shortly introduced in order to
provide a brief overview in this field.
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1.3.1 Modification of the standard uranium dioxide matrix
Even before the Fukushima accident, the concept of UO2 matrix modification was
investigated in several ways. The main interest was to enhance the thermal con-
ductivity of the fuel. This improvement is expected to mitigate the consequences
of the Beyond Design Basis Accident (BDBA) since the enhanced thermal con-
ductivity decreases the temperature profile within the fuel pellet and thus reduces
the accumulated heat.

One of the possible ways is the modification of the UO2 grain size when the fuel
with larger grains leads to higher thermal conductivity. Another more progressive
way seemed to be adding second phase particles within the UO2 matrix. The second
phase particles should have favorable neutronic properties, like e.g. low neutron
absorption, and high thermal conductivity. Several candidate materials were found
which are discussed in subchapter 2.2 in detail. The impact of such kind of fuel on
double end guillotine LOCA (Loss of Coolant Accident) is investigated e.g. in [8].

In the early phase of LOCA accident, the thermal energy is released into the core
causing a prompt increase in the core coolant temperature. Reference [8] investi-
gates solely the influence of the fuel thermal conductivity on this phenomenon. This
simulation has been done for the case of Westinghouse 4-loop reactor design with
80% LBLOCA (double-ended guillotine break in cold leg). Figure 1.5 depicts the sit-
uation after the break occurrence. There are distinct differences in fuel centerline
temperature and peak cladding temperature for three types of fuel with different
thermal conductivity. Beside the positive effect of decreasing centerline tempera-
tures, the break transient shortens also with increasing fuel thermal conductivity.
The latter effect can be also accounted to the fact that lower amount of accumulated
thermal energy needs shorter time to be evacuated from the core.

Fig. 1.5: Fuel and cladding temperatures of PWR during double end guillotine break
LOCA with nominal and increased thermal conductivity (depicted as k) [8]
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1.3.2 New concepts of nuclear fuels
Here, the U3Si2 is introduced as one of the new fuel options under consideration
by Westinghouse company. Basically, this concept is not totally new, Uranium
Silicide fuel option was found to be investigated in the late fifties and early sixties as
the part of the advanced fuel development program for the sodium graphite reactors
[9]. This concept was taken into consideration since it provides higher uranium
density and thermal conductivity than that of standard UO2 fuel. On the other
hand, the melting temperature is lower compared to UO2. Another option is to
mix the U3Si2 with another fuel type - UN. The resulting UN-U3Si2 fuel provides
higher thermal conductivity, fuel density and water resistance which is insufficient
in the case of UN fuel [10, 11].

Another interesting option being investigated by ORNL is the Fully Ceramic
Micro-encapsulated (FCM) fuel concept [6]. Here, the experience with TRISO par-
ticles is transferred to LWR technology and the UN fuel seems to be promising in
this concept as well. But apart from TRISO particles which have a spherical shape,
in the ATF concept, the highly enriched UN particles are confined within SiC matrix
which has the shape of standard UO2 pellet and works as another barrier retaining
fission products. This type of fuel also shows good oxidation resistance versus zir-
conium alloy cladding. But here, the neutronic properties seem to be a big issue.
The high enrichment and reduced self-shielding within the fuel impacts the excess
reactivity in fresh fuel which requires very high burnable absorbers loading [11].

1.3.3 Modification of the current Zr cladding
The modification of the current Zr cladding consists of application of thin layer
on the outer surface of fuel pin. The main aim is to improve the corrosion and
oxidation resistance especially above 1200 ◦C when the chemical reaction producing
hydrogen occurs. At the same time, the influence on thin coating layer on Zr cladding
properties and reactor physics is minimal.

The chromium-based coating (Cr, CrAl, CrN) is investigated most widely. The ad-
vantage of this approach is that it not only reduces the oxidation rate, but irradia-
tion stability (CrN), reduction in cladding ballooning during LOCA and resistance
to cladding post-quench ductility loss were reported [12]. Reference [12] evaluates
the Cr based coating as the most promising among others and this concept is sup-
ported by AREVA (Framatome nowadays) as well [13].

On the other hand, the diamond coating proposed by the Czech Technical Uni-
versity in Prague is not mentioned in this reference. The diamond has an excellent
thermal conductivity and chemical stability. Currently, the this type of cladding
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coating is loaded into the Halden reactor for irradiation stability test and the data
are expected to be analyzed afterwards [14].

1.3.4 New concepts of fuel cladding
Several options like stainless steel, FeCrAl, Mo based cladding are being investigated.
But the SiC cladding seems to be the most promising option according to [5]. SiC
provides good neutron transparency and the chemical compatibility between UO2

and SiC is well below 1500 K. The SiC/SiC composite cladding (SiC fibers embedded
within SiC body) is considered as superior to SiC cladding since it offers better
mechanical properties [15]. From the commercial point of view, this is the second
concept being supported by AREVA. The challenges here are the SiC dissolution
in high temperature, high pressure water and the potential for radionuclide release
due to microcracking [12]. AREVA currently conducts irradiation of the Zr coated
cladding and SiC/SiC composite in Goesgen reactor in Switzerland [13].

According to [12], the FeCrAl assures high steam oxidation resistance up to
1500 ◦C and the corrosion under water conditions should be minimal as well. The me-
chanical properties under neutron irradiation are good at least up to fluence of 15 dpa
and the mechanical properties can be enhanced by adoption of its ODS variant. On
the other hand, owing to its chemical composition, the neutron absorption is higher
compared to Zr based cladding. Additionaly, there is a potential for increased dif-
fusion of hydrogen from fuel across the cladding to coolant. Normally, the hydrogen
is absorbed by Zr, but the BCC structure of the FeCrAl allows this process and this
process must be further understand.

23



2 Overview of the models and background
information

2.1 Thermal conductivity models of composites and
their application in nuclear fuel modelling

2.1.1 Basic models of thermal conductivity of composites
In general, the analytical models for calculation the thermal conductivity of com-
posites (TCC) are based on the former work focused on the calculation of electro-
magnetic field in composite materials. The first pioneer research was conducted
by J. C. Maxwell. In his famous work A Treatise on Electricity and Magnetism,
the first model of electrical conductivity for material containing heterogeneous par-
ticles was proposed. Because there is a strong analogy between electromagnetic and
heat quantities, the results of his research could have been reused in the theory
of heat conduction.

Today, there is a plenty of models which can be used for prediction of TCC.
Many of them are listed in [16]. Starting from reference [17], there are five funda-
mental models on which all other models are based:

Parallel Model (Voigt Model) - λ1 is first phase, λ2 is second phase, f1 is volu-
metric share of first phase and f2 = 1 − f1 is the volumetric of the second phase:

λ = f1λ1 + f2λ2, (2.1)

Maxwell-Eucken Model (ME1) - λ1 is continuous phase, λ2 is dispersed phase:

λ =
f1λ1 + f2λ2

3λ1
2λ1+λ2

λ1 + λ2
3λ1

2λ1+λ2

, (2.2)

Effective Medium Theory (EMT):

f1
λ1 − λ

λ1 + 2λ
+ f2

λ2 − λ

λ2 + 2λ
= 0, (2.3)

Maxwell-Eucken Model (ME2) - λ1 is dispersed phase, λ2 is continuous phase:

λ =
f2λ2 + f1λ1

3λ2
2λ2+λ1

λ2 + λ1
3λ2

2λ2+λ1

, (2.4)

Series Model:
λ = 1

f1
λ1

+ f2
λ2

. (2.5)
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Each model presented by equations 2.1-2.5 is related to different microstructure.
The corresponding microstructures are depicted in Figure 2.1. The heat flux flowing
through the microstructures in this figure is assumed in the vertical direction.

Fig. 2.1: Schematic overview of the structure of the five basic models (from [18],
modified)

The Parallel model and the Series model are based on the rheological models
of viscous materials. In the case that the matrix is a poor conductor and the additive
is an excellent conductor, the Parallel model gives the highest values of composite’s
thermal conductivity and, in turn, the Series model gives the lowest values of com-
posite’s thermal conductivity. These models can be also derived using the resistance
analogy from the field of electrical circuits.

The Maxwell-Eucken model (eqs. 2.2 and 2.4) is assumed that the second phase
is randomly dispersed and fully embedded within the matrix. Moreover, this model
can be found in more forms in the literature. For example, in the case of equation 2.2,
following forms are possible [19]:

λ − λ1

λ + 2λ1
= f2

λ2 − λ1

λ2 + 2λ1
, (2.6)

λ
λ1

− 1
λ
λ1

+ 2
= f2

λ2
λ1

− 1
λ2
λ1

+ 2
, (2.7)

λ = λ1
2λ1 + λ2 − 2f2(λ1 − λ2)
2λ1 + λ2 + f2(λ1 − λ2)

, (2.8)
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λ = λ1

1 + 2f2
1− λ1

λ2
2λ1
λ2

+1

1 − f2
1− λ1

λ2
2 2λ1

λ2
+1

. (2.9)

Further, equation 2.2 can be simplified and used in practical applications. Some
simplifications are presented here.

In the case of porous material with non-conductive pores, the equation 2.2 can
be simplified to the form:

λ = λ1
1 − f2

1 + f2
2

. (2.10)

In the case of powder composite (for example the green body prepared for sin-
tering), the matrix is non-conductive. The equation 2.2 takes the following form:

λ = λ1
1 + 2f2

1 − f2
. (2.11)

If there is more than one secondary phase within the matrix, the equation 2.2
can be expanded to the form:

λ = λ1
1 −∑

i fi
λ1−λi

2λ1+λi

1 +∑
i fi

λ1−λi

2λ1+λi

. (2.12)

The EMT model was derived in 1935 by Bruggeman and sometimes is referred
as the Böttcher model. It is the last fundamental model of possible composite
microstructure. Its description, however, may be somewhat confusing. The EMT
model represents a structure in which both phases (matrix and additive) can be
in both forms - continuous and dispersed. At lower concentrations, the additive
forms isolated particles and is fully surrounded by the continuous matrix. At in-
termediate concentrations, the particles of additive interconnect and create a con-
tinuous phase while in the meantime the matrix is still continuous. At high con-
centration of the additive, the additive begins to surround the initially continuous
matrix phase and the matrix phase takes form of the isolated particles (the additive
becomes matrix).

In contrast with the EMTmodel, the Maxwell-Eugen model assumes that the ma-
trix still surrounds the additive grain even at high concentrations within the ma-
trix. For this reason, the EMT model is sometimes denoted as the ”mixture model”
whereas the Maxwell-Eugen model is denoted as the ”dispersion model”. Groups
of models derived on basis of these models (ME model and EMT model) have
the same corresponding denotation.

The ME and EMT models are derived with the assumption that the perturbation
of the flux caused by one particle does not reach the perturbation of the flux caused
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by second particle. This condition is met at concentrations of the second phase below
10-15 % [20]. This limit is called ”the dilute limit”. To overcome the dilute limit
in the case of dispersions, Bruggeman has derived a dispersion model which should
be valid within the 0-100% range of additive concentrations. It has the following
form:

1 − f2 = λ1 − λ

λ1 − λ2

3

√
λ2

λ
. (2.13)

In the reality, this model could only be applied to a particle concentration of no
more than 70.04 volume percent, because this is the maximum packing density
for spheres stacked in rhombohedral array [20].

This model can be also used for modelling the influence of porosity. If the thermal
conductivity of the pore is zero, this model is simplified to [21]:

λ = λ1(1 − f2)
3
2 . (2.14)

The Bruggeman model can be used for the pores of the shape of sphere. However,
it can be further extended in order to consider other shapes of pores. This done by
introducing the shape factor X:

λ = λ1(1 − f2)X , (2.15)

where the factor X is expressed by:

X = 1 − cos2α

1 − F
+ cos2α

2F
, (2.16)

where the F is the shape factor and α is the angle between the revolution axis
of the spheroid and the non-perturbed heat flux [21]. Unfortunately, reference [21]
does not give the exact formulae for calculation of F , it gives only numerical values
and graphical representation of spheroidal particles - see Figure 2.2. This shape
factor is a function of the axial ratio a/c of the main axis of spheroids. Specifically,
for sphere (a = c) F is 1/3 while for oblate (c > a) and prolate (a > c) particles
the F values are in the range of 0-1/3 and 1/3-1/2, respectively.

Obviously, that one should be careful with these models in the context porosity
calculations. The point is that sometimes the reality may be different than initially
expected. Work of Carson [18] reports this problem for the case of porous sandstone.
At the first glance on the sandstone structure, the sandstone is the matrix and
the pores containing air seem to be the second phase. In the reality, the microscopic
picture reveals that the situation is opposite - the sandstone structure corresponds
to the second phase and the interconnected air pores form the matrix.
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Fig. 2.2: The shape factor F and X factor [21]. Curve (1) - randomly oriented
spheroids, curve (2) - spheroids oriented with the revolution axis a parallel to
the heat flux, and curve (3) - spheroids oriented with the revolution axis a nor-
mally to the heat flux

To be completed, authors of [17] derived a sixth fundamental ”Co-continuous
model” in which both phases are continuous [22]. It can be even used for composites
with more phases (let’s say N) and it has a very simple form:

λ = λs

2

√
1 + 8λp

λs

− 1, (2.17)

where:

λs = 1∑N
i=1

fi

λi

(2.18)

λp =
N∑

i=1
fiλi. (2.19)

Regarding the application of these models in the composite nuclear fuel simula-
tions, the reference [20] seems to be close to this topic. In this reference, the tungsten
- uranium dioxide mixtures are investigated. For the spherical particles, reference
[20] mentions the ME formula in the form of equation (2.8) but, due to its larger
versatility, favors the Bruggeman formula (2.13) in a rearranged form:

λ = λp + (1 − f2)(λ1 − λ2) 3

√
λ

λ1
. (2.20)

As mentioned above, this equation is applicable only up to 74.05 volumetric per-
cent. Beyond this concentration of for lesser concentrations in which the particles
are not uniformly distributed, reference [20] recommends the EMT model (equa-
tion 2.3).
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2.1.2 TC Models for non-spherical particles
With some exceptions, the previously mentioned models describe the composites
with spherical additives (regardless if in the form of a solid second phase or a pore
filled with a vacuum). However, some materials of interest, for example carbon
nanotubes or whiskers, are also being investigated as the additive to uranium dioxide.
It makes it reasonable to introduce some models suitable for modelling of composites
containing non-spherical particles. Reference [19] discusses these models in detail
and is further used as main source of the models presented herein.

At first, the models derived purely for cylinders or platelets will be described.
Introduction into more general models will follow.

Contrary to models with spherical additives, in the case of composite with non-
spherical additives, the orientation of the particles to the heat flux plays an impor-
tant role. If the cylinders are oriented parallel with the heat flux and parallel to
each other, the Voigt model (eq. 2.1) can be used. If the cylinders are oriented per-
pendicular to the heat flux and parallel to each other, the Rayleigh model for dilute
dispersions is recommended to be used:

λ − λ1

λ + λ1
= f2

λ2 − λ1

λ2 + λ1
. (2.21)

For mixtures with concentrations above dilute limit, following equation based on
the Bruggeman’s model is recommended to use:

f1
λ1 − λ

λ1 + λ
+ f2

λ2 − λ

λ2 + λ
= 0. (2.22)

For the randomly oriented cylinders several models are given too. For the case
of thin and long cylinders presented as mixture within the matrix, Niesel derived
the following model:

f1

(
λ1 − λ

λ
+ 4(λ1 − λ)

λ1 + λ

)
= f2

(
λ2 − λ

λ
+ 4λ2 − λ

λ2 + λ

)
. (2.23)

If the cylinders are presented as dispersion, following model (also derived by
Niesel) is recommended (but both models should yield similar results):

1 − f2 = λ2 − λ

λ2 − λ1

(
λ2 − 5λ1

λ2 + 5λ

) 2
5

. (2.24)

The case of platelets will be discussed also because some theoretical studies
assume, that graphene can be added into uranium dioxide for thermal conductivity
enhancement.

In the case of composite with platelets, in which the platelets are oriented in a way
that one diametric axis is parallel to the heat flux while the second diametric axis
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is randomly oriented to the heat flux, the thermal conductivity of composite can be
computed by:

λ =
√

λpλs, (2.25)

where λp is given by equation (2.1) and λs is given by equation (2.5). The same
parameters are also used in the mixture model for composite with randomly oriented
platelets:

f1

(
2(λ1 − λ)

λ
+ λ1 − λ

λ1

)
+ f2

(
2(λ2 − λ)

λ
+ λ2 − λ

λ2

)
= 0, (2.26)

where

λ = 1
2

(−λs +
√

λ2
s + 8λsλp). (2.27)

Finally, for the case of dispersion system with randomly oriented platelets,
the following two models can be used:

1 − f2 = 2λ2 + λ

λ2 − λ1

λ2 − λ

2λ2 + λ
) (2.28)

λ = λ2
3λ2 + 2f2(λ2 − λ1)
3λ2 − f2(λ2 − λ1)

(2.29)
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2.1.3 Thermal conductivity models of composites with thermal
barrier resistance

The model for thermal conductivity of composite with spherical inclusions and in-
terfacial thermal barrier resistance was developed by Hasselman [23] at first and also
by Nan [24] later on. The model has the form of:

λeff = λm

2( λp

λm
− λp

ahc
− 1)f + λp

λm
+ 2 λp

ahc
+ 2

(1 − λp

λm
+ λp

ahc
)f + λp

λm
+ 2 λp

ahc
+ 2,

(2.30)

where λ stands for thermal conductivity, a is the radius of second phase particle
and hc is the interfacial thermal conductance, f is the volumetric share of the parti-
cles, and subscripts m and p refer to the matrix side and particle side. The subscript
eff is related to the word effective and should not be confused with the effective
multiplication coefficient related to the neutronic calculations.

Experiments with UO2+SiC pellets [25] showed that predictions of this equation
are in a good agreement with measured values for SiC content up to 20 vol.% and
temperature range up to 900 ◦C

The interfacial thermal barrier resistance was estimated using the acoustic mis-
match theory presented in [26]. The thermal barrier resistance is equal to the inverse
of the interfacial conductance, which is approximately given by [27]:

hc ≈ 1
2

ρmcm
ν3

m

ν2
p

ρmρpνmνp

ρmνm + ρpνp

. (2.31)

In this equation, the ρ is the density, cm is the specific heat of matrix, ν is
the sound velocity. In the case that the particles are not of spherical shape, Hassel-
man and Nan model (eq. 2.30) is not suitable. For this reason, Nan has developed
another model which considers not only the parameters given by eq. 2.30, but ac-
counts also for the shape of the particles. Moreover, this model is also suitable
for calculation of composites with coated particles. For this reason, the second
Nan’s model is widely used for calculation of thermal conductivity of composites
containing carbon nanotubes and investigation of interfacial thermal barrier resis-
tance in composites containing carbon nanotubes and similar dopants [28, 29, 30].

On the other hand, the Nan’s model has three main drawbacks [31] for which it
actually should not be applied in the calculations with such structures: 1) it cannot
be applied for composites with nanosized particles, because the model is based on
Fourier’s law, which is not applicable when the particle size is of the order or smaller
than the mean free path of the energy carriers, 2) it is not suitable for composites
with metallic particles where the heat transport is not only due to the phonon gas but
also due to the electron gas and their interactions. . . 3) It is just valid in the dilute
limit, such that the interactions among the particles are not considered.

31



Ordonez-Miranda (further referred as Miranda only) has tried to overcome the three
shortcomings mentioned above and developed another model which solves the prob-
lems. Although the derivation of the two models is different, Miranda has, basically,
introduced so called electron-phonon coupling factor χ into the Nan’s model. The
coupling factor takes into the account the scattering between phonons and electrons
and its influence on the composite thermal conductivity - see eq. 2.32. When the fac-
tor is neglected, Miranda’s model can be reduced to the Nan’s model. This is valid
at least for the spheroidal particles [31].

λc = λe + λp

χ
. (2.32)

Considering the utilization of Miranda model by UO2, the main heat transport
mechanism in UO2 is phonon transport at lower temperatures. At higher tem-
peratures, the electron heat transport is prevailing (see Figure 1.2 and description
of equation 1.3). Thus, the coupling factor can be neglected for lower temperatures
for sure. For higher temperatures, the determination of the coupling factor is out
of scope this work and it will be neglected.

Still, there is still one drawback of the Nan’s model which needs to be solved.
Nan’s model is suitable for materials with isotropic thermal conductivity, which is
not the case of carbon nanotubes. The reported transverse thermal conductivity
of carbon nanotubes is approximately 150-times smaller than the longitudinal ther-
mal conductivity. This ratio was found in [32, 33, 34] but other references show
different ratios. Solution of this problem is given in [35] where Miranda has simpli-
fied his model to calculate thermal conductivity of composite with coated nanofibers
in dielectric matrix.

For simplicity, this work will present the model of composite with randomly
oriented cylindrical particles coated with third phase. This model is schematically
shown in Figure 2.3. For details on the model and its full derivation, please consult
the reference [31]. The effective thermal conductivity is given by:

keff = km
3 + f(2β1 + β3)

3 − fβ1
, (2.33)

with

β3 = k3

km

− 1, (2.34)

β1 = 2
1 − ak

a+δ
− km

k1

1 + ak

a+δ
+ km

k1

, (2.35)
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Fig. 2.3: The structure of the coated fiber within a matrix described by the Miranda
model and its alternative description by current-resistance analogy. The heat flux
is in horizontal direction.

where R = 1/hc is the interfacial thermal resistance, a is the radius of the cylin-
drical second phase, δ is the thickness of the coating, ak = R · km is the Kapitza ra-
dius at the coating-matrix interface, and f is the volumetric share of the second
phases. The Kapitza radius can be interpreted as the equivalent thickness of a layer
of the matrix around the particle [31]. The thermal conductivity factors ki are
the merged thermal conductivity parameters of particle and coating. They are de-
fined as:

k1 = kc
2 + α1ν

2 − α1ν
, (2.36)

k3 = kc(1 + α3ν), (2.37)

where kc is the thermal conductivity of coating and ν is the relative fraction
of second phase to coating given by:

ν = a2

(a + δ)2 , (2.38)

The dimensionless factors αi account for the influence of transverse k⊥ and lon-
gitudinal k∥ thermal conductivities of the second phase. They are given by:

α1 = 2k⊥ − kc

k⊥ + kc

, (2.39)

α3 =
k∥

kc

− 1, (2.40)
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It should be noted, that equations for determinating TCC were used assuming
that the interface between matrix and particle remains perfect. However, experi-
ments determining the interphase stability UO2-SiC fuel at high temperatures re-
vealed that a substantial debonding starts to occur after approx. one month only.
Therefore, strictly speaking, the interfacial thermal conductance should not be cal-
culated using simply the equation 2.31.

The influence of particle - matrix debonding on the thermal conductivity can
be incorporated into the computation using the model given in [23]. For simplic-
ity, omitting of the debonging was done here with the following explanation: The
particle-matrix debonding model requires the knowledge of pressure and composi-
tion of the gas surrounding the particle in the matrix (typically He with Kr and
Xe). However, these parameters are a strongly influenced by the local tempera-
ture, fission gas release, burnup, and power history. In turn, local temperature is
strongly determined by the thermal conductivity of the fuel which is calculated with
the selected model. In order to determine all these parameters, multidimensional
iteration process would have been required, while it was not certain if any significant
contribution will be gained.

Besides, the cracking of the matrix was also neglected for simplicity. But in case
of need, a suitable correlation describing the influence of pellet cracking on UO2

thermal conductivity is presented in [36].
With this in mind, all calculations done with models for composite’s thermal

conductivity should be considered the best performance estimation. In other words,
these calculations represent the upper boundary of real composite’s thermal conduc-
tivity. The lower boundary is represented by the pure UO2 thermal conductivity.
Naturally, the real values of composite’s thermal conductivity should be expected
between these two limits. But some references mention that the composite thermal
conductivity can reach even lower compared to the matrix thermal conductivity(!)
due to the large thermal resistance at the phase boundary or due to the unprefer-
ential orientation of the second phase particles.

So, another point worth discussing is the topic of the random orientation of par-
ticles, namely fibers, in the matrix. Generally, it is assumed that the fibers are
dispersed randomly throughout the volume. The orientation of the cylinders is also
random in the XYZ direction. However, pressing of the pellet can cause preferential
orientation of the fibers in the radial direction (the degree or the axial orientation is
decreased, and fibers are stacked in radial layers). This effect is also neglected in this
work because the preferential heat flux is in the radial direction in which the random
orientation of cylinders is maintained during pellet pressing. But in general, this ef-
fect should be positive for the heat transfer since the fibers are oriented in the center
to periphery direction and thus help to transfer the heat out.
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2.2 Candidate materials for thermal conductivity en-
hancement

In this subchapter, the different types of additives are introduced and their prop-
erties are discussed from different points of view. The emphasis is placed on the
mechanical and thermal stability during production and operation and, next, on the
availability of the material data usable for numerical modelling.

Figure 2.7 depicts the thermal conductivities of the candidate materials. Given
the lack of data in some cases, the data on thermal conductivity is not complete espe-
cially at higher temperatures. In such cases, extrapolation had to be used assuming
that the data trend is the same at higher temperatures as well. In this Figure ,
(1) the red stars represent measured data points, (2) the red line represents a valid
temperature range of a model of single wall carbon nanotube (SWCNT) thermal
conductivity, and (3) the black lines represent extrapolation of the data and the
model. The origin of the data and model will be described next in detail because
this thermal conductivity data is next used for comparison of the candidate materi-
als.

The theory of degradation of the thermal conductivity under neutron irradiation
is next worked out in Chapter 2.4.

2.2.1 Beryllium oxide
Starting from the oldest option, the UO2+BeO fuel was patented in the seventies
[37]. But in that time, the highly enriched UO2 was assumed as the minor part
of composite with BeO. In the nineties, the classical design of UO2 pellet contain-
ing BeO has been investigated in [38] and it was found that the highest thermal
conductivity is reached when the BeO is in the form of continuous phase. The next
progress was made at Purdue University where a new fabrication process has been
developed [39, 40] for production of dense UO2+BeO (the former low density of such
composite fuels was the main obstacle for a long period of time and thus no perspec-
tives for this type of fuel were predicted). The production method of the UO2-BeO
lab-scale sample pellet is depicted in Figure 2.4. This fabrication method leads to
the structure where the BeO is in the form of continuous phase – see Figure 2.5. It
is told in [41] that this structure supports the integrity of the fuel during burnup
and leads to lower FGR.
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Fig. 2.4: Fabrication process flowchart of the UO2+BeO pellet [41] (modified).

Fig. 2.5: The continuous BeO structure after removing the uranium [41].
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The BeO is a perspective material from the point of view of high thermal conduc-
tivity. The neutron properties are also excellent. BeO was used as the moderator by
some reactors in the past. The thermal stability with UO2 is very good up to 2060 ◦C
(see the phase diagram in Fig. 2.6). On the other hand, the main disadvantage is
that BeO is a toxic and carcinogenic material. Author of this thesis finds this fact
that it may be expected to be problematic from the point of view of public accep-
tance. There was also an economical study conducted in [42] which showed that, due
to the high price of BeO, the UO2-BeO fuel is economically beneficial when the dis-
charge burnup is about 60 MWd/kg or more (under the market conditions in 2010).
Another question arises from the preferred continuous phase of BeO while UO2 is
being encapsulated within this kind of matrix. The thermal expansion coefficient
of BeO is significantly lower than that of UO2 as presented in [43]. Considering this
fact and the fact that there is a large increase in fuel temperature during LOCA
accident (for example), a careful thermal stress analysis should be done for this type
of fuel in order to investigate the structural integrity during accidents.

The investigation of the UO2+BeO fuel is in advanced stage since this fuel has al-
ready been loaded into the Halden reactor with promising results in remarkable FGR
decrease and lower centerline temperature [44].

The beryllium oxide data on unirradiated thermal conductivity was recommended
in [45]. The data was fitted by the following function:

λBeO = 444.3 · T 2−1.583 · 106 · T + 1.909 · 109

T 2 + 1.452 · 104 · T + 9.838 · 105 . (2.41)

The validity range of this model and other models as well is clear from Figure 2.7.

Fig. 2.6: Phase diagram of the UO2 and BeO mixture, the temperature is in ◦C [40].
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Fig. 2.7: Comparison of thermal conductivity of the candidate materials. The solid
black lines are the extrapolated functions.

2.2.2 Silicon carbide
The first investigation of UO2+SiC fuel option was done in [40] where the Polymer
impregnation and pyrolysis method has been used. The problem was that this
method provides low density pellets which are not suitable for reactor operation
und thus this combination was rejected.

Later, series of articles [25, 46, 47] has been published which investigated this fuel
option prepared by a new Spark Plasma Sintering (SPS) method. This fabrication
method overcame the problem with lower density of UO2+SiC which was faced
in [40]. The SiC of two different forms was used as the additive - spheres and
whiskers. The difference in morphology using traditional and SPS method is shown
in Figure 2.8. Note the imperfect contact between matrix additive, especially by the
classical sintering method.

It was expected that pellets containing SiC whiskers will pose higher thermal
conductivity because the long SiC whisker should conduct the heat out of the pellet
center to the surface. Apart from this expectation, the samples showed no significant
difference in thermal conductivity. An example of the lab-scale production method
is described in detail in ref. [25]:

The UO2 and SiC powders were mixed in a ceramic vial with stainless steel balls
and a blending aid, 2,3-dihydroperfluoropentane, and blended in a SPEX 8000 shaker
for 1 h. The blended mixture was then dried up in a hood for at least 6 h to decompose
the blending aid. . . . SiC particles dispersed in UO2 powders were then sintered using
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Fig. 2.8: The morphologies of UO2 + 10 vol.% SiC (whiskers and particles) sintered
by classical (oxidative) and SPS method [46].

a Dr. Sinter® SPS-1030 system at 1350 ◦C and 1450 ◦C for 5 min in a vacuum
(3̃0 m Torr). The ramp up/down rate and mechanical pressure at the maximum
sintering temperature were held constant at 100 ◦C/min and 36 MPa, respectively.

The heat treatment procedure described in ASTM C 1430-07 was conducted on the
sintered composite pellet to reduce UO2+x to stoichiometric UO2.0, which is known
to have the optimum thermal properties. This process is also required to produce
similar O/U ratio in all fabricated UO2–SiC composites. The ramp up/down rate
and maximum temperature were set at 2.6 ◦C/min and 800 ◦C, respectively. The
heat treatment was performed in a Lindberg® alumina tube furnace using 4%H2–N2

gas with a dew point maintained at 35 ◦C.
SiC is a non-toxic material. It poses worse neutronic properties but higher ther-

mal conductivity compared to BeO. See Figure 2.7 in which the thermal conductivity
is presented. But, the chemical reaction between UO2 and SiC begins at 1370 ◦C
and the system is completely molten above 1700 ◦C, as experimentally confirmed
in [39]. In contrast to that, reference [48] reports that there is no chemical reac-
tion during sintering at 1300 ◦C and U4Si7 is formed during sintering at 1650 ◦C.
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This finding is confirmed in [49] where some reaction between SiC samples and UO2

was observed at 1100 and 1300 ◦C, higher reactivity was seen in CVC SiC compared
to that of CVD SiC. In fact, even in the case of CVC SiC, the chemical reactivity
was found to be minor for the two lower temperatures being investigated in this
paper. Unfortunately, only the predicted (not measured) phase diagram was for
the UO2+SiC mixture. The near stoichiometric UO2+SiC phase is depicted in Fig.
2.9 and the data presented confirm that eutectic is above 1908 ◦C. So, the UO2+SiC
composite fuel is considered chemically stable up to 1370 ◦C in this work and no
melting is assumed up to 1650 ◦C.

The data on the thermal conductivity of SiC (the CVD SiC grade) were found in
the flyer of the Rohm & Hass Company [50]. This material was selected as reference
because it represents the commercially available material with thermal conductivity
values reaching up to the values of SiC single crystal [51]. The experimental data
on thermal conductivity was fitted with the following function:

λSiC = 920e(−0.008846·T ) + 349.1e(−0.001171·T ). (2.42)

Fig. 2.9: The theoretical near stoichiometric UO2+SiC phase diagrams as calculated
in [15].
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2.2.3 Carbon nanotubes
After the successful production of UO2+SiC, the research at University of Florida
changed its focus on the Carbon nanotubes [52]. The carbon nanotubes are a ma-
terial which has recently been investigated in many applications, due to its superior
mechanical and thermal properties. One of them is the extremely high thermal con-
ductivity and thus it was reasonable to investigate the properties of UO2+SWCNT
(single wall carbon nanotubes).

The SPS method was utilized for the production of UO2+SWCNT as well. The
process is very similar to that used by UO2+SiC fuel but the mixing process needed
to be changed to avoid formation of graphite. The process consisted of two steps
- sonication and homogenization. In the first step, the SWCNTs were dispersed
in mixing liquid (preferably in ortho-dichlorobenzene). For the homogenization,
SWCNTs were added to 200 ml of solvent and the suspension was then homogenized
using an IKA2500 homogenizer. A sonication process followed this. A Qsonica3000
probe sonicator was used for 10 min at 40% amplitude. This two-step process yields
a stable dispersion and the UO2 power was then added into it while sonicated for
an additional 5 min. To prepare the mixture for sintering, the liquid was then
evaporated over 24 h at 60 ◦C.

In contrast to expectations, the effect of SWCN addition into UO2 was unam-
biguous. The 5 vol. % concentration of SWCNT dispersed in matrix yields the
best thermal conductivity enhancement (also probably due to the reported increase
in theoretical density) but next increase in SWCNT concentration leads to signifi-
cant decrease in thermal conductivity. The authors of [52] suspect the interactions
between single carbon nanotubes to be the cause of this phenomena. Regarding
this research, the author highlights that the thermal conductivity resistance at the
matrix-dopant interface can be one of the roots of this problem. The increased
number of SWCNT in the matrix introduces higher number of phase interfaces in
the heat flux direction and thus, in turn, the presence of SWCN reduces the benefit
of its high thermal conductivity.

There have been numerous works published on the thermal conductivity of car-
bon nanotubes but the problem with significant inconsistency in published data is
faced here as well. Moreover, two types of thermal conductivity are defined in the
case of nanotubes and fibers - axial and transverse. Both are needed for the next
calculations.

The problem of lack of experimental data on thermal conductivity was solved by
adopting the thermal conductivity model published in [53]. The advantage of this
model is that it accounts for the temperature dependency up to 800 K and for the
length L of the nanotubes. The length of nanotubes is given in micrometers in this
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model. The ratio of axial to transverse thermal conductivity was estimated to be
150 because similar value was found in other references [54, 55, 56] despite to the
fact that magnitudes of thermal conductivities measured there were significantly
different. The model has the following form:

λSW CNT = (3.7 · 10−7 · T + 9.7 · 10−10 · T 2 + 9.3 · (1 + 0.5/L) · T −2)−1. (2.43)

2.2.4 Graphite fibers
The concept of the UO2 pellet containing graphite fibers has been already suggested
in [39] as well. This option was eliminated because the fibers start to react with
UO2 at 1400 ◦C forming UC and it was not possible to obtain high density pellets
with traditional methods of sintering. This concept has been reintroduced in [57]
where the SiC fiber coating was used in order to prevent the chemical reaction. From
the current materials available on the market, the K1100 graphite fibers have the
thermal conductivity even higher that of SiC [58]. References [59, 60] report that
the K1100+SiC composites exhibit higher thermal conductivity than that of SiC
even after neutron irradiation.

On the contrary, there is a question concerning the mechanical stability of such
system comprising from UO2-SiC-K1100. According to research conducted in [61],
where composites comprised from carbon fibers and SiC matrix were irradiated by
neutrons at 730 ◦C up to fluence of 9.3 dpa, the carbon fibers undergo dimensional
changes leading to cracks in SiC matrix. Further material research in this area is
necessary.

The data on K1100 graphite fibers was published in [58] but it is not clear
from this reference, whether it is the bulk thermal conductivity or axial thermal
conductivity. It is assumed in this work that this data concerns the axial thermal
conductivity. The axial to transverse thermal conductivity ratio was set similar to
that of SWCN for simplicity. The best fitting equation was found to be:

λK1100 = 9779.820 · e(−0.002858·T ) + 252.9 · e(−8.686·10−5·T ). (2.44)
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2.2.5 Diamonds
The third type of the modified fuel developed at the University of Florida was that
containing diamonds [62]. The diamond seems to be an excellent candidate as a
dopant for thermal conductivity enhancement. It has the highest thermal conduc-
tivity reported at normal conditions and there is no risk of health damage while
handling. Carbon has very low absorption of neutrons as well. Based on the results
in [63], the UO2 diamond doped fuel seems to have a good stability even at higher
temperatures when after high temperature (1400 ◦C, 10 hours) test no debonding
process of diamonds from UO2 matrix has been observed. The thermal conductivity
decrease after this test was found to be very low.

Basically, same SPS like in the case of UO2 + SiC composite fuel was used for
production. The UO2 and diamond powders were pre-prepared by blending the UO2

and diamond for one hour with a blending aid 2,3-dihydroperfluoropentane using
the A SPEX-8000 shaker. In SPS, the green body was heat up by a temperature
ramp rate of 100 ◦C/min to the maximum sintering temperature 1300 – 1600 ◦C,
with a hold time of 5 min. The the maximum temperature was reached an axial
pressure of 36 MPa was applied until the cooling process started. No heat treatment
was applied to reduce the stoichiometry because the O/U stoichiometry was reduced
by the reducing environment. The resulting structure is shown in Figure 2.10.

Fig. 2.10: The structure of the UO2 + Diamond composite fuel. The grid locates
the place where a Raman map scan was performed in [62].

On the other hand, even though the SPS needs a very short time to produce the
ceramic body compared to traditional techniques, but some graphitization has been
observed after sintering at 1400 ◦C for 5 minutes in the case of the UO2+diamonds
composite [64]. This may be explained by inaccurate measurement of the sam-
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ple temperature. In any case, this is a considerable finding because the formation
of graphite has a huge influence on the thermal and mechanical properties because
the specific volume of graphite is 1.55 times greater than that of diamond [65]. In
other words, due to the fact that BDBA are normally accompanied with high fuel
temperatures, the subsequent graphitization could cause significant volume changes
of fuel. This could degrade the core structure and core coolability.

The data on the thermal conductivity of diamonds was published in many refer-
ences but significant inconsistency in data was found depending on diamond struc-
ture and isotopic composition. The scatter originates from different quality of the
diamonds used for the measurement. To be consistent with the methodology ap-
plied for SiC, the CVD diamond grade was used as the reference data [66]. This
data was supplemented by data on high quality natural diamond [67] which should
share the same properties [68]. There is a general problem in the case of diamonds
that the data on thermal conductivity at higher temperatures are difficult to obtain
in the open literature. The extrapolation was necessary in this case.

λDiamond = 4.793 · 106 · T (−1.386) + 251.6. (2.45)

2.2.6 Graphene
The graphene is one of the most modern trend of material research and there are
many applications in which the graphene seems to be useful in the future. Re-
garding the nuclear technology, the graphene is investigated as material suitable
for extraction of uranium from seawater [69]. Regarding the accident resistant fuel
technology, only the theoretical simplified thermal-hydraulic simulations have been
found [70] and, to the author’s knowledge, no research paper has been published
where some material research was conducted.

The main reason for this may lie in the fact that graphene structure is very
brittle, and it can be damaged or totally destroyed during mixing with UO2 or
during pellet compaction process. For this reason, this option will be not considered
in the remaining parts of this work.
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2.3 Thermal conductivity comparison of composite
fuel options

Figure 2.11 shows how addition of 5 vol.% of the single additives gives rise to compos-
ite thermal conductivity. Although, the thermal conductivity of SiC is higher than
that of BeO, the UO2+BeO thermal conductivity is higher than that of UO2+SiC.
The root cause is the different structure of the UO2+BeO where the BeO is in the
form of continuous phase (see Figure 2.5) thereby significantly improving the ther-
mal conductivity. All other second phases indicated in this figure are in the form
of dispersion within matrix.

The data on the mixture UO2+K1100 fibers has not been found and thus as-
suming that this concept has never been investigated. Thus, this composite mixture
will be evaluated only theoretically in section 3.3.1. As expected, and in accor-
dance with Figure 2.7, the UO2+SWCNT and UO2+diamonds composite exhibits
the highest thermal conductivities. Please note that there is a crossing of ther-
mal conductivity dependencies in Figures 2.7 and 2.11. The difference in crossing
location between the two figures is approximately 200 K. The crossing may be con-
sidered as the evidence of the validity of thermal conductivities data (predictions)
for SWCNT and diamond at higher temperatures. The shift can be attributed to the
uncertainty in thermal conductivity of SWCNT and the unclear properties of com-
posites based on UO2. For both types of additives, the thermal barrier resistance
between matrix and additive is also not well understood and thus this may play a
role in the shift.

Fig. 2.11: The influence of addition of candidate materials on the composite thermal
conductivity (graph was reconstructed based on [52, 63]).
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Based on the thermal conductivity data in this chapter and on the summary
of the thermal conductivity models in subchapter 2.1, further comparisons and eval-
uations is made in subhapter 3.3. This part of work is also completed with the
information on degradation of thermal conductivity of individual candidates during
irradiation with neutrons. The theory on this is presented within the next Subchap-
ter 2.4.

2.4 Degradation of thermal conductivity of candidate
materials under neutron irradiation

In the thermal-hydraulic calculations of the nuclear fuels with additives, the in-
fluence of the neutron irradiation on the thermal conductivity of additives is often
neglected. Assuming that the major contribution of the additives is the thermal con-
ductivity enhancement, the development of the thermal conductivity during neutron
irradiation should be well understood before any calculations and analysis. This sub-
chapter summarizes the publicaly available models whereas the own derived model
of SiC degradation is derived in section 2.4.4.

2.4.1 Beryllium oxide
The Beryllium oxides is normally considered as radiation stable material and its
thermal conductivity degradation under neutron irradiation has already been inves-
tigated in some extend. However, reference [44] provides an empirical correlation
of the UO2+BeO fuel thermal conductivity as a function of burnup and temperature
as derived from the Halden experiments:

λUO2−BeO = 1 + KBeO · VBeO

0.1148 + 0.0040 · Bu + 2.475 · 10−4 · (1 − 0.00333 · Bu) · T

+ 0.0132 · e(0.00188·T ) (2.46)

where Bu is the fuel burnup in MWd/kgUO2, T is in ◦C, VBeO is the volumetric
fraction in %, and KBeO is the technological factor which is equal to 0.03 if BeO is
in the form of additive (particle) and to 0.05 if BeO forms the matrix (continuous
phase).
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2.4.2 Silicon Carbide

Fig. 2.12: The thermal defect resis-
tance model developed by Katoh,
as presented in [71]

In case of SiC, the effect of neutron irradiation
on material properties has been extensively de-
scribed in [51] and a limited model of thermal
conductivity degradation has been published
in a presentation given by Katoh [71].

The model is based on the thermal defect
resistance theory used in [72]. The thermal de-
fect resistance (Rrd = 1/λrd) is defined as the
difference in the reciprocal of the irradiated
(λirr) and non-irradiated thermal conductivity
(λnon−irr):

Rrd = 1
λirr

− 1
λnon−irr

. (2.47)

In this model, the Rrd is in Km/W and thermal conductivities λi are naturally
in W/Km. From Figure 2.12, the model describing Rrd as a function of irradiation
temperature Tirr solely is given by the equation 2.48:

Rrd = −1.2963 · 104 · Tirr + 0.14687, (2.48)

where Tirr is in ◦C. Figure 2.12 provides the information how this model was de-
veloped and the conditions of validity are also presented here.

The drawback of this model is that it accounts for the influence of irradiation
temperature only (up to 800 ◦C) and the model is valid from the dose of 1.5 dpa.
Author of this thesis has decided to develop a more detail model which will be valid
in a wider temperature range and which will take into the account the influence
of small dose irradiation. The new model is elaborated in section 2.4.4.
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2.4.3 Carbon based materials
In the case of carbon-based materials (diamonds, SWCNT, K1100 fibers), very lit-
tle information is available in order to establish a sufficiently accurate model of the
thermal conductivity degradation. For example, Figure 2.13 provides a clear evi-
dence that neutron irradiation has a deteriorating effect on the thermal conductivity
of diamonds. A result similar to this one was reported for CVD diamond as well
in [73]. But high temperature data is not available in the public literature. No data
on K1100 and SWCNT was found regarding their thermal conductivity degradation
by neutron irradiation.

Regarding the carbon-based materials, the most investigated and most familiar
material is the graphite while there is little knowledge of other materials. This
is due to the long history of using the graphite as a moderator in nuclear reactor
technology. Similarly to SiC, the irradiation temperature has a strong influence on
the thermal conductivity degradation [75], see Figure 2.14.

According to reference [76], the thermal defect resistance approach can be utilized
even in the case of graphite materials. However, Figure 2.14 provides the data in the
relative form and the thermal conductivities are measured at ambient temperature.
Thus, Figure 2.14 cannot be used for the mapping of the thermal defect resistance.
For this reason, the simplified model of Snead was utilized in order to show the
influence of irradiation on thermal conductivity of graphite [77, 78].

Fig. 2.13: Change in thermal conductivity of single-crystal diamond after fast neu-
tron irradiation [74]. Curve A - nonirradiated, curve B - irradiated with fluence
3.0×1016 neutrons/cm2, curve C - irradiated with fluence 1.2×1017 neutrons/cm2,
curve D - irradiated with fluence 6.0×1017 neutrons/cm2, curve E - irradiated
with fluence 4.5×1018 neutrons/cm2.
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Fig. 2.14: The degradation of normalized thermal conductivity irradiated at several
fluences and temperatures ([75], modified).

The Snead’s model is graphically represented in Figure 2.15 and is given by an
equation representing the ratio of irradiated and non-irradiated material:

λirr

λnon−irr

= (0.25 − 0.00017 · Tirr) · A · log(F ) + 0.000683 · Tirr, (2.49)

where Tirr is in ◦C and F is the fluence in dpa. The conversion factor between
the dpa and MWd/kgU is derived in section 2.4.4 together with the conversion factor
of SiC. One can see in Figure 2.15 that the thermal conductivity degradation is the
most severe at lower temperatures. This finding is in a very good agreement with
data presented in Figure 2.14.

Fig. 2.15: Graphical interpretation of the Snead’s model showing its dependence on
neutron fluence and irradiation temperature [78].
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2.4.4 New model of Silicon Carbide
In many references which deal with the modelling of UO2+SiC fuels, the influence
of neutron irradiation on the SiC thermal conductivity is omitted. Here, a simple
model of SiC thermal conductivity degradation was developed by author. The details
are not presented here since the model is going to be published in an impacted article
later on. The full derivation of the model is presented in the proprietary version
of the Ph.D. thesis.

The model is based on the thermal defect resistance theory represented by equa-
tion 2.47. The here developed models has the following form:

Rrd,SiC = f(F, Tirr) · g(Tirr), (2.50)

where Tirr is the irradiation temperature, and F is the fluence in DPA.
The function is based on i) experimental data reported on the thermal defect re-

sistance of SiC, and on 2) the known behavior of the SiC thermal conductivity under
neutron irradiation. There is a steep increase in thermal conductivity degradation
for small doses. This phenomenon is enhanced at lower temperatures. At higher
temperatures, where the lattice defects caused by neutron irradiation recombines,
the thermal conductivity increase is much smaller. The next phenomenon is that
the thermal defect resistance becomes constant from some fluence level.

This is why the model 2.50 is constructed as multiplication of two functions.
The first function represents the steep increase in thermal defect resistance and
its influence vanishes at higher fluences. The second function is dependent on the
irradiation temperature and represents the fact at higher temperatures the increase
in thermal defect resistance is smaller.
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2.5 Material property models

Throughout this work, many calculations are done in order to compare the nu-
clear fuel options and the additives from different perspectives. For the sake of
completeness, this subchapter simply summarizes all the models.

The thesis presents the UO2 material property models as it is the basic material
used in all computations. It then proceeds to presenting and focusing on the SiC
material property models since this work focuses on it as the base case additive
in the FEMAXI analysis of the composite UO2 + SiC fuel. The models on other
materials (BeO, SWCNT, Diamonds) are limited to density and specific heat only.
The thermal conductivity functions of all the candidate materials were presented
in the subchapter 2.2.

2.5.1 Density
The UO2 density as a function of temperature was modelled with the model pre-
sented in [90, 91]:

ρUO2 = ρ0 · K−3
i (2.51)

where ρ0 is the full dense UO2 (10 960 kg · m−3) and the temperature dependent
term Ki is expressed as follows:

Ki =

 K1 = 0.99734 + 9.802 · 10−6T − 2.705 · 10−10T 2 + 4.291 · 10−13T 3

K2 = 0.99672 + 1.179 · 10−5T − 2.429 · 10−9T 2 + 1.219 · 10−12T 3 (2.52)

The K1 term is valid at 273 K ≤ T ≤ 923 K and the K2 term is valid in the range
923 K ≤ T ≤ 3120 K.

In the case of SiC, the density model was found using the temperature dependent
lattice parameter data from [92] as recommended in [93]. This data was then recal-
culated to the volume of unit cell V and the density function was then determined
using the simple function [94]:

ρ = 4 · M

N · V
, (2.53)

where M is the gram formula weight (40.09715) and N is the Avogadros’s num-
ber. This density function is limited by the maximum temperature of 1500 K.
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The beryllium oxide model of density was found in [91]. The model is given by:

ρBeO = ρ0 · (1 − 3αt), (2.54)

where ρ0 is 2870 kg·m−3, t is temperature in ◦C, and α is the coefficient of linear
thermal expansion in 1/K. This model should be valid up to 2000 K.

The same procedure was used in the case of SWCNT. The coefficient of radial
linear thermal expansion α was found in [95] and approximated by the following
function (in 10−6K−1):

α = 1.675 · 104 · T − 6.047 · 106

T 2 + 754.7 · T + 2.273 · 106 . (2.55)

The ρ0 is found to be 1984.5 kg·m−3 [96]. The validity of this equation is up to
1600 K.

The density model of diamond was derived in a similar way. The diamond molar
density up to 3000 K was found in [97]. It was recalculated and fitted by the following
density function (in g·cm−3 according to the source data):

ρdiamond = 1
1.946 · 10−15T 4 − 1.583 · 10−11T 3 + 4.958 · 10−8T 2 − 1.373 · 10−5T + 3.417

.

(2.56)

2.5.2 Specific heat
Specific heat of UO2 was found as [90]:

cpUO2(T ) =
C1( θ

T
)2exp( θ

T
)

(exp( θ
T

) − 1)2 + 2C2T +
C3Eaexp(−Ea

T
)

T 2 (2.57)

Parameters which were used in the equation 2.57 are listed in Table 2.1:

Constant Value Unit
C1 302.27 J·kg−1·K−1

C2 8.463·10−3 J· kg−1·K−2

C3 8.741·107 J· kg−1

θ 548.68 K
Ea 18 531.7 K

Tab. 2.1: Parameters of the cp,UO2 function given by eq. 2.57
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The data on SiC specific heat was found in the NIST database [98]. However,
the data was fitted with the following polynomial function:

cp,SiC = 251.07+2.0273·T −1.172·10−3·T 2+7.306·10−7·T 3−1.192·10−10·T 4. (2.58)

The BeO model of heat capacity is recommended in [91]:

cp,BeO =

 1.455 + 0.606 · 10−3T − 0.544 · 10−5T −2 T ≤ 1200K

1.791 + 0.210 · 10−3T T > 1200K
(2.59)

Regarding the SWCNTs, the volumetric heat capacity in cal·mol−1K−1 can be
found in [99]:

cv,SW CNT = 5.935T 2 − 463.6T + 8678
T 2 − 92.09T + 1.865 · T 5 , (2.60)

In order to convert it into the kJ·kg−1K−1 unit, this function must be multiplied
with density and cal to J factor. The validity of this model is up to 1600 K.

The Gustafson model of specific heat for diamond [100] is used in this work. It
calculates the specific heat in J·K−1.

cp,diamond = 24.3+9.446 ·104 ·T −5.396 ·106 ·T −2 +1.566 ·109 ·T −3 −1.332 ·1011 ·T −4.

(2.61)

2.5.3 Young’s modulus
The temperature dependence formulae for Young’s modulus was found in [101]:

EUO2 = 23.34 · 1010 · (1 − 1.091510−4T ) · (1 − 2.752P ), (2.62)

with porosity P defined as one minus theoretical density (TD):

P = 1 − TD (2.63)

Young modulus of SiC was found in [102]. The result is in (GPa).

ESiC = 428.3 · −0.04 · T · e−962/T , (2.64)

2.5.4 Poisson’s ratio
The value of Poisson’s ratio of UO2 is assumed constant and equal to νUO2 = 0.316
[101]. Similarly, the Poisson’s ratio of SiC is determined as constant and equal to
be 0.21 as recommended in [51] for CVD SiC.
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2.5.5 Thermal conductivity
There are many models of UO2 thermal conductivity. A very wide summary is given
in [103]. From the list given in this reference, the MATPRO model was selected as
the best fitting to the demands posed in this work. This model considers the influ-
ence of temperature, gadolinia content, and burnup. The model has the form:

k95,UO2 = 1
term0 + term1 + term2 + term3 + term4 + term5

+ term6 (2.65)

with:

term0 = 0.0452,

term1 = 0.000246 · T,

term2 = 0.00187 · Bu,

term3 = 1.1599 · Gdcon,

term4 = (1 − 0.9 · exp(−0.04 · Bu)) · 0.038 · Bu0.28,

term5 = 1/(1 + 396 · exp(−6380/T )),
term6 = 3.5e9/T 2 · exp(−16360/T ),

where T is temperature in K, Bu is burnup in MWd/kgU, and Gdcon is gadolinia
concentration in %W . The subscript denotes the 95 % theoretical density for which
the MATPRO model is primarily intended. But reference [103] also gives a simple
correction formula for recalculation the initial thermal conductivity of UO2 to desired
final density.

kUO2 = k95,UO2 · 1.0789 · D

1 + 0.5 · (1 − D)
, (2.66)

where D stands for fractional TD. According to [103], the MATPRO model is
valid for the following conditions:

300 ≤ T ≤ 3000 K

0 ≤ Bu ≤ 62 MWd/kgU

0.92 ≤ D ≤ 0.97
0 ≤ Gdcon ≤ 10 wt.%

The models of thermal conductivity of other materials are introduced in the pre-
vious subchapter 2.2.
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2.5.6 Coefficient of thermal expansion
The coefficient of thermal expansion (CTE) was mentioned several times within this
subchapter but it was used in the connection with density calculations. In this
section, the CTE of UO2 and SiC are mentioned specially because they are used
within the FEMAXI predictions in subchapter 5.3. The FEMAXI, however, requires
the linear heat expansion coefficient in different form of L/L0.

In the case of UO2, The Martin’s model [104] was used, where the initial length
L0 was measured at 273 K:

L

L273
=

 0.99734 + 9.802 · 10−6T − 2.705 · 10−10T 2 + 4.391 · 10−13T 3 273 ≤ T ≤ 923K

0.99672 + 1.179 · 10−5T − 2.429 · 10−9T 2 + 1.219 · 10−12T 3 923K < T.

(2.67)
In the case of SiC, the relative linear heat expansion coefficient was derived using

the definition of instantaneous linear heat expansion coefficient:

α = 1
L

dL

dT
. (2.68)

For SiC, reference [51] recommends using α equal to 4.4 · 10−6/K at 298 ≤ T ≤
1273 K, and 5.0 · 10−6/K above this limit. Eq. 2.68 was analytically solved with
these values of α and the data was fitted with a single linear function in order to
prevent numerical instabilities due to the inconsistency at the temperature threshold.
The fitted function has the form:

L

L298
= −0.001825 + 5.094 · 10−6 · T. (2.69)

The upper temperature limit of α is not given in [51].
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3 Modelling the composite fuel performance

3.1 The methodology

The aim of this thesis is to investigate the performance of the composite nuclear
fuel during normal operation and accidents. This kind of study requires mainly
a thermo-mechanical analysis of the nuclear fuel performance. A brief neutronic
analysis is applied here but is not of the main interest.

Subchapter 2.2 lists the most promising candidate materials which are proposed
as the additives into the UO2. In order to be able to asset the influence of fuel addi-
tives on the accident management, one must have mathematical models describing
the evolution of the main fuel parameters during the burnup in reactor. The main
parameter here is the thermal conductivity of the composite fuel. This is why the
mathematical models of TCC were introduced within the second chapter. Together
with the material models introduced in the same chapter, the models for prediction
of TCC are then verified in the following subchapters.

In subchapter 3.2, a basic comparison of the fuel concepts is performed. The main
parameter is the k∞ as a function of burnup. However, it must be noted here
that the results coming from this section are considered as indicative only since
this thesis deals mainly with thermo-mechanical of the fuel and the consequent
influence on the thermo-mechanical behavior of the nuclear reactor. This is why the
results of this section were not considered during the selection of the representative
candidate material.

In subchapter 3.3, basic comparison is made which compares the different fuels
from the point of view of maximum LHGR and energy stored within the fuel. This
section is then followed by subchapter 3.4 where a representative candidate material
is selected for detail analysis.

3.2 Composite fuel neutronic performance
Neutronic performance is the most essential characteristics regarding the nuclear
fuel. There are many neutronic parameters which must be determined before the fuel
is loaded into reactor, e.g. effective multiplication factor (keff ) during burnup, reac-
tivity coefficients or power peak distribution. These effects are inevitably bounded
with thermo-mechanical behavior of the fuel. For this reason, a short chapter is
placed here which compares the different composite fuel options with respect to
infinite multiplication factor k∞. The UWB code used in this chapter is briefly
introduced in subchapter 4.3 together with other codes used in this work.
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3.2.1 The four-factor formula
Simply said, the k∞ provides the information on the neutronic balance within the in-
finite core. This parameter can be calculated using the four-factor formula, which
basically describes the options what can happen with a neutron during its life within
a core. The four-factor formula is defined as multiplication of four factors. Their
definitions are taken mainly from [105]). The infinite multiplication coefficient is
defined as

k∞ = ϵpfη, (3.1)

where ϵ is the fast fission factor, p is the resonance escape probability, f is
the thermal utilization factor, and the η is the reproduction factor. The fast fission
factor ϵ is given by eq. 3.2 and takes into the account, that some of the neutrons
are yielded from the fast fissions:

ϵ = number of fast neutrons produced by all fissions
number of fast neutrons produced by thermal fissions . (3.2)

While the neutrons are being slowed down during moderation, some of them can
be captured at 238U. The probability that this does not happen is called the resonance
escape probability p and a simple definition is given by eq. 3.3. This factor is strongly
influenced by the fuel-moderator ratio and by the fuel enrichment.

p = number of neutrons that reach thermal energy
number of fast neutrons that start to slow down . (3.3)

When the neutrons are slowed down to thermal energies, some portion of the neu-
tron population is absorbed by the fuel and the rest is absorbed by other materials
presented within the core. The efficiency how the neutrons are absorbed within
the fuel is described by the thermal utilization factor:

f = number of thermal neutrons absorbed in the fuel
number of thermal neutrons absorbed in all reactor materials . (3.4)

The reproduction factor (η) is the last component of the four-factor formula.
It considers, that some of the neutrons absorbed within the fuel does not cause
the fission and are absorbed only. Moreover, this factor considers the fact, that
after fissioning, 2-3 neutrons appear from the fissioned nucleus. The definition of
this factor is:

η = number of fast neutrons produced by thermal fission
number of thermal neutrons absorbed in the fuel . (3.5)

57



Despite the fact that the theory of the four factor formula should be more worked
out for full understanding of this topic, author of this thesis has decided for lim-
ited description only. Instead of that, if one is interested in deeper mathemati-
cal understanding of the four factor formula, author of this thesis recommends to
go through the references [105, 106] where a nice insight into this topic is given.
The data [105, 106] could not be directly used in this work because the analysis
were performed with different codes and models.

3.2.2 UWB composite fuel model
The sample input deck number 3 from the UWB code distribution has been modified
for the purpose of the neutronic study. This model is based on the VVER-1000 fuel
pin geometry. Figure 3.1 illustrates the fuel pin geometry including the lattice pitch
(the triangular arrangement is not shown here). The fuel gap is not included in this
model. This is done probably due to the fact that its omitting is a common practice
as it affects the results very little [106].

Fig. 3.1: The 2D geometry of the fuel pin used for the neutronic calculations

Six cases of the isotopic composition of the composite fuel were analyzed. The iso-
topic composition of each case is listed in Table 3.1.

1. The case 1 represents the standard UO2 fuel with enrichment 4.95 % and 95 %
TD. This base case was then used as the platform for the other cases as follows.

2. The case 2 represents the fuel where 10 vol.% of the fuel volume is removed
(this corresponds to a fuel with 85.5 % TD).

3. The case 3 represents the composite fuel with 10 vol.% BeO.
4. The case 4 represents the composite fuel with 10 vol.% SiC.
5. The case 5 represents the composite fuel with 10 vol.% Carbon with density of

2.1 g·cm−3 which is also very close to the density of SWCNT - see section 2.5.1.
6. The case 6 represents the composite fuel with 10 vol.% Diamond with density

of approx. 3.5 g·cm−3.
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Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
UO2-95% TD UO2-85.5% TD UO2+BeO UO2+SiC UO2+C UO2+C

U238 2.243E-02 2.018E-02 2.018E-02 2.018E-02 2.018E-02 2.018E-02
U235 1.183E-03 1.064E-03 1.064E-03 1.065E-03 1.065E-03 1.065E-03
U234 1.440E-06 1.296E-06 1.296E-06 1.296E-06 1.296E-06 1.296E-06
O16 4.720E-02 4.247E-02 4.975E-02 4.248E-02 4.248E-02 4.248E-02
O17 1.794E-05 1.615E-05 1.891E-05 1.615E-05 1.615E-05 1.615E-05
Be9 - - 7.272E-03 - - -
Si28 - - - 4.446E-03 - -
Si29 - - - 2.257E-04 - -
Si30 - - - 1.491E-04 - -
C12 - - - 4.769E-03 1.053E-02 1.755E-02

Tab. 3.1: Isotopic composition of the tested cases (in at·b−1·cm−1)

In input deck no. 3, the original burnup scenario consists of 43 depletion intervals
(time steps) which were equal in the irradiation power (40 MW/MTU) but different
in length. The four initial time steps are equal to 1 day. The next 4 time steps
are equal to 5 days, the next 18 time steps are equal to 12.5 days and the rest of
the time steps is equal to 62.5 days. This setting leads to final fuel burnup of 50
MWd/kgU. In order to see the effect of fuel addition on long term operation, four
extra 62.5 days steps were added to reach the final burnup 60 MWd/kgU.

3.2.3 UWB neutronic results
Several effects of the second phase addition should be taken into account when
analysing the k∞ evolution: the fuel volume is reduced, the fuel temperature is de-
creased and some compounds contribute to neutron balance by neutron moderation
or multiplication.

Unfortunately, the UWB code is not able to compute the four factors from
the four-factor formula. Moreover, only the nuclear data libraries for 293, 600, 900,
and 1200 K are available in this code so the fuel temperature effect could not be
investigated. However, using the references [106, 107] dedicated to neutronic anal-
ysis of UO2+BeO and UO2+SiC composite fuels, it was possible to explain details
of the k∞ behavior. The k∞ evolution of the cases listed in Table 3.1 is presented
in Figure 3.2.

Figure 3.2a shows the comparison of the standard UO2 fuel with the Case 2,
where 10 vol.% of the fuel volume is removed. The k∞ curves are very close together
and thus difficult to distinguish them. For this reason, the Figure 3.2b compares
the data in the relative form, where all the data are related to Case 1. The same
is valid for Figures 3.2c and 3.2d, where the standard UO2 fuel is compared to
other cases.
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Fig. 3.2: Evolution of k∞ during burnup calculated for the cases in Table 3.1

In the beginning of life with zero burnup, the reduced fuel volume was found to be
the parameter most affecting the neutronic performance [106, 107]. The resonance
escape probability is increased due to partial reduction of the influence of 238U
resonances in the total macroscopic cross section of the fuel. On the other hand,
the fast fission factor is decreased due to less 238U present in the fuel and similarly
the thermal utilization factor is slightly decreased as well. A positive effect on
k∞ is accounted to reproduction factor due to less neutron capture in the fuel.
The temperature effect was not taken into account in this study but compared to
influence of the reduced fuel volume, the effect of reduced fuel temperature and
neutron moderation was found very small, at least for the composite fuel with 10
vol.% BeO [106]. But similar results can be expected for the other cases.

The burnup behavior of k∞ is not investigated in [106] but reference [107] at-
tributes the increased k∞ of UO2-SiC fuel to thermal utilization factor: As the fuel
burns up, the K-infinity of UO2 fuel decreases slower than that of UO2 with 5 %w

and 10 %w SiC because the thermal utilization factor in UO2 decreases slower than
in UO2 with SiC.

The water to fuel ratio may also have an significant impact. The PWR technology
is designed to be under-moderated. By removing one tenth of the fuel volume the k∞

should increase.
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For the final burnup stage, Figures 3.2c and 3.2d reveal that there is penalty
in k∞ by all Cases 3-6 compared to Case 1. This is very likely due to the neutron
absorption. The composite nuclear fuel UO2 + 10 vol.% C poses the highest k∞

evolution because Carbon has very good moderation properties and low absorption
and thus this finding is not surprising. On the other hand, the evolution of the other
two types of composite fuel being compared is slightly surprising. At the end of
life, the k∞ of composite nuclear fuel UO2 + 10 vol.% SiC is almost the same as
the carbon based one. The influence of Si is almost negligible. Moreover, this type
of fuel exceeds the performance of the composite nuclear fuel UO2 + 10 vol.% BeO.

The reason why the Case 6 (carbon with diamond density) differs from the case
5 was not found. The moderator to fuel ratio may be one of the reasons but this
phenomena needs further moder detail research.

The last note in this section is dedicated to the magnitude of the k∞. The k∞

of the composite fuels are larger compared to the k∞ of the standard UO2 fuel
for most of the time. However, it must be mentioned here that this is a specific
case related to the model of the VVER-1000 pin used by the UWB code. Analysis
performed in [106, 107] where different codes and models were used predicted much
stronger and earlier decrease in k∞ for both cases using SiC and BeO. For this
reason, the results obtained here are indicative only. To be completed, Figures 3.3
and 3.4 show the results obtained in the mentioned works, the details are given in
captions.
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Fig. 3.3: Influence of BeO content on the k∞. Calculations performed with
DRAGON code in 2D infinite square lattice. The fuel pellet has the radius of
4.095 mm, the cladding is of 0.57 mm thickness, the fuel pitch 16.3 mm [106].

Fig. 3.4: Influence of SiC content on the k∞. Calculations performed with CASMO-
3 code for Framatome Mark-B 15x15 fuel assembly design. Fuel enrichment 4.66%
[107].
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3.3 Composite fuels comparison
In this wide subchapter, the composite fuel options are compared from the thermal
point of view. At the end of this subchapter, one fuel option is selected for detail
analysis during normal operation and accidents.

3.3.1 Verificiation of the TCC models
Here, the thermal conductivity models presented in Chapter 2.1 and material prop-
erties presented in Chapter 2.2 are combined and compared to experimental values
(if available) in order to see their (combined) validity.

Figure 3.5 provides an overview of the composites being investigated in this
subchapter. The UO2 + BeO composite is not investigated in this chapter because
the model for determining its thermal conductivity as a function of burnup and
temperature is already presented in section 2.4.1.

Figure 3.5a depicts the comparison of the experimental values of thermal con-
ductivity measured at sample containing 5 vol.% SiC with the prediction obtained
by using the Hasselman model (eq. 2.30). In this reference, the Hasselman model is
presented as a model yielding good predictions regarding the UO2+SiC composite
fuel thermal conductivity up to 20 vol.% SiC. The error bars of measured values
were also available in the reference [25] and thus they are shown as well.

The interfacial conductance between UO2 matrix and SiC grain is one of the input
parameters of the Hasselman model. It was determined as a function of temperature
using the equation 2.31 and its derivation is presented in section 3.3.2 in detail. For
simplicity, the same function was then used for predictions of composite fuel thermal
conductivity in all other cases presented in Figure 3.5.

In Figure 3.5b, the predicted thermal conductivity of UO2 with 5 vol.% dia-
monds is being compared to experimental results. The starting thermal conduc-
tivity of UO2 is determined for 96.5% TD as indicated in [63]. The prediction
of the composite thermal conductivity is subsequently done with Hasselman model
as in the previous case. It is clearly visible from this figure, that this model un-
derestimates the composite thermal conductivity. Moreover, if the UO2 thermal
conductivity was corrected to 95 %TD, the Hasselman model results would be al-
most identical to the prediction for composite with 5 vol.% of SiC.

This is an indication of the Hasselman model limitation. It seems that this model
is not suitable for composites having the difference in the thermal conductivity
of components bigger than two orders. In the here presented case, the difference
in thermal conductivity between matrix and additive is two orders or more depending
on temperature. As illustrated in Figure 3.6, for such a high ratio of kp/km, this
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constituent becomes dominant among the others in the eq. 2.30 and the model
becomes insensitive to difference in thermal conductivity of the additive.

A new model for prediction of the UO2+diamond fuel thermal conductivity had
to be found. The geometric mean model [16] was found to be good in prediction
of the thermal conductivity for this specific type of composite. The model is given
by the following equation:

λeff = λ(1−f)
m · λf

p . (3.6)

The results of this model are presented in Figure 3.5b by the blue line. However,
there is a problem of the verification of this model for higher SiC contents. Some
data on UO2+ 10 vol.% diamond fuel was published in [63] but significant scatter
of the data measured by different laboratories (University of Florida, LANL and
INL) was reported here as well. Therefore, it is not possible to verify the model’s
validity at higher diamond contents, but it is noteworthy to mention that this model
yields results which fall within the range of data presented for this diamond concen-
tration.

Figure s 3.5c and 3.5d show the experimental and predicted data on the ther-
mal conductivity of composite fuels comprising from UO2 and SWCNT and K1100
graphite fibers, respectively. The simplified Miranda model (eq. 2.33) was used
to predict the composite thermal conductivity and two cases are assumed in both
Figure s: 1) matrix with single additive and 2) matrix with additive covered with pro-
tective SiC layer.

As the input data for the Miranda model, SWCNT having a diameter and length
of 1.7 nm was assumed. The K1100 fibers are reported to have a diameter 9-10 nm
and thus the value of 9 nm was used as the reference. When the protective SiC
layer was involved in the prediction, the 10 µm thickness was used, as estimated
from [57].

Based on the comparison with measured values in Figure 3.5c, the simplified
Miranda model fails to predict the UO2+5 vol.% SWCNT fuel thermal conductivity.
Due to the lower thermal conductivity of SiC, the case with SiC covered SWCNT
shows a significant decrease in thermal conductivity compared to the case with single
uncovered SWCNT, but the values predicted by Miranda model are still far above
the expectations.

Given to the fact that the SiC and K1100 have close values of thermal conductiv-
ity, there is a little difference in thermal conductivity between UO2+K1100 graphite
fibers and UO2+SiC covered K1100 graphite fibers in the Figure 3.5d.
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3.3.2 Interfacial conductance prediction
The interfacial thermal conductance was calculated using the acoustic mismatch
model represented by eq. 2.31. here, the longitudinal and shear phonon velocities
of SiC, νl and νt, respectively, were taken from the NIST database [98] and the av-
erage phonon velocity ν is then simply determined using the following equation:

3
ν2 = 1

ν2
l

+ 2
ν2

t

. (3.7)

The phonon velocity of UO2 was determined for fresh state using the simpli-
fied one-dimensional model based on the knowledge of Young modulus E [108] and
density ρ [90]:

ν =
√

E

ρ
. (3.8)

The resulting dependency of the interfacial conductance is depicted in Figure 3.7
and one can see that it follows the UO2 heat capacity function which was found in [90]
as well.

Fig. 3.6: Increament in relative ther-
mal conductivity computed by Has-
selman model for UO2+SiC and
UO2+Diamonds.

Fig. 3.7: The interfacial conductance
hc between UO2 matrix and SiC grain
as a function of temperature
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3.3.3 Prediction of the fuel centerline temperature
The fuel centerline temperature is one of the most important parameters at all.
The low thermal conductivity gives rise a steep temperature gradient within the fuel
thereby causing high thermal stresses, pellet cracking and increased FGR. Increasing
the thermal conductivity allows for increasing the operation limit on LHGR and
thus the thermal performance of the fuel pin as well.

The temperature profile within the fuel pellet can be calculated using the famous
relationship already given by eq. 1.2.

3.3.4 Maximum LHGR and stored energy
During the operation, the maximum LHGR is limited in the meaning of function
of burnup. The limit on that is defined in order to protect the fuel from fuel melting,
excessive rod internal pressure (fission gas release), PCMI stress and other [109]. By
picking up the first phenomenon - the fuel melting - a new parameter can be used
for the additives comparison,

The parameter can be defined as the LHGR which leads to such a high centerline
temperature causing the UO2 to melt. In the here presented case, this definition is
changed in order to cover the influence of the second phase (dopant) within the UO2

matrix. The process being considered is the chemical reaction between the UO2

and the additive which usually starts at substantially lower temperatures than that
of UO2 melting.

Let us call the new measure ”LHGR to Chemical Reaction” (denoted as LHGRCR)
and let us define it as the LHGR leading to such a temperature within the fuel
pellet (expectably at centerline) which leads to chemical reaction between UO2 and
the second phase being encapsulated within the UO2. Table 3.2 defines the maximal
temperature which can occur within the fuel pellet containing candidate materials.

The comparison is based on the Figure 2.11. Here, the averaged relative in-
crease in measured thermal conductivity was used as the correlation factor (CF )
to calculate the new thermal conductivity function of each type of composite fuel.
The comparison is made for fresh fuel only. The model used for the comparison is
one fuel pellet with diameter of 7.6 mm and surface temperature of 400 ◦C. The pel-
let height is 10 mm.

Regarding the maximum temperature, beside the information given in subchap-
ter 2.2, the limiting maximum temperature of UO2+BeO composite was set as equal
to its eutectic temperature found in [40] (see Figure 2.6).

The normal operational limit on LHGR is below 400 W/cm but this is applied
for the average LHGR. The peak LHGR can reach up to 450 W/cm by new types
of fuel assemblies. From this point of view, the fuel containing SiC seems as not
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Fuel option CF Tmax LHGRCR

(-) (◦C) (W/cm)
UO2 1.00 2840 914
UO2 + SiC 1.06 1370 454
UO2 + BeO 1.26 2060 801
UO2 + SWCNT 1.41 1400 618
UO2 + Diamond 1.39 1400 608

Tab. 3.2: Comparison of the nuclear fuels based on the maximal allowable LHGR

being safe to operate. Next, the long term behavior of such composite is a still
remaining question needed to be answered which implies next safety uncertainties
on the operational limits.

Another popular parameter being used for comparison of the accident resistant
fuels comprising from UO2 and additive is the heat energy stored within the fuel.
This parameter plays some role during double end guillotine LOCA. The energy
stored within the fuel increases the core temperature immediately after the break
occurrence [8] (this phenomena is shortly introduced in subchapter 6.1). Table 3.3
displays the Stored Energy (SE) found for the same pellet model loaded with LHGR
equal to 300 W/cm. Graphical illustration of the data from Table 3.3 is displayed
in Figure 3.3. The SE was estimated using the simple caloric equation:

Q = [VUO2 ·ρUO2(Tav) · cp,UO2(Tav)+(V −VUO2) ·ρadd(Tav) · cp,add(Tav)] · (Tav −Troom).
(3.9)

In eq. 3.9 and in Table 3.3, the Tmax represents the centerline temperature and
Tav stands for the average temperature of the fuel pellet and V is the pellet volume.
The Troom is set to 20 ◦C and thus, by occasion, the SE of UO2 is equal to 100 J
approximately. The other values of SE thereby represent the percentage change
in SE as well. Moreover, Figure 3.8 contains the data how the SE is distributed
between UO2 and the additive.

In general, the decreased centerline temperature causes the stored energy to de-
crease. But it is interesting to note that all additives (especially diamonds and BeO)
have higher share of SE that pure UO2. The only exception from this is the com-
posite fuel containing SWCNT. The reason for this is the lower density of SWCNT
determined to be 1.984 g·cm−3. It should be noted here, that this value for deter-
mined for SWCNT with diameter of 1.5 nm but the density function in Fig. 2 in [96]
is very steep and yields strongly different results for small change in radius around
this specific value of diameter.
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Fuel option Tmax Tav SE

(◦C) (◦C) (J)
UO2 1035 718 99.97
UO2 + SiC 988 694 97.37
UO2 + BeO 872 636 91.55
UO2 + SWCNT 812 606 83.91
UO2 + Diamond 820 610 87.82

Tab. 3.3: Calculated values of maximum and average temperatures within the fuel
pellet model and corresponding energy stored within the fuel pellet.

Fig. 3.8: Graphical illustration of the stored energy in Table 3.3 with presentation
of the share of UO2 and additives on the stored energy.
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3.4 Selection of the candidate material
Based on the information given in the previous chapters and sections, this subchapter
selects one candidate for composite fuel detail analysis.

The first option to be excluded is the UO2 + SWCNT composite fuel. The rea-
son is very simple - the thermal conductivity behavior of this composite fuel is
poorly understood and no reasonable behavior estimate can be done. Moreover, the
Miranda model is not suitable for predicting the thermal conductivity of UO2 +
SWCNT mixture and no other suitable model was found.

The second option to be excluded is the UO2 + diamonds composite fuel. Even
though it provides the best thermal conductivity enhancement, the behavior of such
a fuel, similarly as in the case of UO2 + SWCNT, is poorly understood. But
author of this thesis wants to express another supportive opinion why to exclude
this concept despite its promising properties: the risk that the fuel temperature
exceeds the 1400 ◦C limit when the graphitization occurs is too large especially
during the RIA accident when sudden temperature is generated within the fuel. One
needs to figure out what will be the impact of the sudden increase in the diamond
volume on the composite fuel behavior.

The two remaining options are the UO2 + BeO and UO2 + SiC composite fuels.
A glance at the results in section 3.3.4 imply that the UO2 + BeO provides much
better operational limits compared to UO2 + SiC composite fuel. Even its exper-
imentally determined dependence of thermal conductivity on irradiation is known.
Unfortunately, during the decision making this data was not available and author
of this work has decided to focus on the UO2 + SiC composite fuel. The main rea-
son why the UO2 + BeO composite fuel was not investigated is its toxicity. Author
of this work finds this type of composite fuel with no perspective for commercial use
due to the political, economical and public acceptance when used.

For this reason and despite the fact, that UO2 + SiC composite provides the worst
improvements, the UO2 + SiC concept is selected for further detail analysis.
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4 Software used for modelling
In this chapter, the main codes which were used for modelling of the composite fuel
option(s) are briefly presented.

4.1 FEMAXI
There are many computer codes which can be used to investigate/predict the fuel
performance during normal conditions, like for example BISON, FEMAXI, FRAP-
CON, TRANSURANUS. For the purpose of this work, the FEMAXI6 code has
been selected since this code, together with its source code, is easily available from
the NEA database. The modification of this code, in order to be able to cope with
additives like SiC, is not difficult.

The code consists of two main modules - Thermal and Mechanical, as depicted
in Figure 4.1. The first module calculates the characteristics related to tempera-
ture (temperature distribution, FGR, thermally induced deformation for example)
whereas the second module calculates the characteristics related to mechanical be-
havior [110]. After successful convergence of the results from these two modules,
local PCMI analysis is performed. The method of solution is a one-dimensional axis-
symmetrical finite element method. The code is constructed to solve the whole fuel
pin problems including the pellet–coolant heat transfer phenomena. Beside this, a
detail one–pellet analysis is also possible. The possibility of coupling the code with
RODBURN and PLUTON is inherently included in order to obtain basic neutronic
input parameters [111].

Another advantage of use of the code is the amount of parameters which can be
calculated using this code. Beside this, there is a relatively large selection of mate-
rials models offered for computation.

In contrast to normal use of this code, this work aims to use the FEMAXI6
code in application the UO2-additive fuel. A similar study has been done in [102]
where the CAMPUS code has been utilized to predict the behavior of UO2 fuel
pellet containing different fractions of SiC. Since this study presents a good starting
point for subchapter 5.3, where the modified FEMAXI6 code will be used to analyze
the behavior of modified fuel under accidental condition, the study done in [102] is
partially reproduced here.
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Fig. 4.1: Overview of the FEMAXI-6 structure [111]

4.2 RELAP5
The RELAP5 is briefly introduced here. Based on the information given in the ab-
stract of the RELAP5 manual [112]: The RELAP5 code has been developed for
best-estimate transient simulation of light water reactor coolant systems during pos-
tulated accidents. The code models the coupled behavior of the reactor coolant system
and the core for loss-of-coolant accidents and operational transients such as antic-
ipated transient without scram, loss of offsite power, loss of feedwater, and loss
of flow.

The code itself is based on a nonhomogeneous and nonequilibrium model for the two-
phase system. This system is solved by a semi-implicit numerical scheme. Many
models of power plant components, like for example pumps, valves, turbines, heat ex-
changing structures, separators, accumulators, are involved within the code. The code
contains a library of system control components (PID regulators, for example) and
the reactor point kinetics is available as well. For the accident simulations, the spe-
cial models of choked flow or flow at abrupt area change are incorporated.
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Originally, the code was developed for the U.S. Nuclear Regulatory Commission
(NRC) but later some other organizations have joined the developer team within
the frame of the Code Applications and Maintenance Program (CAMP). The code
is not under development anymore, only the maintenance is provided but the code
is still widely used to support rulemaking, licensing audit calculations, evaluation
of accident mitigation strategies, evaluation of operator guidelines, and experiment
planning analysis.

Instead of RELAP5, it was decided to develop a new code TRACE which will be
able to simulate neutronic and thermal-hydraulic processes of an reactor at the same
time.

4.3 UWB
The UWB code is a one purpose code written with the intention to have a fast deple-
tion code for simple infinite lattice analysis. The code allows for calculation of bur-
nup depletion within a 2D square, triangular or sphere lattice based on the Monte
Carlo simulation approach. The code was written by Martin Lovecky at the Uni-
versity of West Bohemia. For examples of use see [113, 114] for example.

The code’s approach to solve the burnup task consists of five steps: initial
stage, prediction stage, correction stage, depletion stage, and estimation stage. Dur-
ing the initial stage, the total macroscopic cross section are prepared and the trans-
port solver then calculates the neutron flux in all defined regions together with
multiplication factor. The prediction stage estimates the fuel state at the end of
the burnup based on the initial state variables. The corrector stage is almost iden-
tical to the predictor stage but the predicted effective cross sections are taken as
the input data. The output of this stage is then the averaged predicted and corrected
values of effective cross sections, relative region powers, estimations of multiplication
coefficient, and transport multiplication values. The fuel composition and multipli-
cation coefficient during burnup are calculated during the depletion stage. The final
estimation stage is used for comparing the initial and final multiplication coeffi-
cients which are calculated by transport solver using the multiplication coefficient
estimates. The output is then the estimated multiplication coefficients which are
corrected for the expected differences.

The nuclear data library ENDF/B-VII.1 is used as the main source of nuclear
data and no other option of nuclear data library is possible within the UWB code.
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4.4 TRANSURANUS
The TRANSURANUS code is one of the codes used for predictions of detail fuel be-
haviour during various scenarios under normal, off-normal and accident conditions.
The code was developed in 1976 and it was extended and validated to calculate
problems related to VVER technology in 1995. It has a materials data bank for
many nuclear reactor technology materials: oxide, mixed oxide, carbide, and ni-
tride fuels, Zircaloy and steel claddings, and different coolants. Implementation of
the new models of material properties should be easy too [115, 116, 117, 118].

Thus, the code itself can be used to asset the behaviour of modified composite
nuclear fuel. But in this work, the code is used for analysis of the composite fuel
during the RIA accident solely.
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5 Performance of the composite fuel during
normal operation

The fuel performance during normal operation will be investigated because it
is one of the most essential knowledge here. Another good reason for this is that
some of these parameters have a strong influence on the consequences of accidents
are dependent on the conditions under which the reactor (fuel assembly) has been
operated. One of these parameters is, for example, the internal gas pressure within
the fuel pins which is one of the major causes of the ballooning effect.

The fuel pins are filled with helium in order to improve the heat transfer condi-
tions between pellets and cladding. As the consequence of the Fission Gas Release
(FGR) into the plenum, the composition of the fuel pin free volume gas changes
by contamination of Ar, Xe, Kr and other gases. The magnitude of FGR strongly
affects not only the gas composition, but the plenum pressure within the fuel pin as
well.

The state equation shows that the final plenum pressure of fuel pin being sub-
jected to LOCA is conditioned by the initial plenum pressure. Thus, mitigating
the FGR from the fuel pellet is a one of the possible ways how the ballooning effect
can be diminished. Basically, the simples method how the FGR can be reduced is to
decrease the temperature of the fuel pellet because the FGR which is strongly depen-
dent on temperature. Needless to say, addition of SiC currently causes the flattening
of the temperature profile within the fuel and thus leading to mitigation of the FGR.
Summarized, SiC addition into the fuel should lead to positive side-effect of mitiga-
tion of the risk of ballooning during BDBA, for example.

For prediction the behavior of composite fuel, the FEMAXI6 code is used. Using
the reference [102] as the base case, verification of the code is done by simulation
of one fuel pellet during steady power burnup in subchapter 5.1. This is followed
by subchapter 5.2 where the pellet behavior during burnup is explained in detail.
In subchapter 5.3, a sensitivity study is done where the influence of SiC content
on the fuel performance parameters is investigated. Beside this, in subchapter 6.7,
the modified code is used to asset the performance of the modified fuel during
accident which was derived from the LOCA type accident.
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5.1 Verification of the FEMAXI6 code
According to general practice and reccomendations, [119, 120] e.g., each program
should be verified before its use in any TH calculations. There has been numer-
ous studies published using different versions of the FEMAXI6code for calcula-
tion of wide spectra of phenomena related to nuclear fuel performance. The FE-
MAXI6code is often used for analysis of experiments done in research reactors [121,
122, 123, 124]. The verification against Halden data for MOX fuel has been also done
with good results [125]. Although the models incorporated in the FEMAXI6code
versions are primarily intended for the use with BWRs and western PWRs (with
regards to the cladding models), the utilization for the analysis in the field of the
WWER technology has been also reported in some literature [126, 127, 128].

For the verification of the FEMAXI6 code, the study [102] is utilized where
in turn the CAMPUS code has been verified for the use in the UO2-SiC application.
Specifically, this reference deals with simulation of one fuel pellet exposed at constant
LHGR of 200 W/cm with the operation period of 3.8 years in a typical LWR reactor.
The parameters being observed were the pellet centerline and surface temperatures,
cladding surface temperature, gap width, FGR, and plenum pressure. As it was
confirmed that the CAMPUS code yields reliable results by comparison of the results
with results predicted by other codes, a sensitivity study has been performed which
investigated the influence of SiC content on the previously mentioned and some
other parameters.

Figure 5.1 shows the fuel pin and the one fuel pellet model representing the base
case characteristics in [102], Table 5.1 lists additional input data.

Fig. 5.1: Fuel pin and fuel pellet model used for verification of the CAMPUS
model [102]
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Parameter Value
Plenum to fuel ratio 0.045
Irradiation time (years) 3.8
Fast neutron flux (n/m2s) 9.5E17
Coolant pressure (MPa) 15.5
Coolant temperature (K) 530
Coolant convection coefficient (W/m2K ) 7500
Rod fill gas Helium
Fill gas initial pressure (MPa) 2.0
Initial fuel density 95% theoretical

Tab. 5.1: Additional data of the base case used for verification of the CAMPUS
code in [102]

In order to get reasonably comparable results, there was an effort exerted to
reconstruct the base case analysis using FEMAXI6 as accurately as possible. Models
used in [102] were identified and, if possible, also used in the FEMAXI6 reconstructed
one pellet model. (The exceptions from this are specified within the following text.

During the reconstruction, there was a general problem that the FEMAXI6 code
offers a relatively large variety of established models and data [129] which needed
to be set while many of them are not used in [102]. A typical example is the Pel-
let crack and relocation option. In turn, in some models which are implemented
both in CAMPUS and FEMAXI6 as well, it was not possible to adjust all param-
eters listed in [102]. One of these cases is the cladding thermal expansion model
which considers the radial, axial and angular thermal expansion coefficients. So,
the CAMPUS model accounts for all three coefficients whereas the FEMAXI6 offers
the option to alter the two first only. Moreover, to the author’s knowledge, there
is a very little number of references recommending specific models or their combi-
nations for FEMAXI6 in this kind of burnup applications. Consequently, there was
on guidance how the remaining parameters should be adjusted. For this reason,
the parameters in the FEMAXI6 input deck which were not identified in [102] were
left in the default mode.

As a side note, it should be noted here that a different way was used to determine
the cladding surface temperature in the present work. In the FEMAXI6 version, it
is not possible to specify the exact value of heat transfer coefficient which is listed
in Table 5.1. Instead of that, the option of direct cladding surface temperature spec-
ification in the input deck has been used. Based on data in Table 5.1, the cladding
surface temperature has been determined as 619 K.
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Figure 5.2 shows the results of the base case analysis as predicted by the FE-
MAXI6 code. Results of some other codes of the same calculation are presented
as well. Figure 5.2a describes the evolution of temperatures at fuel centerline, fuel
outer surface and cladding inner surface. The temperatures predicted by FEMAXI6
are observed to be lower than those predicted by other codes in the beginning of the
simulation. This is caused by larger gap resulting from different fuel densification
model (see Figure 5.2c). It was found that the US NRC fuel densification model [130]
code predicts the evolution of the gap size in a sufficiently good agreement with other
codes but it should be noted here that all fuel densification models included in FE-
MAXI6 predicted larger fuel gap than the other codes. Even though the magnitude
of the gap width predicted by FEMAXI6 is larger compared to predictions of other
codes, the trend of gap width and of the gap closure agrees very well with CAMPUS
and BISON predictions.

The evolution of FGR was found to be similar to that of FRAPCON. This is
because the default condition of minimal FGR rate equal to 0.5% was used in the FE-
MAXI6 model. On the other hand, the evolution of plenum pressure is different from
the FRAPCON prediction in Figure 5.2d.

One can even see a small decrease in plenum pressure starting around 25 MWd/kgU.
This is caused by cladding inner diameter increase as the cladding accommodates to
expanding pellet leading to an increase in the plenum volume. But at this burnup,
the FGR starts as well and compensates for the plenum volume increase. The FGR
is of bigger influence and gives rise to further increase in plenum pressure. The same
behavior is also partially visible by the ABAQUS prediction.

An interesting fact is that although the same White & Tucker FGR model is
used by CAMPUS and FEMAXI6, the FGR is substantially lower by FEMAXI6
prediction. The explanation of this discrepancy lies within the White & Tucker
model parameters and in the model form itself, because slightly different forms are
applied in both codes. The CAMPUS code uses the semi-dihedral angle between
two surfaces equal to 0.5 whereas the FEMAXI6 code (as reported in the FEMAXI6
manual [111]) uses the default value equal to 0.25. When the CAMPUS’s value is
used in the FEMAXI6 code, the code yields non-realistic results and for this reason
the initial value is retained. The White & Tucker FGR model applied in the CAM-
PUS code also accounts for influence of the grain radius whereas that used in FE-
MAXI6 code not. To be completed, the lower FGR predicted by FEMAXI6 is also
caused by predicted lower fuel temperatures.
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5.2 Fuel pellet behavior
This subchapter provides the information how the one pellet simulated by FEMAXI6
behaves during burnup. For this, the Figure 5.3 included in the next subchapter 5.3
focusing on SiC sensitivity study is utilized. In this figure, the data on standard
UO2 are used for explanation of the fuel behavior. The subchapter 5.3 then follows
the information given in this subchapter.

Figures 5.3a and 5.3d show the temperatures at pellet centerline and at pel-
let surface, respectively. The pellet central temperature is a complex phenomenon
influenced by many other parameters, like e.g. pellet density, pellet thermal con-
ductivity, pellet surface temperature, pellet power density. First, the pellet central
temperature increases due to the fuel densification (increasing fuel-clad gap) and
to the decrease in gap conductance. After that, a small decrease is visible in Fig-
ure 5.3a due to the increasing gap conductance. However, the decrease in pellet
central temperature is followed by a next increase due to the rapid degradation
in fuel thermal conductivity. The thermal conductivity degradation proceeds dur-
ing the whole process of burnup, but the degradation is the most severe between
0 and 30 MWd/kgU (see Figure 1.3). At 25 MWd/kg, the centerline temperature
starts to decline again because the decreasing trend in pellet surface temperature
is somewhat increased after 20 MWd/kgU thereby affecting the pellet central tem-
perature in such a way that the effect of cooler surface prevails over the thermal
conductivity degradation. At the burnup of 35 MWd/kgU, the gap is fully closed
and the decreasing gap conductance increases the pellet central temperature again.

The relationship between the fuel temperature, gap width, and gap conductance
is explained as follows. As mentioned before, the pellet central temperature rapidly
increases in the beginning as the reactor power level reaches the nominal value but
the increase is also partially supported by the rapid fuel densification. This process
gradually increases the gap width and thus reduces the gap conductance. However,
the swelling component of the pellet radial change dominates with increasing burnup,
the gap width is reduced and the gap conductance is being enhanced. Around
35 MWd/kgU, the gap closes and the cladding resistance (together with increased
radial pellet creep) suppresses the radial growth of the pellet.

As it was found in [102], the gap conductance is dominated by a gas conductance
part of the Ross & Stoute model. A sensitivity study focused on the influence
of FGR on gap conductance has been conducted here and it has confirmed that
this conclusion is also valid in the case of FEMAXI6 calculation. The root was
found in the gas conductance component of the Ross & Stoute gap conductance
model. After the gap closure, the gas conductance component still plays the major
role in the heat transfer. This component is in direct proportion to the thermal
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conductivity of the gas mixture. The thermal conductivity of the gas mixture is
reduced by the presence of Xe and Kr which are introduced to the plenum volume
by FGR mechanism.

It should be mentioned here, that the effect of bonding process on the gap con-
ductance is not taken into account using the Ross & Stoute model with option
[IGAPCN=2] (despite the fact that some models considering the bonding process
influence are available in the FEMAXI6 code). The influence of bonding phenom-
ena on the gap conductance was omitted because the effect of SiC presence on
the bonding layer is unclear and the physical phenomena modelled are limited to its
minimum.

The plenum pressure follows the development of the fuel gap in the beginning
of the calculation. This is reasoned by the fact that the volume between fuel
and cladding is a part of the plenum volume which accommodates the filling gas.
The sharp decrease in plenum pressure at 25 MWd/kgU is caused by cladding radial
creep which starts to play a significant role at this moment by increasing the plenum
volume.
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5.3 SiC sensitivity study
As mentioned earlier, results of the sensitivity study are presented in Figure 5.3.
The behavior of the composite fuel is in agreement with expectations. The increasing
SiC content leads to decrease in fuel centerline temperature. In the case of 20%
SiC content, the centerline temperature was lowered about 100 K in the beginning
of the burnup and about 190 K at 50 MWd/kgU compared to the UO2 fuel.

The pellet surface temperature does not show such a strong dependence on
the SiC addition. With increasing SiC fraction, the fuel gap increases. The main
factor playing a role in the fuel gap increase is the lower thermal expansion coef-
ficient of SiC compared to that of UO2 as reported in [131]. Next, the behavior
of the pellet surface temperature after gap closure differs from the predictions pre-
sented in [102]. In the present work, the individual cases have different trends while
reference [102] finds the gap conductance to decrease after gap closure in all cases.

Among other parameters, the fuel temperature strongly affects the FGR behavior
of the fuel. Especially in the case of pure UO2 fuel, the amount of released Xe and
Kr is significant and the gap conductance is reduced. As a consequence, the pellet
surface temperature is higher compared to other cases. On the other hand, the 2%
FGR predicted for the UO2 fuel is quite small and consequently the addition of SiC
effectively reduces the FGR to lower or null values.

The FGR behavior of the UO2+SiC fuel is worth discussing in more detail.
Reference [46] reports formation of non-perfect contact at the UO2 matrix-SiC grain
boundary during the fuel pellet sintering. The imperfections take form of small
voids at the interface and this problem was significant especially in the case of SiC
whiskers. Moreover, another significant debonding process during long term high
temperature tests has been reported in [132]. This gives a rise to discussion of the
next development of the fuel structure.

Basically, there are two options what the development process will be like in the re-
ality. The first option is that the free volume of the voids will accommodate the fis-
sion gas and thus it will help to retain the fission gas within the fuel. The second
option is that, due to the mechanical stress, for example, the voids interconnect and
transform the matrix into the open porosity structure. This would lead to increase
in FGR and thus to negative influence on the fuel performance during operation
and especially during the accidents. Besides this, there is a significant influence
of the doping (or second phase addition) on the gas migration within the fuel.
The problem is that there is a significant lack of experimental data which limits
the possibility of investigation of this process.
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The only reference which was found to be related to this topic and which deals
with high additive fractions [133] mentions that the Xe diffusion coefficient from
UO2 containing 10-30 mol% was about 20-50 times larger than from pure UO2. On
the other, nuclear fuel containing only 3% of BeO which was tested in the Halden
reactor shows a substantial decrease in FGR [44].

Finally, a conclusion can be drawn that the predictions of UO2+SiC fuel behavior
obtained by FEMAXI6 are consistent with those obtained by CAMPUS. The main
discrepancies are to be found in FGR and plenum pressure. The different evolu-
tion in fuel centerline temperature, which has originally decreasing trend CAMPUS
prediction, is probably due to the lower fuel pellet surface temperature.

5.4 Additional parameters of interest
This subchapter provides some additional information on the UO2 + SiC fuel bur-
nup characteristics which were not mentioned in [102]. First, Figure 5.4 displays
the time dependence of the burnup of the fuel with different fractions of SiC. With
increasing SiC content, the burnup of the fuel increases too because the lower frac-
tion of UO2 needs to be more depleted. The fuel with 20 vol. % fraction of SiC has
approx. 10 % higher burnup compared to standard UO2 fuel at the end of the bur-
nup process (1314 days). This is partially explained by considering the fuel porosity
but the main reason is the way how the FEMAXI6 calculates the burnup. The sub-
routine BURNUP calculates the burnup based on the pellet weight. In the modified
FEMAXI6 code, this parameter was corrected to the SiC content but no modifica-
tion to the decreased content of fissile material was made. So, the burnup calculation
is slightly corrupted. A related point to consider is that the higher burnup of the
UO2 + SiC fuel implies that the UO2 fraction degrades to higher extend with all
the negative high burnup side effects like the rim structure formation etc.

Another parameter of additional interest is a fuel column elongation and a change
pellet diameter. Sub-figures within the Figure 5.5 refer about the change of these
parameters over the time. FEMAXI6 allows to calculate the radial change and axial
elongation according to the usual theory, where the total strain ϵtot is decomposed
into several components as follows:

ϵtot = ϵel + ϵtherm + ϵreloc + ϵcrack + ϵdensf + ϵswell + ϵhot−press + ϵps + ϵcreep, (5.1)

where the strains components refer to elastic strain ϵel, pellet thermal expansion
strain ϵtherm, pellet relocation strain ϵreloc, pellet crack strain ϵcrack, pellet densifica-
tion strain ϵdensf , pellet swelling strain ϵswell, pellet hot-press strain ϵhot−press, pellet
plastic strain ϵps, and pellet creep strain ϵcreep.
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Fig. 5.4: The difference in final burnup at the same final time for different SiC frac-
tions

FEMAXI6 allows to plot the data on some of the components and so, these pa-
rameter were calculated and plotted in Figure 5.5 for both, UO2 and UO2+10 vol.%
SiC fuel. Figures 5.5a and 5.5d refer to UO2 fuel and Figures 5.5b and 5.5e refer to
UO2+10 vol.% SiC fuel. Figures 5.5c and 5.5f provide the comparison of final state
parameters.

Results presented in this figure reflect well the changes made in the modified
FEMAXI6 code. Surprisingly, both the final pellet radial displacement and final
fuel column elongation reach similar values. The difference lays in the share of the
individual components. With respect to reference [102], mainly the thermal expan-
sion model was corrected to the SiC content. For this reason, the final value of the
thermal expansion component is different. This difference is, however, compensated
by the swelling component, which was not modified within the FEMAXI6 code,
and the increased burnup of the modified fuel results in higher swelling component.
This indicates, that the modified fuel will have taller fuel column in the zero-power
state but the thermal expansion of the regular UO2 will be more significant during
accidents with increased fuel temperature.
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6 Influence of the composite fuel on LOCA
type accident management

6.1 The methodology
In this chapter, the influence of the additive in fuel on the accident management is
asset. For this purpose, a method applied in [117] is adopted here. This method
originally consists of multi-stage approach. In the first stage, the steady state neu-
tronic analysis of WWER-1000 core with TVSA assemblies is performed. It results
in identifying the most loaded fuel pin and its linear heat rate distribution along
pin height. The second stage consists of two sub-steps. First, a LOCA analysis
is performed for six sets of boundary conditions using RELAP5/MOD3.3 thermal-
hydraulic code. Second, modified TRANSURANUS code (v1m1j09 version) is used
to read the RELAP5/MOD3.3 results and a more detail analysis was done using
this code. It is convenient to say that there was no coupling done between the two
codes. Basically, the TRANSURANUS calculated just the response of the fuel based
on the input data gained by RELAP5/MOD3.3 for the whole core. But one must
also say the TRANSURANUS had to be modified before using in the study [134]
because the cladding models in the original version had to be extended to accidental
conditions.

This method was adopted in this work, but two changes had to be done. The first
change is that, the FEMAXI-6 is used instead of the TRANSURANUS, for the sake
of more detailed mechanical analysis. This code, however, is not intended for calcu-
lations of accidental conditions. This is probably for the same reason as in the case
of TRANSURANUS - the cladding models implemented in the FEMAXI-6 code are
suitable only for the steady state and transient analysis. Next, apart from surface
cladding temperatures, the core pressure cannot be specified in the input deck and
thus cladding stress and strain caused by pressure difference cannot be computed
with validity. But because this work deals only with the fuel and the cladding is out
of the interest, the FEMAXI-6 is used to calculate the fuel response to the accidental
conditions in the reactor core.

The second change consists in the reactor model used. Instead of the full reactor
model, the model of the PSB-VVER 1000 experimental facility was used in this
work. This facility was built at the Electrogorsk Research and Engineering Centre
in Russia and served for thermal-hydraulic tests of VVER-1000 technology acci-
dents, including LOCA type accidents. The advantage of this approach is that
there are experimental data available on LOCA test which were used for validation
of the model. The model is open to public in [135].
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The core of this facility consists of stainless-steel rods being heated by electrical
wires (they simulate the VVER-1000 fuel assembly). In the model, this part was
modified, and the structure of the fuel rods was changed into standard fuel pins
according to geometry of VVER-1000 TVSA-T [136] fuel assembly. With this mod-
ified model, the influence of fuel modification on the accident management has been
asset.

The nature of the accident being investigated in this work should be discussed
here as well. In [117], the accident scenarios investigated were of the classical
LOCA type under conditions considering different F type and different burnup stage.
The clad surface temperatures did not reach the 1200 ◦C limit defined for BDBA but
they were close to it. Figure 6.1 represents the fuel and cladding temperatures to-
gether with its time scale which were simulated in this reference.

Fig. 6.1: Temperature scenario of the LOCA accident simulated in [117]

In this work, the scenario of the LOCA experiment presented in [135] does not
correspond to that simulated in [117]. In this reference, the fast blow out phase
is accompanied with depressurization, but this phase is followed by a slow heat up
transient leading to BDBA temperatures above 1200 ◦C. In other words, the typical
quenching part of the LOCA accident is missing in this reference. Instead, a series
of small ECCS water injection pulses was observed in this experiment which led
to partial cooling only and which was distributed over much longer time scale.
substantial part of this work is dedicated to analysis of this accident and the reader
will be provided by sufficient amount of information within the subchapter 6.2.
Based on this experiment, the accident scenario is then created in subchapter 6.3.

So, in general, the accident postulated in this work is not of typical LOCA. It
should be rather considered as an accident scenario leading to BDBA accidental
conditions.
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6.2 The PSB facility
In the following subchapter, the PSB model and its validation will be presented
first. After that, the modification of the model to nuclear facility is described.
Using the modified model, the influence of the fuel modification on the accident
management is investigated.

The PSB-VVER 1000 experimental facility was designed for thermal hydraulic
LOCA tests related to the VVER-1000 reactors. Its core consists of one VVER-
1000 electrically heated fuel assembly and thus all other parts of the facility are
made in approximately 1/300 scale in volume and power (the height scale is kept
1:1). The stainless steel heating rods are heated by electrical current using nichrome
wire encapsulated within MgO insolation. In order to give a basic overview of this
experimental stand, the scheme of the PSB facility showing thef core and auxiliary
systems is depicted in Figure 6.2. The main parts of the PSB facility (core and
loops) are depicted in Figure 6.3 in more detail.

Fig. 6.2: General scheme of the PSB facility [137]

The facility has four loops (each with main coolant pump and steam generator)
and the pressurizer can be connected to two of them. The downcomer and core
bypass are installed using separate systems out of the core. The safety systems
of the facility consist of high-pressure injection system and low-pressure injection
system. During thermal hydraulic experiments, the temperatures are measured with
thermocouples located at fuel pins and at various positions in the facility. The water
level within the facility is measured using pressure sensors. See references [135, 137]
for more details on the PSB facility.
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Fig. 6.3: General view of the PSB facility [135]

The model of the facility including its nodalization and main parts modelled is
depicted in Figure 6.4. The core is divided into 15 nodes but only 14 of them are
modelled with heat structures. The last node without the heat structure represents
the upper plenum of fuel pin.
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Fig. 6.4: The RELAP5 model of the PSB facility [135]
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The reference [135] contains also the experimental data from the 11% Upper
Plenum LOCA test. The programs g3data [138] and WebPlotDigitizer [139] were
used to read the data from graphs.

The test scenario is presented in the left column of Table 6.1. The table rep-
resents the main actions of the test accident and the boundary conditions defined
in the model. For illustration, the right column shows the time of each event as
defined or calculated by the PSB model. One can see that there is a clear difference
in the experimental and calculated data of the test by those events which were left
as the variable. Similar behaviour can be thus expected in this work.

Event Experiment (s) Calculation (s)
Break opens 0 0
SCRAM/power decrease 5 * 5
Pressurizer heaters turned off 6 2
Main coolant pumps tripped 10 * 10
Steam generator 4 feedwater flow ends 10 * 10
Steam generator 1 feedwater flow ends 13 * 13
Steam generator 3 feedwater flow ends 14 * 14
Steam generator 2 steam flow ends 17 * 17
Pressurizer above heaters empties 19 21
Steam generator 1 steam flow ends 20 * 20
High pressure injection starts 21 13
Steam generator 4 steam flow ends 23 * 23
Steam generator 3 steam flow ends 24 * 24
Primary pressure drops below secondary pressure 86 86
Accumulator 4 injection starts 165 144
Accumulator 2 injection starts 175 139
Accumulator 3 injection starts 184 144
Accumulator 1 injection starts 194 144
Core heatup starts 222 168
Core bypass heater tripped 559 –
Experiment terminated 1037 798

* Set as boundary condition in the calculation

Tab. 6.1: Time sequence of the PSB 11% upper plenum break test [135]

The experimental data is in detail presented within the next parts of this sub-
chapter. The experimental data from the test was used for the RELAP5/MOD3.3
code assessment. Whereas the reference [135] assess the RELAP5/MOD3.2 code
version, the RELAP5/MOD3.3 version is used in this work. With the newer ver-
sion of RELAP5, the model had to be validated again. In order to asset the RE-
LAP5/MOD3.3 version, following representative set of parameters was selected:
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• Upper plenum pressure
• Differential pressure in the lower portion of the core simulator
• Differential pressure in the middle portion of the core simulator
• Differential pressure in the upper portion of the core simulator
• Differential pressure in the lower portion of the upper plenum
• Differential pressure in the upper portion of the upper plenum
• Accumulator 1 liquid level
• Accumulator 1 pressure
• Break flow rate
• Pressurizer liquid level
• Pressurizer heater power

The upper plenum pressure is selected for the comparison purposes because it
represents one of the most basic parameters of LOCA accidents. The same is valid
for the Break flow rate. Differential pressures are selected because they represent
the liquid volume along the core and upper plenum. Accumulator liquid level and
pressure are evaluated as well because they represent the basic data on water inven-
tory and ECCS characteristics. This is valid for the pressurizer liquid level as well.
The pressurizer heater power is selected as the representative measure of control
systems actuation.

These parameters, the comparison between the experimental data, and calcu-
lation results, are shown in Figures 6.5 - 6.15 located in the next part of this
work. Sometimes a significant difference can be found between the experimental
data and calculation. Reference [135] provides explanation of the physical phe-
nomena in the system during the test as well. Some effort has been expended on
explanation the differences between experimental data and calculation results.

Fig. 6.5: Upper plenum pressure (calculated at the position of the break)
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Fig. 6.6: Pressurizer heater power

Starting from Figure 6.5, the upper plenum pressure decreases more rapidly
in the calculation than in the experiment. But the depressurization was slowed down
approximately at the same time (50 s), as the liquid began to boil. In the experiment,
accumulator (ECC) injection began near 200 s (see Figure 6.10) which increased
the depressurization rate by partial condensation of the steam on cold water being
injected. In the calculation, due to the faster depressurization, the ECC started
earlier (near 140 s) and this further also increased the depressurization rate.

After 300 s, a cyclic behavior was observed in the experiment. This is because
the ECC injection increased the steam condensation which was followed by an in-
crease of depressurization rate. This further increased the injection flow. As the liq-
uid level began to increase in the core, the heater rods were quenched and the vapor
generation rate was increased. The higher vapor generation increased the pressure
preventing the ECC water from entering the core. Without the ECC water, the wa-
ter evaporated and the heater rods began to heatup again. The same effect can be
observed in the calculation but it is much less pronounced as in the calculation and
starts earlier at the time approx. 250 s. The earlier starting time is caused by faster
depressurization and thus faster reaching the saturation temperature. The lower
amplitudes are also probably caused by faster depressurization when the ECC in-
jection is not able to provide sufficient amount of water compensating the steam
amount escaping through break.
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Fig. 6.7: Pressurizer liquid level (exp. data uncertainty = 0.3 m)

Figure 6.6 represents the pressurizer heater power. In the experiment, the power
to the heater was shut off when the UP pressure fell below 13.73 MPa and the same
condition was implemented in the model. But in the calculation, this pressure level
was reached after 2 s, consequently, the pressurizer heater was turn off and did not
reach the maximal allowed value of 70 kW.

Figure 6.7 represents the water inventory in the pressurizer. The zero level is
considered at the position of the heater top and the maximal level is at the top
of the tank. This portion of the pressurizer drained slightly slower in the calculation
than in the experiment.

The calculated break flow rate is shown in Figure 6.8. The total amount of
released water is approximately the same for the first 20 s. After that, the cal-
culation overestimates the break flow rate until the time of approx. 80 s when
the measured flow rate becomes higher. As a result, the amount of released water
is again the same at the time 180 s and after that the amount of released water is
lower in the calculation.

The pressure and liquid level in accumulator 1 are related quantities as can be
seen from Figures 6.9 and 6.10. These characteristics are basically identical for all
accumulators. The faster depressurization in calculation causes also the faster start
of ECC injection. The start of periodic injection can be also identified at the time
of 250 s as in Figure 6.5. The liquid level decrease is much ”smoother” within the first
550 s while the experiment data shows the development of ”step-wise” decrease at
the time of approx. 350 s. This difference is related to the fact that the heatup
process within the core was delayed in the calculation.
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Fig. 6.8: Break mass flow rate

Fig. 6.9: Accumulator 1 pressure
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Fig. 6.10: Accumulator 1 liquid level

Fig. 6.11: Differential pressure in the lower part of the core

Figures 6.11 – 6.13 show the differential pressures along the height of the core.
The differential pressures are equivalent to the amount of water presented between
the pressure measurement points. In the beginning of calculation, there is generally
a good agreement with experimental data. Later, the code overpredicts the amount
of water within the lower part of the core. The peak in differential pressure around
200 s in the middle part of the core was not calculated by the code.
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Fig. 6.12: Differential pressure in the middle part of the core

Fig. 6.13: Differential pressure in the upper part of the core

One should also note that the measured differential pressure exceeds the zero
value sometimes, but this is not realistically possible. This is an indication of a
problem with measurements. Both the cases, the measurement and calculation data,
reflect the influence of water injection to core by pressure decrease and consequent
return to wards its initial value.
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Fig. 6.14: Differential pressure in the lower part of the upper plenum

Fig. 6.15: Differential pressure in the upper part of the upper plenum

Figures 6.14 – 6.15 show the differential pressures in the upper plenum. There is
more liquid retained within upper plenum in the experiment than in the calculation.
The reasoning of this fact is probably the same as in validation of RELAP5/MOD3.2:
parameters of the counter current flow limitation (CCFL) model between core and
upper plenum are not adjusted properly and this prevents the water from falling
back to the core.
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The experimental and calculation data presented in Figures 6.5 – 6.15 was used
for the RELAP5/MOD3.3 assessment. The code assessment was done according
to a procedure established by NRC. This procedure was originally developed by
LANL [140] and defines qualitative code-experimental comparison ”descriptors” such
as ”excellent, reasonable, minimal and insufficient” [141].

The ACAP (An Automated Code Assessment Program, [142]) was used to evalu-
ate the agreement between the calculation results and experimental data. ACAP is
a program providing several statistical methods (metrics) for comparison of various
statistical data sets. Each metric can be used as a single measure but normally
a combination of several metrics is used using weight factor for each metric. All
selected measures are then recalculated to one single number ranging from 0 to 1,
which is called Figure of Merit (FOM).

As an example, conversion of the Mean Error Magnitude (MEM) to FOM is
presented below. MEM is defined as:

MEM = 1
N

{
N∑

i=1
|Oi − Pi|

}
, (6.1)

where O is the base data point, P is the comparative data point and N is the total
number of data points. For the case of normalized data, the equation (6.1) turns
into:

MEM∗ = 1
N

{
N∑

i=1
|O∗

i − P ∗
i |
}

, (6.2)

where:

O∗ ≡ O

|Omax − Omin|
, (6.3)

P ∗ ≡ P

|Omax − Omin|
. (6.4)

Finally, the FOM value is for the case of normalized MEM calculated as:

FOMMEM = 1
MEM∗ + 1

. (6.5)

The relationship between FOM value and the descriptors is shown in Table 6.2.
For easier distinguishing, each descriptor is indicated with a colour as well.

Based on recommendation in [144] for time dependent data without oscillations,
four metrics and their weightings, respectively, were selected for the code assessment.
These four metrics are listed in Table 6.3.
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Descriptor FOM range (-) Color
Excellent agreement FOM >= 0.77 green
Reasonable agreement 0.67 =< FOM < 0.77 blue
Minimal agreement 0.59 =< FOM < 0.67 yellow
Insufficient agreement FOM < 0.59 red

Tab. 6.2: Magnitude of FOM descriptors used for assessment of TH codes [143]

Metric Weight factor(-)
Size-Independent ”Predicted – Perfect” L2 Norm 0.15
Degree of Randomness 0.15
Mean Error Magnitude 0.35
D’Auria FFT (k=0) 0.35

Tab. 6.3: Metrics and their weights used for validation of the PSB model against
experimental data [144]

Parameter FOM (-) Assessment
Upper plenum pressure 0.916 Excellent agreement
Differential pressure in the lower part of the core 0.722 Reasonable agreement
Differential pressure in the middle part of the core 0.728 Reasonable agreement
Differential pressure in the upper part of the core 0.731 Reasonable agreement
Differential pressure in the lower part of the UP 0.669 Minimal agreement
Differential pressure in the upper part of the UP 0.673 Reasonable agreement
Accumulator 1 liquid level 0.858 Excellent agreement
Accumulator 1 pressure 0.827 Excellent agreement
Break flow rate 0.75 Reasonable agreement
Pressurizer liquid level 0.936 Excellent agreement
Pressurizer heater power 0.618 Minimal agreement

Tab. 6.4: FOM values for selected parameters of the LOCA experiment

Using the above stated metrics and their weightings, FOM factors were calcu-
lated for each parameter and the validation of the model was done. The result
of the validation assessment is shown in Table 6.4.

In general, the code shows a reasonable agreement especially as far as the differ-
ential pressure in the core and upper plenum is concerned. But it is possible to see
excellent agreement between experiment and calculation especially within (roughly)
the first 80 s. Within this period, the natural convection played the major role
in the system (the primary pressure dropped below the secondary by the time 86 s).
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The code shows also reasonable agreement for the break flow rate simulation. But
it must be mentioned here that break flow rate calculation is critical for this type
of simulation. The break flow is influenced by settings of break discharge coefficient
which was set according to general recommendation given in the RELAP5/MOD3.3
input manual vol. V [145]. Selections of different discharge coefficient has a sig-
nificant impact on the results of the whole simulation. The upper plenum pressure
is judged to be in excellent agreement. The depressurization was faster in the cal-
culation on the one hand, on the other hand the pressure simulation reflects all
important processes which happened.

Additional information on the code accuracy can be gained by an analysis of the
heater rod temperatures during the experiment and calculation. The experimental
and calculated heater rod surface temperatures are presented in Figures 6.16 - 6.17.

The first worth of mentioning is the different time. The experiment was termi-
nated at 1037 s in order to prevent the heater rods from damage. The simulation
was terminated at 798 s when the stainless-steel reached the temperature of 1073 K
and thus exceeded the temperature range for which the stainless steel properties
were defined within the original model.

The next issue which should be discussed is the different time of heatup start
and heatup progress. There is a time discrepancy about 50 s between the start
of the measured and calculated heatup. A similar time difference was observed
in the calculation with RELAP5/MOD3.2 as well. In [135], this is also explained by
faster depressurization in the core (the lower core pressure results in earlier boiling).

After the start of heatup, the core went through a subsequent series of heatups
and quenching as a response of ECCS water injection (see Figure 6.10). Author
of this work suggest the following explanation of the steep temperature increase at
350 s: with faster depressurization and more extensive boiling, more of the length
of the heating rods is involved in the heat up process and the ECCS water injections
are not able to sufficiently cool down the core.
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Fig. 6.16: Measured heater rod surface temperatures during the LOCA test [135]

Fig. 6.17: Simulated heater rod surface temperatures for the LOCA test
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6.3 The PSB model modification

As mentioned at the beginning of this chapter, the PSB model had to be modified
in order to be able to predict the influence of fuel modification on the accident
management. Only the heating rods were subjected to modification, their cross
section and geometry are depicted in Figure 6.18.

As the representative fuel assembly for the PSB heating rods modification,
the VVER-1000 TVSA-T fuel assembly [136] was selected. This type of fuel as-
sembly shares the same outer diameter of fuel pin (heating rod). It has a cladding
thickness of 0.65 mm and pellet outer diameter of 7.6 mm. To be consistent with
the PSB model, no inner hole within the fuel pellet has been modelled (nevertheless,
the inner hole has been not used later by the modified TVSA-T [146, 147, 148]).
In the modified model, the cladding has been modelled as pure zirconium and pure
helium was assumed in the fuel gap.

Fig. 6.18: Cross sections of one heating rod of the PSB facility [141]

Next, the temperature range of the stainless-steel properties have been extended
because the material properties were defined only up to 1073 K which is insuffi-
cient limit for the accident modelling. Currently, the temperature range is defined
up to the 2000 K. It is not clear from [135] what type of stainless steel was used.
Thus, the procedure used in part 3 of [101] was used in this work as well. The
data original points defined in the model were extrapolated up to the temperature
1671 K (cca 1400 ◦C) where the 304 stainless steel starts melting. The volumet-
ric heat capacity was defined as constant after that temperature and the thermal
conductivity was decreased to one half of the value for the temperature of 1727 K
where the melting stops. The thermal conductivity remains constant after 1727 K.
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The original and extrapolated values of thermal conductivity and heat capacity are
depicted in Figures 6.19-6.20.

On the other hand, the temperature range extension has the only sense for an
ideal TH modelling. In the reality, the core undergoes a structural deformation
process during the accident because of the chemical reaction between zirconium and
steam and other phase changes or reactions of other materials. E.g., the reaction
between zirconium and steam was widely reported as one of the major problems
which must be avoided during the accident. Based on [149], the reaction occurs in
the temperature range of 1100-1500 ◦C, particularly at 1200 ◦C, but some literature
mentions the beginning at 900 ◦C ([150] for example). This reaction is exothermic
which means that it introduces another significant amount of heat into the sys-
tem and besides large cladding temperature gradients an uncontrolled temperature
escalation may be the next consequence. One of the products of this reaction is
the ZrO2 which further reacts with UO2 at 1310 ◦C [151]. Approximately at 1400 ◦C,
the stainless steel, an important structural material within the core, starts to melt.

These and other reactions and their effects have significant impact on the scenario
of accident by promoting of the core degradation process thereby restricting coolant
channel. But for simplicity, they were not considered in the predictions. The TH
simulations presented in this work are limited to the conditions that the geometry
of the PSB facility remains unchanged, no chemical reactions occurs and the heat
is generated by the fuel pins.
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Fig. 6.19: Enlarged thermal conductivity temperature range of the stainless steel.
The code interpolates between the depicted points.

Fig. 6.20: Enlarged heat capacity temperature range of the stainless steel. The code
interpolates between the depicted points.
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6.4 Influence of the fuel burnup
The modified PSB model allows to analyze the influence of fuel burnup and SiC con-
tent on the management of the LOCA type accident. This is done by modification
of the thermal conductivity and the heat capacity of the fuel. Whereas the ther-
mal conductivity function was defined as dependence on burnup and temperature,
the heat capacity is defined only as a function of temperature.

Omitting the burnup dependence in the heat capacity function is possible be-
cause the neutron irradiation effect is negligibly small for the case of SiC [51] and
reference [90] reports only a small increase with burnup in heat capacity for the case
of UO2. On the other hand, SiC has larger heat capacity than that of UO2 and
therefore it has to be taken into account. The heat capacity of the composite fuel
was calculated through the simple rule of mixtures (Voigt model - eq. 2.1 ) where
the mixture heat capacity is weighted by the volume fractions of the constituents.

In this subchapter, the influence of the burnup will be analyzed in the first
step. This will be done for the case of UO2 only. The influence of the SiC content
will be analyzed in the second step in the following subchapter. Consequently,
the separation of the analysis into two steps will help to easily distinguish their
separate influence.

The influence of the burnup was analyzed for five fuel burnup stages: 0, 15,
30, 45, and 60 MWd/kgU, respectively. Figure 6.21 shows the values of thermal
conductivity. The thermal conductivity of the UO2+10 vol.% is depicted as well.
The composite fuel thermal conductivity was calculated with respect to the degra-
dation of the SiC thermal conductivity (the degradation model is presented in sec-
tion 2.4.4). For all the cases presented in Figure 6.21, the fuel steady state temper-
ature profiles are depicted in Figure 6.22 as calculated by RELAP5. It is interesting
to see that the influence of SiC is more pronounced at the final burnup stage.

With regards to the original version of the PSB facility model, the core of the PSB
facility is modelled using 14 nodes thereby providing 14 temperature - time vectors
for the analysis. For the sake of clarity of the graphs, this amount of data was lim-
ited to two main parameters: average cladding temperature and maximum cladding
temperature. The maximum cladding temperature is not calculated for any specific
location along the core. Instead of that, this parameter is calculated as the max-
imum temperature of any of the 14 nodes. The average and maximum cladding
temperatures are shown in Figures 6.23 and 6.24.

For the WWER reactors, there is a 1200 ◦C temperature limit which defines
the acceptance criteria of the BDBA accident [109]. Needless to say, this temperature
limit is almost the same for the PWR reactors, according to the NRC regulations.
That is why, this temperature limit is also depicted in Figure 6.24.
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Fig. 6.21: Thermal conductivity of the fuel at different burnups used in the analysis
(solid line - pure UO2, dotted line - UO2 + 10% SiC composite)

Fig. 6.22: Temperature profile within the fuel pellet calculated for standard UO2

fuel (left side) and composite UO2 + 10% SiC fuel (right side) at different burnup
stages defined in Figure 6.21.)
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Fig. 6.23: Predicted average cladding temperatures for different burnups dur-
ing the LOCA accident

Fig. 6.24: Predicted peak cladding surface temperatures for different burnups dur-
ing the LOCA accident
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One can clearly see that both average and peak cladding temperatures pose
the same tendency to raise. But the peak cladding surface temperature data are not
influenced by the lower cooler parts of the fuel pins and thus the temperature changes
are more pronounced. The temperatures increase with time having the typical peaks
caused by ECCS water injections. However, while there is a sharp temperature
increase around 400 s for all the cases, there is no visible time trend in the peak
formation after this time. This is valid especially after the time of 500 s. It is
interesting to see that all cases have a similar trend and are close together thereby
creating a kind of a ”temperature band”.

The maximum temperature limit was reached shortly before 1000 s of the simu-
lation time and all predictions reached this temperature limit within less than 200 s
after that. But it may be noticed that the temperature dependence for 0 MWd/kgU,
which reached this temperature limit as the first one, returned back below this tem-
perature limit within approx. 80 s and it exceeded the temperature limit again at
the time 1335 s. Similar situation happened in the prediction for the 45 MWd/kgU
burnup as well.

The similar behavior of all predictions is an indication that there is no (or very
little) influence of the burnup on the process of the core heatup and accident man-
agement. The main parameters are possibly the ECCS water inventory, the ECCS
setup, the core depressurization rate and the core power after the shutdown. This
conclusion should be valid especially for the classical LWR reactors fueled with fuel
assemblies with different burnups. In such a case, it would be meaningful to omit
the burnup sensitivity study and one simulation for an ”average” burnup of a rep-
resentative FA should be sufficient in order to obtain a representative prediction.

The postulate on burnup independence can be next supported by the plot of the heat
being transferred from the core which is represented by the total heat flux from
the core to the coolant.

Figure 6.25 represents a detailed analysis of the core to coolant heat flux
for each burnup case. The upper graph shows the actual heat fluxes with detail
of the very beginning of the prediction. The lower graph demonstrates the inte-
grated heat fluxes which were divided by the integrated heat flux of the prediction
with 0 MWd/kgU burnup. The detail of the first graph reveals that there is a clear
dependency of the core to coolant heat flux on the burnup. With higher burnup,
the heat being extracted from the core is higher. This is an important detail because
the amount of transferred heat significantly influences all other parameters related
to the coolant pressure, temperature and water steam mixture quality. Given to
fact that coolant pressure is the most basic parameter for the emergency systems
(at least in the PSB facility model), the core to coolant heat flux plays almost an
essential role in the accident scenario. This simple postulate, however, needs to
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be more explained and needs to be introduced in relation to other processes acting
during the accident predictions.

For each burnup case, the depressurization rate is slightly different. E.g., the pri-
mary pressure falls below the secondary pressure with the time difference of 0.1 s
between the cases for lowest and highest burnup. But the pressure has the influence
not only on the core to coolant heat flux, but on many other phenomena, like for
example mass flow in loops, mass flow in adjacent systems (downcomer and bypass),
start of ECCS systems, steam condensation and other. Naturally, these other phe-
nomena are in mutual relation and deviation in one system has impact on other
systems. The different depressurization rates cause small deviations in all above
mentioned systems and processes. The initially isolated deviations accumulate, af-
fect each other and, as consequence, the logical distribution of the integrated heat
fluxes changes dramatically around 170 s in the lower graph.

Given to the relatively large complexity of the model, it is difficult to identify
the most important initial processes which causes this abrupt change in the se-
quence of the relative integrated heat fluxes. The term ”butterfly effect” describes
the situation after 170 s quite well. After the time of 170 s, the initial heat inven-
tory represented by the temperature profile within the fuel pellets plays almost no
role and thus the scenario of the most severe late part of the accidents is basically
unaffected by the initial value of thermal conductivity. It seems that the ECCS
setup (water inventory, length of tubes, their diameters, pressure limits on ECCS
activation etc.) plays key role in accident management.

In conclusion, the most important finding, drawn from this subchapter, is that
the improvement in thermal conductivity contributes to mitigation of accident only
in the first stages of the LOCA accidents. The consequent development of the acci-
dent depends mainly on the other parameters affecting the accident, like for example
the response time of ECCS, mass flow rates and water inventory of ECCS injections,
system capability of heat removal, decay heat generation etc.
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6.5 Influence of the SiC content
In the previous subchapter 6.4, the burnup change was represented only by the mod-
ification of the thermal conductivity. As will be shown in this part of the present
work, the conclusions drawn for the standard UO2 fuel burnup predictions are also
partially valid for the analysis of the accident with the composite fuel.

Apart from the burnup sensitivity study, where only the influence of the thermal
conductivity on the accident progress has been investigated, the SiC addition affects
the fuel thermal conductivity and fuel heat capacity as well. The increase in heat
capacity after addition of 10% SiC is relatively small, as can be seen in Figure 6.26,
but it will still have some influence on the accident progress because the higher heat
capacity mirrors in higher thermal inertia during time transients.

Fig. 6.26: Heat capacity functions of UO2 and UO2 + 10% SiC used in RELAP5
calculation

The same simulations like in the previous subchapter has been carried out and
comparison with standard UO2 fuel burnup cases are shown in Figures 6.27-6.31.
But instead of direct comparison of each case, the results were reprocessed in terms
of determining the maximal and minimal values of peak cladding temperatures.
Based on the data presented in these figures, the span of the predicted temperatures
was calculated, which is depicted in Figure 6.32 in the form of upper and lower limits.

The first issue in Figure 6.32 which is worth mentioning and which is visible at
first glance is the span of the temperatures bands. The temperature span of the com-
posite fuel is observed to be clearly thinner than that of standard fuel. It seems that
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Fig. 6.27: Prediction of peak cladding temperature for burnup of 0 MWd/kgU

Fig. 6.28: Prediction of peak cladding temperature for burnup of 15 MWd/kgU

enhancement of the heat capacity contributes to thermal stability during simula-
tions. Another aspect of this is the fact that for most of the period the composite
fuel temperature span seems to be encompassed within the standard fuel temper-
ature span. But the second observation is very questionable because in order to
confirm this conclusion, more precise study should be done which would be based
on the calculations for more burnup cases. But in general, the maximal temperatures
predicted for the composite fuel appear to be almost the same as those for standard
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Fig. 6.29: Prediction of peak cladding temperature for burnup of 30 MWd/kgU

Fig. 6.30: Prediction of peak cladding temperature for burnup of 45 MWd/kgU

fuel until 1000 s, after this time the maximal composite fuel temperatures appear to
be lower. A related point to consider is the lower limits. The lower limit of composite
fuel is found to be the same or higher for most of the time and especially at higher
temperatures. This is slightly negative finding from the point of view of the excepted
LOCA scenario because this gives an indication that coolability of the core may be
expected to be lower for this type of fuel.
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Fig. 6.31: Prediction of peak cladding temperature for burnup of 60 MWd/kgU

Fig. 6.32: Span of the cladding temperatures presented in Figures 6.27–6.31
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6.6 Initial and boundary condition of the FEMAXI
response simulation

This subchapter defines the initial and boundary conditions which were used in
the FEMAXI calculation of the composite fuel response of the accident (accident
response simulation). In total, 10 accident response simulations were performed
based on the initial and boundary conditions described below. Five of the accident
response simulations were performed for the standard UO2 at burnup stages of 0,
15, 30, 45, and 60 MWd/kgU of the standard uranium dioxide fuel and the same
procedure was repeated with the composite UO2 + 10 vol.% SiC fuel.

The initial and boundary conditions are partially derived from the PSB model
(mainly the geometric and thermal characteristics of the fuel pin) and from the FE-
MAXI one pellet model which was validated in subchapter 6.3.

6.6.1 Initial conditions
In order to be consistent with the PSB model, the fuel pin subjected to accident
has been modelled as consisting from 14 axial segments of fuel column. Except for
the most upper one, all axial segments have an identical length of 255 mm. The
most upper one is 215 mm long. In common, the fuel column is 3530 mm height.
Upper plenum volume was calculated to be 10 cm3. No lower plenum volume was
modeled since this volume is used to be negligibly small compared to the upper
plenum volume. The pellet and cladding diameters were identical to that defined in
the modified PSB model (see subchapter 6.3).

The fuel pellets were modelled as single cylinders without dishes, holes, and
chamfers and of average height of 10 mm. The theoretical density used was 95 %.
The cladding material was assumed in the stress relieved state. Pure helium was
assumed as the gas filler with filling pressure of 2 MPa.

As mentioned above, there are five burnup stages at which the accident response
is simulated (0, 15, 30, 45, and 60 MWd/kgU). In order to reach the fuel state
at this burnup, a preconditioning phase had to be carried out before the accident.
Table 6.5 provides the data after how many days is this burnup reached in the FE-
MAXI calculation and what is the equivalent burnup of the composite UO2+SiC
fuel. According this table, the fuel was operated before the accident was started.

After reaching the target burnup of the preconditioning phase, the accident sce-
nario was defined by the temperature boundary conditions which are described in
the following section 6.6.2.

The FA power after SCRAM depends mainly on the operational history [152],
but the LHGR during the accident was also adopted from the PSB model.
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Time UO2 UO2+SiC
(days) (MWd/kgU) (MWd/kgU)
1 0 1.0
317 15 16.1
633 30 32.2
949 45 48.3
1265 60 64.3

Tab. 6.5: Time needed to reach the target burnups of the preconditioning phases
and the equivalent burnup of the composite UO2 + SiC fuel

6.6.2 Boundary conditions
The boundary conditions used in the accident response simulations were defined by
the cladding surface temperatures along the fuel pin. For each axial segment, a time
dependent temperature vector has been generated. Using the conservative approach,
each vector was calculated as the maximum temperature from temperature vectors
generated from the 0, 15, 30, 45, and 60 MWd/kgU of UO2 accident simulations at
each time point. These temperature vectors were then used in all accident response
simulations and thus unified conditions are assured. So, only the effects of the fuel
response are assured to be observed. The time dependent vectors are presented
in Figure 6.33.

During the development of the physical model of the accident response simula-
tion, several changes were done compared to the single pellet model in subchapter
5.1. This was done because some bugs were found within the FEMAXI code which
introduced numerical instabilities and had a strong influence on the results, espe-
cially on the cladding parameters.

In the FEMAXI accident response simulation, the cladding outer surface corro-
sion model had to be turned off because it introduced numerical instabilities into
the whole calculation after closing the fuel cladding gap. Next issue was high tem-
perature creep model. It was found that this model introduces numerical instabil-
ities into the cladding deformation prediction yielding abrupt change in cladding
radius and elongation. This problem was identified irrespective the cladding high
temperature creep and deformation models used and thus the plasticity and creep
of the cladding were ignored during the simulations. Consequently, the cladding
mechanical behavior is the same in all cases regardless the irradiation time.

The fission gas release model has been changed as well. In the FEMAXI response
simulation, the default FEMAXI6 settings of 0.5 % minimum FGR was not applied
in order to investigate the FGR magnitude during the accident.
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Fig. 6.33: The cladding surface temperature of axial segments used as the boundary
condition in the accident simulation with the FEMAXI6 code

6.7 Results of the FEMAXI response simulation
In order to present calculation options of FEMAXI6 and for the sake of clarity, only

the simulations at 0, 30, and 60 MWd/kgU were selected here as the representative
cases of the accident response simulation. The results obtained from simulations at
15 and 45 MWd/kgU usually fall between the ranges obtained from the three other
simulations.

Several parameters were selected in order to describe the behavior of the fuel
during the accident and one can see the development of the selected parameters as
a function of burnup. The selected parameters are depicted in the following figures
starting from Figure 6.34. In cases where the parameter is related to the pellet
properties (stresses, temperatures), the characteristics of the most upper 14th axial
segment of the simulated fuel pin are presented here because this segment is the most
loaded from all of the segments.

Figure 6.34 denotes the development of the fuel centerline temperature. Here,
the cladding surface temperature is plotted as well. All centerline temperatures
follow the cladding surface temperature except for the beginning of the simula-
tions when the centerline temperatures follow the decreasing LHGR. Due to the low
LHGR after SCRAM, there is no significant difference in fuel centerline temperature
between all cases. Noteworthy is the close development after the time of 400 s when
the abrupt increase in temperature starts. Here, the centerline temperatures are
very close to the cladding temperature but they are still above this temperature.
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Fig. 6.34: Pellet centerline temperature in the most upper 14th axial segment

The only exception are the temperatures of the fuel burned at of 60 MWd/kgU
which seemingly undergo the cladding temperature. In reality, these temperatures
are above the cladding surface temperature as well but the FEMAXI6 output file
specifies the time data with insufficient accuracy for the case of such high burnup.
This is because the FEMAXI6 is designed for solution of steady states. The time
dependent heat conduction is not implicitly incorporated within the code.
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Fig. 6.35: Pellet radial displacement the most upper 14th axial segment

Fig. 6.36: Fuel column elongation during the accident

Another noteworthy fact is the end time of the accident. In Figure 6.33, the acci-
dent scenario is defined up to the time of 1500 s. Here, the simulation is terminated
at the time of 1160 s. The reason for this is that FEMAXI6 allows to perform
the calculations up to the cladding temperature of 1500 ◦C and this temperature
is reached at this time. When this temperature is reached, the code terminates,
probably due to the temperature limits of the implemented models.
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The pellet radial displacement in Figure 6.35 and fuel column (axial) elonga-
tion in Figure 6.36 are found to have very similar development. For zero burnup
and lower initial temperatures, the curves are very close to each other. For higher
final temperatures, the curves diverge due to the different coefficient of thermal ex-
pansion of the fuels. For intermediate burnup and lower initial temperatures, the
column elongation and pellet radial displacement of UO2+SiC fuel is larger than
that of UO2 fuel. For higher final temperature, the difference between the observed
parameters decreases as the UO2 expands more. A the highest burnup and lower
initial temperatures, the difference between the curves is even more pronounced but
the consequent behavior of the parameters differs. The pellet radial displacement
is identical in behavior after the temperature increase after 400 s. This is the con-
sequence of restricting influence of cladding for which only the thermal expansion
model applies (the models of plasticity and creep were turned off). Due to the lack
of these models, the cladding response to the accident conditions is very similar
regardless the burnup - see Figure 6.37. The fuel column elongation is found to be
identical but shifted along the y-axis.

The gap width development is depicted in Figure 6.38. The initial gap width in
the beginning of the accident widens as the fuel power decreases. With increasing
burnup, the pellet swelling causes the gap to decrease. In the case that the gap
remains open in the final state, the final gap with is smaller for the UO2 fuel instance.

A detail analysis of Figure 6.39 reveals that the plenum volume change becomes
less sensitive to the temperature change as the burnup increases. At zero burnup,
the plenum volume decreases with increasing temperature especially in the case
of UO2. From all the cases, the fuel column elongation and fuel gap closure are
the most sensitive to the increased temperature. On the other hand, the plenum
volume is insensitive to the temperature increase at the highest burnup. The fuel
gap is small compared to other cases and the expanding fuel column is compensated
for by the increasing cladding inner diameter. This combined effect remains the
plenum volume at a constant value.

The plenum pressure (Figure 6.40) is derived from the behavior of the plenum
volume and fission gas release. In the accident response simulation, the fission gas
release model was not conditioned by the condition of minimum FGR of 0.5 % as in
the case of the FEMAXI sensitivity study. Therefore, the FGR here is smaller and
the magnitudes of plenum pressure at 0 and 30 MWd/kgU reflect only the decrease
in the plenum volume. At 60 MWd/kgU, the FGR becomes substantial and, for this
reason, there is a big difference between the final values.
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Fig. 6.37: Cladding inner diameter displacement evolution during the accident

Fig. 6.38: Gap width evolution during the accident

123



Fig. 6.39: Plenum volume evolution during the accident

Fig. 6.40: Plenum pressure evolution during the accident
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FEMAXI6 allows to calculate internal stresses within the pellet as well. Figures
6.41 - 6.43 show the axial, circumferential, and radial stresses evolution during the
accident. Figure 6.44 then shows the equivalent stress which takes into account all
three measures. In all cases, the UO2 fuel is subjected to the same of higher stresses
than the UO2 + SiC fuel. However, due to the low residual power of the fuel
representing the decay heat, the stresses are small compared to normal operation
conditions.

In the cases of 0 and 30 MWd/kgU, there is no influence of the increasing tem-
perature on the stresses. This is valid except for the abrupt change in temperature
during the transition from cooling to heat up. It appears that the bigger pre-
ceding temperature decrease, the bigger stress peak is predicted. Moreover, this
phenomenon is not observed for the transition from heat up to cooling and this
effect is pronounced with higher burnup. It is a question whether this is a numerical
instability or real behavior. In general, this fuel code behavior is attributed to the
fact that the code is not intended for time dependent (transient) analysis. The code
arrives at the solution considering the task as the series of steady states.

In the cases of 60 MWd/kgU burnup, there is a clear cladding influence on
the fuel stress behavior. As the fuel expands, the cladding works in the opposite
direction giving rise to negative trends in stresses. For this burnup, the stresses of
the composite UO2 + SiC fuel are lower compared to the standard UO2 except for
the case of pellet circumferential stress which is comparable.

Nevertheless the Figure 6.44 shows, that the fuels behave in very similar way
and the SiC influence is low.
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Fig. 6.41: Pellet axial stress

Fig. 6.42: Pellet circumferential stress
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Fig. 6.43: Pellet radial stress

Fig. 6.44: Pellet equivalent stress
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7 RIA analysis of the composite nuclear fuel

7.1 Performance of the fuel during RIA
A Reactivity Initiated/Inserted Accident of PWR is a kind of accident that involves

fast ejection of the control rod from the core by mechanical failure of the control
rod mechanism. As a result, a fast pulse in fission rate is generated. Since there is a
direct relation between the neutron flux and heat generation, the sudden increase in
neutron multiplication results in higher heat generation rate. The RIA accident may
result in failure of fuel pins and the pin content may be released within the primary
circuit [153].

The fuel pellet response to the RIA conditions is explained using the analysis
of FK-10 and FK-12 experiments presented in [154]. These experiments were per-
formed in the Nuclear research safety reactor located in Japan and their analysis
results are illustrated in Figures 7.1 and 7.2. In these experiments, fuel rods were
subjected to RIA conditions in cold phase of the startup of the reactor.

Fig. 7.1: Calculated temperature pro-
file in the radial direction of pellet at
five instants in the FK-10 experiment
[154].

Fig. 7.2: Pulse power (relative) and
calculated pellet temperature change
in five radial locations (ring elements)
in the FK-10 experiment [154].

Within the initial stage of RIA accident, there is a dominant impact on the fuel
temperature profile. The initial parabolic temperature profile takes the shape de-
picted in Figure 7.1 where heat generation dominates on the fuel pellet periphery.
The temperature profile basically corresponds to the heat generation profile during
normal steady state where the fission density is the highest on the fuel pellet pe-
riphery as well due to the close neighborhood of the moderator (the self-shielding
effect).
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From the point of view of temperature time dependence, one can see from Fig-
ure 7.2 that the fuel pellet periphery heats up instantaneously and the heat up
process of the fuel center is slightly slower. The time relation with heat up pulse is
shown in this figure as well and one can also see from this figure that the power pulse
is very short and sharp. With increasing time, the heat is very quickly exported
from the fuel pellet. This is very illustratively depicted by the 5.14 mm line which
represents the most outer radial location of the fuel pellet.

As a result of the heat pulse, the fuel pellet expands, gets in contact with
cladding and thus is loaded by mechanical stresses resulting from PCMI and by
cooling of the pellet surface. From the point of UO2 solely, there is a risk of pellet
fragmentation. The limit imposed on fragmentation varies between 200-280 cal/g
(837-1172 J/g) in the case of VVER technology. However, this limit is very high
and is not expected to occur. In some countries, another limit is imposed on the fuel
failure which also considers the cladding failure. This value is typically much smaller
compared to first limit. For example, in the Czech Republic, the allowable enthalpy
rise is 140 cal/g (586 J/g) [155, 156].

In both cases, the fuel enthalpy is the main parameter. It can be expressed
in the form of radially averaged fuel enthalpy increase for the first limit mainly or
in the form of enthalpy rise or increase in the second limit.

7.2 Influence of selected parameters on RIA manage-
ment and fuel behavior

Impact of selected parameters on the RIA accident consequences is considered
mainly from the point of view of fuel temperature. Reference [153] provides a
large discussion of the parameters having influence on the RIA management but
only some of them will be discussed here. This reference is used as the main source
of information in this subchapter. The thermal fuel behavior during RIA accident is
complicated phenomenon difficult to predict since there are many parameters com-
peting against each other. This subchapter tries to give a theoretical background
for the analysis given within the next subchapter 7.3.

The influence of increased heat capacity on the fuel enthalpy or fuel temperature
during RIA should be small. Calculations performed by PARCS (Purdue Advanced
Reactor Core Simulator) for the EOC conditions by TMI-1 reactor show that in-
crease in fuel heat capacity by 20% lead to increase in fuel centerline temperature
by 10 ◦C.

The burnup effect on the temperature peak position is important. In a fresh fuel
rod, the fissile material consists predominantly of U-235, which is usually uniformly
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distributed in the fuel pellets. Hence, both power and fission products are generated
with a relatively small variation along the fuel pellet radius. However, with increasing
burnup, there is a non-uniform build-up of fissile plutonium isotopes through neutron
capture by U-238 and formation of Pu-239 and heavier fissile isotopes of plutonium.
Since the neutron capture takes place mainly at the pellet surface, the distributions
of fissile material, fission rate and fission products will develop marked peaks at
the pellet surface as fuel burnup increases. The highest temperatures are occurring
at the fuel pellet periphery [157].

The thermal conductivity plays an important role in the RIA accident manage-
ment. First of all, the influence of the fuel thermal conductivity degradation due
to the burnup on fuel behavior needs further research. It can be expected, that
burnup will have negative effect on the RIA management. As the fuel is operated in
the core and the burnup increases, the thermal conductivity decreases and so pre-
vents the accumulated heat from RIA accident to be transferred from the fuel pellet
to the coolant. But most importantly, during RIA accident, there is a significant
risk of boiling crisis occurrence and the thermal conductivity may have influence on
this phenomenon. The boiling crisis prevents the heat from escaping the fuel pin to
the coolant and It has been found that boiling crisis are suppressed or delayed, when
radial heat transfer is hindered by, e.g. a large pellet-clad gap or a thick layer of oxide
at the cladding surface [153]. Thus, one can expect that by increasing the thermal
conductivity, the boiling crisis is promoted.

The pellet-clad contact and bonding are of big importance as well. During bur-
nup, the fuel swells and thus gets in contact with cladding as discussed in the chapter
dedicated to FEMAXI calculations. For high burnups, the fuel and cladding bond
(weld together). The formation of bonding promotes further heat transfer from fuel
pellet to cladding and coolant.

As a side note, the influence of FGR is mentioned here from the point of view
of cladding behavior. The increased fuel thermal conductivity decreases the FGR
and the plenum pressure. A lot of experimental work has been done to investigate
the ballooning and cladding failure during RIA. Since balooning is in direct relation
with plenum pressure, it is mentioned here as well. But as mentioned previously,
further research is needed in FGR behavior of the composite UO2+SiC fuel.

The risk of fuel melting is identified for the RIA accident as well. The solidus
of UO2 is 3120 K but the presence of fission fragments decreases this value. The mag-
nitude of depression is still under research. In this work, the reference temperature
of 1700 ◦C is taken (as mentioned in section 2.2.2, the onset on chemical reaction
between UO2 and SiC is at 1370 ◦C and the system is completely molten above
1700 ◦C). Furthermore, one may expect that fission products will have similar in-
fluence on the melting temperature too.
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7.3 RIA analysis of the composite nuclear fuel
The RIA analysis has been performed using the TRANSURANUS code which is
well established for this type of analysis. The analysis was performed in cooperation
with the NRC Rez. Special thanks go to Vitezslav Matocha for his very kind help
with this work. The author has provided him with input data on important fuel
parameters. He implemented them into the TRANSURANUS code and performed
the calculations. Some aspects of the calculations are performed using the ”good
practice” of the NRC Rez and thus they are not published here.

For the RIA analysis, similar conditions as in the FEMAXI analysis were set
up. In order to reach the fuel properties corresponding to the desired burnup,
the preconditioning phase was simulated here at first as well. The LHGR was of 20
kW/m but since the full-scale model was used, the LHGR axial distribution had
to be considered. The fuel has been irradiated to the target burnup and after that
RIA accident was simulated. The only exception from this was the analyzis for
the zero burnup where the fuel assembly was kept in the hot zero state for 20 hours
at 280 ◦C and 15.7 MPa. The analyzed fuel assembly was of the TVSA-T type.
Selection of this type of fuel is explained in the subchapter 6.3.

In the analysis, the fuel column was divided into 24 segments along the height.
A nodalization along the radii was performed as well. The fuel pellet was divided
into 8 zones in the radial direction and 88 measurement points were defined within
the zones in total. The cladding was divided into 4 zones in the radial direction and
17 measurement points were defined within the zones.

The power pulse resulting from withdrawal of the control rod bank is depicted
in Figure 7.3. This power pulse was used in all cases as the boundary condition.
The control rod withdrawal was assumed to happen within 0.1 seconds when the con-
trol rod bank is ejected from the core bottom to its uppermost position.

From the neutronic point of view, the power pulse shape of the for the composite
UO2 + SiC should be different from that of the standard UO2 fuel. But for example,
it was found in [158] that the power pulse during RIA accident of the U3Si2 fuel is
almost the same as for the UO2 fuel. So, the simplification may not be crucial.
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Fig. 7.3: The power pulse used in the RIA accident simulation

The rest of the work is considered as confidential. For this reason, the detail
results of the work are not presented in this open version of the dissertation thesis.
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8 Conclusion
This thesis deals with composite nuclear fuels, its properties, modelling of the prop-
erties with special focus on the thermal conductivity. The main findings of the work
are summarized in the following points:

• Different mathematical models were developed tghrouhout the history for pre-
dicting the thermal conductivity of composite materials. The main models and
accompanying theory are introduced here. It was found that the widely used
Hasselman model is suitable for composite whose constituents do not have the
difference in thermal conductivity higher than two orders (typically UO2 and
SiC). For composites with higher difference in thermal conductivity (UO2 +
diamonds, for example), the Geometry mean model seems to be perspective.
However, due to the uncertainity in experimental data, this assumption cannot
be confirmed.

• There is a need in developing thermal conductivity models for composites
containing highly conductive additives in the form cylinders . The Miranda
model, which seemed to be perspective in this area, fails in prediction of the
thermal conductivity of the UO2+SWCNT composite fuel. On the other hand,
it must be noted that this kind of fuel poses non-standard behaviour due to
the unclear physical effects. Therefore, the experimental data on thermal
conductivity of this fuel should be considered with caution.

• Following additives are introduced as candidate materials for intrusion into
the UO2 matrix: BeO, SWCNT, SiC and Diamonds. From the point of view
toxicity, the BeO poses high toxicity and carcinogenic risk. Other materials
should be non-toxic (at least at the level of the current knowledge). For this
reason, the BeO was excluded from the selection. On the other hand, the com-
posite UO2+BeO has been already loaded to a material test reactor so there
is a (potential) chance for further research in this area. Diamonds provide the
best bulk thermal conductivity, but they pose the risk of graphitization. The
question of thermal conductivity of comnpoiste fuel UO2+SWCNT remains
unresolved but there is a very risk of the reaction between UO2 and carbon
forming UC. The SiC pose not so good neutronic properties compared to other
materials but it is a non-toxic material which properties under neutron irradi-
ation are well investigated. For this reason, this material was selected as addi-
tive for further detail analysis of the composite fuel behaviour. The UO2+SiC
composite fuel was subjected to computational analysis using FEMAXI-6 and
RELAP5/MOD3.3 codes.
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• The FEMAXI-6 code has been modified in such a way that the influence of
SiC additive on the general fuel behaviour could have been taken into account.
The analysis using the this code predicts improved operational characteristic,
especially lower fuel centerline temperature resulting in lower fission gas release
and lower plenum pressure. The mechanical loading of the fuel should be
decreased by the presence of SiC as well. On the other hand, the influnce of
the different structure of the composite fuel on the FGR and long term fuel
matrix stability is unclear. It is not clear wheather the additional porosity will
increase or decrease the FGR and wheather the contact between UO2 matrix
and SiC grains will remains good during burnup or the grains will debond
from the matrix. Both the phenomena are a big issues and they are crucial
for further analysis.

• For more detail analysis, the UO2 + 10 %vol. SiC concept of accident tolerant
fuel was selected. The thermo-mechanical behaviour during normal operation,
LOCA-like accident and RIA accident was of the main interest. The neutronic
properties of this type of fuel were out of the scope of this work but a basic
analysis was performed using the UWB code tohether with other candidate
materials.

• The LOCA-type analysis has been performed using the combination of the
RELAP5/MOD3.3 and FEMAXI-6 code. The RELAP5 model of the PSB
VVER 1000 facility was used to generate the boundary conditions of accident
which is characterised by slow increase in cladding temperature above 1200 ◦C
and minimal LHGR representing the decay heat generation within the fuel.
The data was then used as input for the analysis performed by the FEMAXI-6
code. The analysis reveals that the fuel containing SiC poses lower internal
stresses and slightly lower fuel centerline temperature. Thus, it was found that
the SiC addition improves the behaviour of the fuel during the accident and
there is a potential for mitigation of the accident consequences.

• The RIA accident analysis using the TRANSURANUS indicates that the com-
posite UO2 + 10 vol.% SiC fuel poses strongly negative behaviour during this
type of accident. The composite fuel temperature exceeded the lowest re-
ported temperature of the composite melting. This could lead to cladding
damage and release of radioactive material into the primary circuit. Moreover,
this would be supported by degraded cladding material due to the enhanced
boiling crisis. The RIA analysis predicts higher cladding temperature of the
composite fuel compared to the standard UO2 fuel. This is the next negative
phenomenon which needs to be investigated by all types of accident tolerant
fuel with enhanced thermal conductivity and/or enhanced specific heat due to
the presence of additive.
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All the above mentioned findings should be considered as the first-assessment
conclusion. The topic of accident tolerant fuels is very complex and addition of
second phase into the standard fuel needs a large research in the material field
which serves then as the basis for nuclear modelling. Moreover, the experimental
database on fuel behaviour during burnup is the most significant in this field but
here, the research is still in the very early phase.
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List of symbols, physical constants and abbre-
viations

Abbreviations
CCFL Counter current flow limitation
CVC Chemical vapor composited
CVD Chemical vapor deposited
ECC Emergency core cooling
ECCS Emergency core cooling system
EMT Effective medium theory
LOCA Loss of coolant accident
LANL Los Alamos National Laboratory
LWR Light water reactor
NRC Nuclear regulatory commission
PWR Pressurized water reactor
ORNL Oak Ridge National Laboratory
REA Rod ejection accident
RIA Rod injection accident
SCRAM safety control rod axe man
SWCNT Single wall carbon nanotube
SPS Spark plasma sintering
TCC Thermal conductivity of composites
TRISO Tristructural-isotropic fuel
UP Upper plenum
WWER Water-water energetic reactor

Symbols and physical constants
A Phonon scattering cross section parameter
a Radius of the second phase particle
ak Kapitza resistance
B Temperature dependent term in phonon mean free path calculation
Bu Burnup
CF Correlation factor
CTE Coefficient of thermal expansion
c Specific heat
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D Fractional theoretical density
E Young’s modullus
EFPY Effective full power year
F Fluence
F Shape factor
FGR Fission gas release
FOM Figure of merit
f Volumetric share
f Thermal utilization factor
Gdcon Weight fraction of gadolinia
hc Interfacial thermal conductance
KBeO Technological factor
k Thermal conductivity
k∞ Infinite multiplication factor
L Length
LHGR Linear heat generation rate
M Gram formula weight
MEM Mean error magnitude
N Avogadros’s number
O Observed point
P Porosity
P Predicted point
PP Plenum pressure
p Resonance escape probability
Q Generated heat
ql Linear heat generation rate
R Resistance
RIHFC Relative Integrated Heat Flux to the Coolant
r Pellet radius
SE Stored energy
T Temperature
t Temperature
TD Theoretical density
u Phonon velocity
V Volumetric share of the additive
X Shape factor
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Superscripts and subscripts
0 Initial
1 Dispersed phase
2 Continuous phase
95 At 95 theoretical density
273 At 273 K
c Coating
c Continuous model
cr Chemical reaction
e Electron
eff Effective
irr Irradiation
kap Kapitza
l Longitudal direction
m Matrix
max Maximal
min Minimal
non − irr Non-irradiated
p At constant pressure
p Parallel model
p Particle
p Phonon
r Radial
rd Radiation damage (Thermal defect)
room Room
t Transverse direction
u Outer radius
v Constant volume
z Axial
θ Tangential
∥ In axial direction
⊥ In radial direction
f(⊥, ∥) Fiber (in axial and parallel direction)
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Greek symbols
α Thermal expansion coefficient
α Angle between the revolution axis of the spheroid and the non

perturbed heat flux
α1 Correction term on relative thickness of coating in axial direction
α3 Correction term on relative thickness of coating in radial direction
β1 Thermal conductivity ratio
β2 Thermal conductivity ratio
δ Thickness of coating
ϵ Fast fission factor
ϵtot Pellet total strain
ϵtherm Pellet thermal expansion strain
ϵreloc Pellet relocation strain
ϵcrack Pellet crack strain
ϵdensf Pellet densification strain
ϵswell Pellet swelling strain
ϵhot−press Pellet hot press strain
ϵps Pellet plasticity strain
ϵcreep Pellet creep strain
η Reproduction factor
λ Thermal conductivity
λ Phonon mean free path
ν Relative fraction of second phase to coating
ν Phonon velocity
ν Poisson’s ratio
ρ Density
σ Stress
χ Electron-phonon coupling factor
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