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Abstract

Nuclear thermal propulsion (NTP) provides constant power for long space missions,
which is a tremendous benefit over chemical rockets. Therefore, a lot of effort
in investigating different fuel concepts and geometries has been invested. For
applications involving NTP or nuclear power, it is very important that the heat
generated by the fissile nuclei can be quickly transferred to the coolant. It is then
essential that the fuel has a high thermal conductivity so that minimum stored
energy is left inside the fuel. In this project, the feasibility and thermal performance
of a W-UO2 CERMET fuel were assessed. First, the microstructure behavior of
this fuel was studied by analyzing Scanning Electron Microscopy images. The
effective thermal conductivity was calculated at the mesoscale for a 3-dimensional
microstructure using the MOOSE framework, which was mainly developed by
the Idaho National Laboratory. Then, the results were compared with published
literature and analytical solutions. The thermal conductivity calculated using
MOOSE was approximately 20% lower than the proposed by the Bruggeman model.
The thermal transport in different for 7, 19 and 61-channel fuel concepts were
analyzed using the MOOSE framework. The temperature profile for each concept
is provided. The 61-channel concept had the best performance due to a better
cooling surface area ratio to the volume of fuel.
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Chapter 1
INTRODUCTION

1.1 Nuclear thermal propulsion
Human’s desire to understand and explore outer space comes from decades, centuries,
even millennia ago. The human race had several successful trips to space, and
established artificial satellites, such as the International Space Station. At the
same time as rocket science became increasingly sophisticated, nuclear science
grew in its popularity among scientists. The National Aeronautics and Space
Administration (NASA) has been interested in Nuclear Thermal Propulsion (NTP)
since the early advance of nuclear energy [1], a few years after the first nuclear
reactor produced electricity. Many efforts have been made in investigating all
aspects of the application of nuclear fuels to space missions [1–3]. NASA’s NTP
project is focused on investigating the feasibility and the economical viability of a
NTP engine.
NTP engines have been widely studied since the 1960s, when the Rover/NERVA
(Nuclear Engine for Rocket Vehicle Application) Program started [1–3]. NTP
engines re-emerged in 2015 when the NASA’s Nuclear Cryogenic Propulsion Stage
(NCPS) project evolved into the NTP project [1]. The goal of the NTP project is to
explore the performance and complexity of fabrication of CERMET (ceramic-metal)
fuels. Furthermore, the project goals also include evaluating the viability of the
CERMET fuel for NTP engines and also for advanced high-temperature nuclear
reactors in general.
1

Figure 1.1: Schematic of a Nuclear Thermal Rocket. After Barnes et. al. [4]
Nuclear Thermal Rockets (NTR) offer a considerable advantage over usual
chemical rockets, because they allow constant impulse to be available for long
missions [4, 5]. Figure 1.1 shows a schematic of a NTR. The core is cooled by
gaseous hydrogen, which acts as the propellant that provides the necessary impulse
for the NTR. The propellant flows in the subchannels of the fuel. A detailed
discussion about fuel concepts, as well as images of the CERMET microstructure
and the fuel bundles are provided in Chapter 2. Significant effort in investigating
different fuel concepts and their thermal performance has been invested throughout
the years [1].
The goal of this work is to evaluate the effective thermal properties of a CERMET
fuel at the mesoscale. The project goals include applying the calculated values to
the thermal transport simulation of the fuel elements at the engineering scale. A
detailed background on this topic is provided in Chapter 1. The thermal transport
across ceramics and metals is described, as well as the computational methods used
in this project to evaluate the performance of the W-UO2 CERMET fuels.
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1.2 Heat conduction in W-UO2 CERMET
Fourier’s heat conduction equation is widely used for macroscopic models, where
the diffusion model can be assumed. Fourier’s law of heat conduction assumes that
the heat reacts instantaneously to a temperature difference across the material.
The heat flux q at time t and at location ~r is obtained from
q(~r, t) = −k∇T (~r, t),

(1.1)

where the proportionality constant k is the thermal conductivity, and ∇T (~r, t) refers
to the gradient of the temperature. It is necessary to consider the temperature
dependence of the thermal conductivity when modeling thermal transport. With
the spatial and time dependence of all factors, the full heat conduction equation can
be only solved numerically. A more general form of the heat conduction equation
than Equation 1.1 can be written as
q̇V = ρcP

∂T
− ∇ · (k∇T ),
∂t

(1.2)

where q̇V is the volumetric heat source. The material property ρ is the density,
cP is the heat capacity, T is the temperature, t is the time, and k is the thermal
conductivity. Equation 1.2 describes the transient behavior of the heat conduction.
For the thermal conductivity calculation on the mesoscale, it is important to
consider the impact of defects on the microstructure of the materials. Defects
such as grain boundaries (regions with a intense lattice mismatch where different
crystal orientations meet) and pores impact the thermal conductivity [6]. Phonons
scatter on defects, resulting in a worst heat conduction than a perfect single crystal
microstructure. However, the influence of defects is hard to measure experimentally
due to the complexity of the microstructure and its characterization. Due to
this reason, many efforts have been invested to study the influence of the grain
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boundaries and bubbles on the thermal conductivity of UO2 [7–9].
UO2 is widely used as nuclear fuel. The primary benefits of UO2 are its chemical
and structural stability and good compatibility with Zirconium alloys claddings.
However, UO2 has a low density of fissile nuclei and it has low thermal conductivity,
as it is a ceramic, which leads to a non-desired high stored thermal energy. From
temperatures varying from 300-1500K, heat conduction is primarily transported by
phonon scattering. For higher temperatures, >1500K, the influence of electrons is
higher so we need to consider electron-phonon interaction, known as the polaron
contribution [10].
A CERMET fuel is composed of UO2 spherical particles in a tungsten matrix.
Due to its high melting temperature, tungsten enables very high sintering temperatures, which can provide fully dense microstructures. In addition, tungsten has a
very high thermal conductivity, which optimizes the effective thermal conductivity
of the CERMET.
The heat conduction in a CERMET nuclear fuel is a complex process. It has
many factors affecting the heat transport: heat generation by fission of fissile nuclei
in the UO2 particles, heat conduction through the UO2 particles, heat conduction
through the cladding material that separates the UO2 from the tungsten, heat
conduction through the tungsten matrix, and heat conduction through the outer
cladding that separates the CERMET from the high-pressure gas. The next
section explains the modeling approach used in this project to evaluate the thermal
performance of the W-UO2 CERMET fuel.

1.3 Computational methods to calculate effective thermal properties
The microstructure of the materials has a direct impact on its macroscopic physical
properties [6]. It is therefore essential that we gain knowledge about the heat

4

transport throughout the microstructure in order to predict fuel performance. The
heat conduction equation (Equation 1.2) can be coupled with with a representation
of the microstructure, so that the local thermal properties can vary in the various
microstructural features. Many models were developed in order to perform calculations of effective thermal conductivity in microstructures wth a variety of features,
such as grain boundaries, intra and intergranular bubbles, and more [7, 9]. These
same approaches can be applied to simulate the behavior of new fuel concepts, such
as the W-UO2 CERMET fuel studied in this work.
Mesoscale properties influence macroscopic behaviors. They are related by a
Partial Differential Equation (PDE). The Asymptotic Expansion Homogenization
(AEH) method uses an asymptotic expansion of those equations to calculate the
homogenized properties and solutions [11]. This method is applied to the heat
conduction case to calculate the homogenized thermal conductivity. Other methods
utilize the volumetric fraction of mesoscale properties to calculate the effective
properties. However, the AEH method is more accurate because it solves the
effective properties taking into consideration the distribution of the second phase in
the matrix. The AEH method assumes a constant temperature on the entire domain
if the gradient is not steep. If the gradient is steep, non-linear AEH methods can
be used.
Alternatively, the thermal conductivity can be calculated directly using the flux
and the difference on average temperatures of both sides of the domain to calculate
the effective thermal conductivity. However, the results can be impacted by the
presence of second phase on this boundaries. For instance, if the second phase has
a lower thermal conductivity, the local temperature drop on the spot will be higher
so it will affect the average on that boundary. This will affect the calculation of
the effective thermal conductivity which will be lower than expected. Using the
AEH method, this is not a problem.

5

1.4 Objectives and outline
The purpose of this work is to investigate the thermal performance of a CERMET
fuel assembly. Due to the fact that the thermal conductivity of the CERMET is
not well understood, we must first conduct mesoscale heat conduction simulations
to determine the effective thermal properties.
The interest is the thermal performance, so in order to understand it, firstly the
microstructure of the CERMET fuel is going to be studied on the nano-microscale.
Afterward, different engineering scale fuel concepts are going to be analyzed, so the
heat transport through all the components can be evaluated. A summary of the
advantages and disadvantages of each concept is going to be provided.
In Chapter 2, a literature review on W-UO2 CERMET fuels is provided, in
addition to an analysis of the previous efforts in fabricating the CERMET fuel and
measuring its thermal properties.
Chapter 3 describes the modeling and simulations procedures, the software
used, details regarding the treatment of the microstructural images used in the
simulations, the approach used to model the engineering scale fuel concepts, and any
assumptions or considerations that are relevant to the computational comprehension
of this work.
Chapter 4 presents the results achieved for each simulation and the discussion
of their physical meaning.
Chapter 5 summarizes the important conclusions of this work, and provides a
description of the pros and cons of the fuel concepts. In addition, a guide for future
work is provided.
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Chapter 2
LITERATURE REVIEW

2.1 Motivation
NASA’s Nuclear Cryogenic Propulsion Stage (NCPS) is developing a NTP engine
for Advanced Space Exploration Systems (ASES) [12]. The fuel development
started during the 1960s, with early concepts of CERMETs and graphite fuels [2, 3].
Although extensive research has been conducted on this topic, some questions still
remain unanswered. The NTP is considered to be the most promising technology
for near-term propulsion for space crew and cargo missions to the Moon, near Earth
objects, Mars and possibly other deep space missions [1, 5]. Hence there is a crucial
demand for a solid, well-established nuclear fuel concept in order to continue the
NTP project.
The process to develop a NTP engine is extensive and highly sophisticated,
rising from the literature from years of investigation, which generated great expertise and knowledge [12]. In this work, heat conduction simulations will be
used in order to investigate the thermal performance of a W-UO2 CERMET fuel.
Thermal properties are going to be evaluated computationally and compared with
existing literature. Firstly, a comprehensive literature review on the CERMET fuel
fabrication, prototypes and performance is provided.

7

2.2 Fabrication of CERMET fuels
The CERMET fuel is composed of UO2 spherical ceramic particles embedded
in a tungsten metal matrix. Tungsten has a high melting point, which allows
applications at high temperatures. Moreover, it allows high sintering temperatures,
which is important to reduce the porosity left in the material. CERMETs are
usually fabricated by a powder metallurgy process such as sintering. Sintering is a
process that coalesce small particles (basically in the form of powder) together due
to the effect of applied high temperature and pressure.
Hickman et. al. [1] reviewed previous efforts in fabricating CERMET fuels.
It is common to use surrogate materials to substitute the uranium in order to
make the prototype fabrication easier and more viable. It is also usual to use
depleted uranium (dUO2 ). A brief description of the main fuel concepts is provided
throughout this section.
Tungsten based CERMET was produced at the Marshall Space Flight Center
(MSFC) with hafnium nitride (HfN) and zirconium oxide (ZrO2 ) as surrogates for
UO2 [1]. The Hot Isostatic Press (HIP) technique was used and achieved a near
100% dense sample. Figure 2.1 (a) shows the micrograph of a CERMET with
ZrO2 as a surrogate and (b) shows a consolidated sample with HfN as a surrogate.
Surrogate materials are usually used in the beginning of the development process
of new concepts in order to test fabrication techniques. It is a reasonable approach
since the surrogate materials are not radioactive. However, a final concept or
fabrication technique cannot be established by solely using substitute materials.
Although no specific size has been defined, previous literature suggests a size
range of 100 – 200 µm [1] and 75 – 150 µm [13] for the diameter of the UO2
spherical particles. The ideal CERMET fuel is composed of spherical UO2 particles
embedded in a tungsten matrix. Hickman et. al. [1] performed a preliminary
search among existing vendors showed that the minimum produceable size of UO2
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(a)

(b)

Figure 2.1: (a) Micrograph of W 60 vol% ZrO2 with W claddings (b) W 40 vol%
HfN CERMET sample. After Hickman et al. [1].

(a)

(b)

Figure 2.2: UO2 feedstock (a) dUO2 (b) nUO2 . After Hickman et al. [1]
particles is approximately 100 µm and at a high cost. Another option that can
make this process more affordable is to buy UO2 feedstock from laboratories for a
lower price [1]. A Plasma Spheroidization System (PSS) was designed at MSFC
to process particles that are not spherical. During this process, the particles are
partially melted and re-solidified into a spherical shape. Figure 2.2 shows UO2
feedstock made of (a) dUO2 and (b) nUO2 . The PSS technique lower the fabrication
costs by enabling the acquisition of non-spherical particles and re-processing them
to be spherical.
A fluidized bed chemical vapor deposition (CVD) coating is being developed
for the UO2 fuel particles [1]. Coated particles are preferred because the coating
9

Figure 2.3: Tungsten coated ZrO2 particles. After Hickman et al. [1]
prevents particle-to-particle contact, agglomeration and coalescence. The CVD
coating technique has the advantage of creating a columnar grain structure, which
leads to grains with less misorientation, thus avoiding hydrogen segregation to grain
boundaries [1].
The CVD process deposits a hydrogen reduction of tungsten hexachloride
(WCl6 ) on the UO2 particles in a fluidized bed. Figure 2.3 shows a preliminary
surrogate ZrO2 particle coated with tungsten. The CVD technique is constantly
being optimized to be used with UO2 particles [1].
There are many obstacles in fabricating the W-UO2 CERMET fuel elements.
While some fuel concepts have been produced, full scale manufacturability has not
yet been proven. Therefore, one of the goals of the NTP research at MSFC is to
develop a full-scale fabrication process [1]. The fabrication process consists of many
steps, which are briefly shown in Figure 2.4. The hexagonal fuel is produced by
powder filling of the shape can. After HIP operation is concluded, the sacrificial
mandrels are removed with chemical etching. Figure 2.4 shows an example of
a 331-channel hexagonal fuel element sample production. Mireles. et. al. [14]
successfully developed HIP cans for a 61-channel hexagonal fuel.
Tucker et. al. [15] successfully investigated a methodology to fabricate uniformly
distributed UO2 in a tungsten matrix. The authors mixed 60 vol% UO2 spheres
with 40 vol% tungsten powder. Initially, they used HfO2 as a surrogate material
10

(a)

(b)

(d)

(c)

(e)

Figure 2.4: HIP process ilustrated with images of a 331-channel hexagonal fuel
element. After Hickman et al. [1]
for UO2 . Then, UO2 spheres were used to ensure the applicability of the process.
The material was densified using the Spark Plasma Sintering (SPS) technique.
Webb and Charit [16] also demonstrated the viability of the SPS technique for the
production of CERMET fuels.
Tucker. et. al. [17] researched the effect of sintering temperature in the microstructure of the W-UO2 CERMET fuel. The authors produced uniformly
distributed W-UO2 using SPS. It is important to note that the properties of the
resulting CERMET microstructures are not fully understood, hence the importance of investigating how the fabrication techniques will influence the mesoscale
properties, and how these latter ones will affect the performance of the fuel.
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2.3 Major concerns about NTP CERMET fuel
The NTP engine works with gaseous hydrogen as the propellant material, which is
burnt to produce the necessary impulse. One of the biggest concerns about nuclear
fuel concepts for NTP applications is the diffusion of hydrogen entering the fuel. It
is a major safety issue because the hydrogen can react with the fuel, causing damage
to the fuel and putting the NTR at fatal risk. Efforts at MSFC under NASA’s
Prometheus Program developed a environmental simulator capable of testing fuel
elements under a hydrogen environment [1]. The hot hydrogen testing facility is of
crucial importance because it supports the evaluation of fuel candidates prior to
full operation.
Modeling and simulation can also help develop and refine fuel candidates.
Modeling of diffusion mechanisms have been shown in MOOSE, especially with
regards to nuclear fuel and radiation damage [18]. A discussion on the viability of
the phase-field method for further development of the NTP project is discussed in
Chapter 5.
Other concerns with relation to the integrity of the fuel element are loss of fissile
material due to changes in density, microstructure, fuel particle size and shape,
chemistry, claddings, particle coatings and stabilizers. The Compact Fuel Element
Environmental Test (CFEET) was developed to test different fuel chemistries and
geometries [1]. The goal of these testing facilities is to reduce the costs of expensive
sophisticated testing. Eventually these fuel concepts will be tested, but the goal is
to reduce these costs as much as possible.
Haertling and Hanrahan Jr. [19] reviewed the performance of W-UO2 CERMET
fuel. The authors summarized the most common mechanical failures and their
respective reasons. Such failures are usually due to different expansions coefficients,
voids created due to diffusion and volume expansion of both voids and metallic
precipitates. Also, fuel loss is a considerable concern and can happen due to surface
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vaporization of vaporization after a mechanical failure.

2.4 Empirical fits for thermal conductivity of tungsten and UO2
Modeling and simulation take into consideration some approximations in order
to simplify some models and save computational costs. For thermal transport
simulations, it is convenient to use thermal properties that were measured experimentally. Experiments are not perfect but their measurements reflect the real
behavior of the material. Modeling and simulation are frequently used to evaluate
the performance of new materials under extreme conditions. Empirical fits to exact
data are excellent approaches to obtain the necessary data for the simulations.
Empirical fits are often polynomials that fit a set of experimental data of a specific
property within an expected range.
Previously, many efforts have been invested in measuring the thermal conductivity of UO2 . For instance, the work of Ronchi et. al. [20] was an important milestone
for the determination of empirical fits of the thermal conductivity. Fink [10] developed an empirical fit to a variety of experimental measurements of UO2 thermal
conductivities, including the previously mentioned work of Ronchi et. al. [20]. The
fit considered a large temperature range, in which the different heat transport mechanisms were present. The final empirical equation accounted for the phonon lattice
contribution and polaron ambipolar contribution. Fink’s model includes a quadratic
term for the phonon contribution that Ronchi discussed but did not include in
his model. This empirical fit developed by Fink is widely used in computational
calculations of UO2 thermal conductivity.
100
6400
−16.35
+
exp
,
7.5408 + 17.692t + 3.6142t2
t5/2
t


kU O2 =



(2.1)

where kU O2 is the thermal conductivity of 95% dense UO2 in W m−1 K −1 , and
t = T (K)/1000.
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Tolias [21] organized the existing thermal conductivity data of tungsten and
compared it to the empirical fit proposed by Hust and Lankford [22]. The author
proposed a modified Hust-Lankford fit that is in excellent agreement with the
experimental data. The model is applicable for the high temperature range of
interest in this project. Equation 2.2 presents this approach:
kW

3.866 × 106
= 149.441 − 45.466 × 10 T + 13.193 × 10 T − 1.484 × 10 T +
,
T2
(2.2)
−3

−6

2

−9

3

where kW is the thermal conductivity of tungsten in W m−1 K −1 , and T is the
temperature in K.
Figure 2.5 depicts the behavior of both tungsten and UO2 thermal conductivities
in relation to temperature. The thermal conductivity decreases with increasing
temperature, and as it can be seen from the figure, the magnitude of the the
tungsten one is about 40 × higher than the UO2 .

2.5 Analytical models to predict thermal conductivity of CERMET fuels
Miller [3] discussed basic models to predict the thermal conductivity of small
dispersed particles in another material. The W-UO2 CERMET fuel is composed
of approximately 60 vol% of UO2 of diameter 100-200 µm. The Rayleigh-Maxwell
dilute dispersion equation can be used to calculate effective thermal conductivity for
volume fractions up to 10-15 vol%. Equation 2.3 demonstrates the Rayleigh-Maxwell
model:
kRM = km

2km + kp − 2Vp (km − kp )
,
2km + kp + Vp (km − kp )

(2.3)

where kRM is the effective thermal conductivity according to the Rayleigh-Maxwell
model, km is the thermal conductivity of the matrix, kp is the thermal conductivity
of the dispersed particles, and Vp is the volume fraction of the particles.
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Figure 2.5: Empirical fits for the thermal conductivity of UO2 based on Fink’s
model [10] and of tungsten, based on the modified Hust-Lankford model proposed
by Tolias [21].
Von D.A.G. Bruggeman [23] developed a model that calculates effective properties in heterogenous substances for any concentration up to the maximum packing
density of 74.05 vol%. Equation 2.4 shows the relation of the effective thermal
conductivity and those of the individual phases. This can be solved as a third
degree polynomial. Volume fractions larger than 74.05% imply that the particles
are not uniformly distributed in the matrix. Due to a great applicability to the
W-UO2 CERMET structure and composition, the Bruggeman model was used in L.
N. Grossman’s work [2] as a comparison for experimental measurements of thermal
conductivity.
kB
kB = kp + (1 − Vp ) (km − kp )
km

!1
3

,

(2.4)

where kB is the effective thermal conductivity according to the Bruggeman model,
km is the thermal conductivity of the matrix, kp is the thermal conductivity of the
dispersed particles, and Vp is the volume fraction of the particles.
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When the anisotropy of the particles is significant, for instance when they
assume a expressive ellipsoidal shape instead of spherical, other models to calculate
effective properties can be used. Miller [3] also discussed the range of application
of a few different models for the CERMET fuel case. Equation 2.5 demonstrates
Fricke’s model for particles with an ellipsoidal shape.
kF = km

Xkm + kp − XVp (km − kp )
,
Xkm + kp + Vp ∗ (km − kp )

(2.5)

where kF is the effective thermal conductivity according to the Fricke model, km
is the thermal conductivity of the matrix, kp is the thermal conductivity of the
dispersed particles, Vp is the volume fraction of the particles, and X is given by:
X=

km + kp (β − 1)
,
kp − km (β + 1)

(2.6)

where β is a geometrical factor which is a function of shape and orientation. A
detailed mathematical description of β can be found in the work of Miller [3].
After all, Miller proposed a anisotropy correction factor that operates as a
multiplying factor for the Bruggeman model (Equation 2.4). The correction factor
is the ratio of the Fricke’s model (Equation 2.5) to the Rayleigh-Maxwell’s model
(Equation 2.3), since the Fricke’s model reduces to the Rayleigh-Maxwell model for
perfect spheres. The corrected effective thermal conductivity then becomes:
kM = kB

kF
,
kRM

(2.7)

where kM is the corrected effective thermal conductivity proposed by Miller [3],
kB is the effective thermal conductivity according to the Bruggeman model, kF is
the effective thermal conductivity according to the Fricke model, and kRM is the
effective thermal conductivity according to the Rayleigh-Maxwell model.
The modification proposed by Miller (Equation 2.7) is possible because the

16

Fricke model is the equivalent of the Rayleigh-Maxwell model for ellipsoids. Both
Fricke and Rayleigh-Maxwell models are only valid in a range of 10 to 15 vol% of
second phase, so neither of them would be applicable to a 60 vol% CERMET. The
ratio of Fricke to Rayleigh-Maxwell gives the contribution in thermal conductivity
according to the anisotropy of the particles. This value is further multiplied by
the Bruggeman model, which is applicable to spherical particles up to 74.05 vol%.
Thus the correction is an adjustment to the Bruggeman model to account for the
ellipsoidal shape instead of spherical. Webb and Charit [24] reviewed the Bruggeman
model and the addition proposed by Miller [3] for different high temperature fuel
concepts. The model for W-UO2 is in agreement with the modeling results generated
by the authors.
Figure 2.6 shows the comparison of the analytical solutions aforementioned.
The results represent a W-UO2 CERMET with 60 vol% UO2 . The empirical fits
were used for the individual thermal conductivities of the tungsten matrix and the
UO2 particles discussed in Section 2.4.

2.6 Experimental measurements of properties of CERMET fuels
L. N. Grossman [2] measured the thermal conductivity of CERMET with coated
UO2 particles and compared with the Bruggeman’s model (Equation 2.4). Two
compositions were tested, 60 vol% and 80 vol% UO2 . The results for the effective
thermal conductivity of the 80 vol% samples followed the expected behavior calculated with the Bruggeman model (Equation 2.4). However, the paper described
problems with the experiments with the 60 vol% sample testing that lead to a
behavior that was different than expected. The effective thermal conductivity of
the samples should decrease with temperature, as shown in the empirical fits in
Section 2.4.
Figure 2.7 shows the experimental data for a (a) 80 vol% and (b) 60 vol% UO2
sample in which the thermal conductivity increases with temperature. The 60 vol%
17

Figure 2.6: Comparison of the different models to calculate the analytical solution
for a CERMET with spherical or ellipsoidal particles.
specimen contained 39.8 vol% of UO2 , and the 80 vol% specimen contained 75.9 vol%
UO2 . Figure 2.8 shows a comparison of the experimental results with the theoretical
results calculated with the Bruggeman model. Data show measurements for the
initial heat-up, when the temperature where first increased for the measurements,
and also after 30h of exposure to high temperatures. The trend of the experimental
data for the 60 vol% has a positive temperature coefficient which is larger than the
uncertainty of the experiment. The thermocouple decalibration is a possible reason
due to a failure of the inner thermocouple during testing.

2.7 Modeling of CERMET fuels
Thermal expansion, mechanical loading and diffusion of coolant material to the
fuel are issues that need to considered while evaluating a nuclear fuel concept
for thermal propulsion. Modeling and simulation perform an important role in
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(a)

(b)

Figure 2.7: Experimental results for the thermal conductivity versus temperature
of coated W-UO2 40 vol%. After L. N. Grossman [2].

Figure 2.8: Comparison of experimental results with the theoretical results
calculated with the Bruggeman model. After L. N. Grossman [2].
predicting the performance of the nuclear fuel. They also provide guidance and
preparation of future experiments and the detection of weaker aspects of the fuel
concepts.
Webb et. al. [25] performed a multiphysics simulation of a NTP engine in order
to help determine critical dimensions for the fuel element. The authors considered
the fission heat generation and the energy deposition profile, in addition to the
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temperature profile due to the hydrogen flow in the subchannels of the fuel element.
The multiphysics codes were not fully coupled and neutronics feedback mechanisms
and thermal expansion of the different materials were not considered. With growth
of the W-UO2 CERMET fuel concept, future work is needed in the multiphysics
simulations.
Stewart et. at. [29] also conducted multiphysics simulations of hexagonal fuel
concepts. The authors performed neutronics analysis to identify energy deposition in
the fuel, as well as a thermal-mechanical investigation. The values used for thermal
conductivity were base on the aforementioned Bruggeman analytical model [23].
The goals of this work include the calculation of the effective thermal conductivity
of the W-UO2 CERMET at the mesoscale. Additionally, the application of the
effective thermal conductivity calculated at the mesoscale to perform heat transport
simulations at the engineering scale.

2.8 Characterization of samples used in this project
The previously mentioned fabrication techniques were important to identify issues
and difficulties in the manufacture of CERMET fuels. Barnes et al. [4] successfully
fabricated W-UO2 samples using tungsten coated UO2 particles and SPS technique.
The samples generated are of great interest because they represent the state-of-theart in regards to CERMET fabrication technology and they are the object of study
in this work. This section gives an overview of the fabrication process implemented
by Barnes et. al. [4].
First, the depleted UO2 (dUO2 ) particles were coated with tungsten. Figure 2.9
shows the small tungsten particles on the surface of the UO2 particle. The particles
were then sintered using the SPS technique. The temperature was increased by
100◦ C per minute and pressure at a rate of 20 MPa per minute until the sintering
pressure of 50 MPa. The sintering temperature and pressure were maintained for
20 minutes. The specimen were cylindrical, with approximately 20 mm in diameter
20

(a)

(b)

Figure 2.9: SEM images of UO2 particles coated with tungsten. After Barnes et.
al. [4]
and 6 mm thick. The resulting percentages of theoretical density of the specimen
varied from 97.18% for lower sintering temperatures (1600◦ C) to 99.46% for higher
sintering temperatures (1850◦ C).
The samples were ground and polished in order to achieve a smooth surface and
Scanning Electron Microscopy (SEM) images were taken. The specimens considered
in this work were sintered at 1750◦ C and 1800◦ C. Additionally, the cross-section of
the 1800◦ C specimen is also considered for a full characterization of the distribution
of UO2 particles in the tungsten matrix. Figures 2.10, 2.11 and 2.12 show SEM
micrographs of the specimens sintered at 1750◦ C, 1800◦ C and cross section of the
specimen sintered at 1800◦ C specimens, respectively.
An elemental analysis of the micrograph was performed using an energy dispersive X-ray spectroscopy (EDS). Figure 2.13 provides an unique image of the
elements in the micrograph. It is clear that there are small dUO2 particles embedded in the tungsten matrix. According to the authors, these small particles
were formed during the blending process. These small particles may influence
the heat conduction through the matrix since the thermal conductivity of UO2 is
considerably lower than that of tungsten.
The following chapter describes the modeling procedure to simulate thermal

21

(a)

(b)

Figure 2.10: SEM micrograph of W-dUO2 specimen sintered at 1750◦ C: (a)100x
and (b) 250x. After Barnes et. al. [4]

(a)

(b)

Figure 2.11: SEM micrograph of W-dUO2 specimen sintered at 1800◦ C: (a)100x
and (b) 250x. After Barnes et. al. [4]
transport on these microstructures as well as the on the hexagonal fuel elements.
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(a)

(b)

Figure 2.12: SEM micrograph of the cross section of the W-dUO2 specimen
sintered at 1800◦ C: (a)100x and (b) 250x. After Barnes et. al. [4]

Figure 2.13: EDS analysis of W-dUO2 micrograph. After Barnes et. al. [4]

23

Chapter 3
MODELING PROCEDURE

The simulation approaches and boundary conditions used in this project are discussed in this chapter. The software used and the relevant model characteristics
are discussed first. Then, a detailed outline for the simulations is presented.

3.1 MOOSE - Multiphysics Object-Oriented Simulation Environment
The project goals include the prediction of heat conduction through a CERMET
fuel element. In addition, mesoscale heat conduction simulations will be used to
determine the effective thermal conductivity of the UO2 CERMET. Here, we build
on tools that have been developed by the US Nuclear Energy Advanced Modeling
and Simulation (NEAMS) program to model light water reactor fuel [26]. In the
NEAMS program, the fuel performance code BISON has been developed to model
macroscale fuel and cladding behavior, while the mesoscale code MARMOT has
been developed to predict the fuel behavior at the level of microstrocture [27].
Both of these tools are built on the Multiphysics Object-Oriented Simulation
Environment (MOOSE), a non-linear finite element solver mainly developed by the
Idaho National Laboratory [28]. The MOOSE framework was mainly developed for
nuclear fuel performance applications, nevertheless it expanded to a wide variety of
fields due to its power and flexibility to solve coupled non-linear equations. MOOSE
is an open source easily available software. It contains multiphysics modules that
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can be compiled independently or together, depending on the physical application
one desires to simulate.
Thus, in this work, MOOSE is used to perform the simulations. MOOSE has
a simple mesh generator built into the code, so the user can define simple 1, 2
or 3-dimensional meshes from the input file. MOOSE can also read general mesh
files, and it allows highly complex geometries. It also works with any scale, from
nanometers to engineering scale around centimeters or meters. The scale of the
problem is set by the mesh and the parameters given by the user in the input file.
Due to its flexibility, many codes have been developed on the MOOSE framework.
MARMOT was established to focus on microstructure simulations of nuclear
materials at the mesoscale, which can go from nanometers to hundreds of microns
[27]. It is a licensed software which contains specific parameters for different types
of nuclear fuels, such as UO2 . The main purpose of MARMOT is to enclose all the
models and parameters necessary for computational materials science applied to
nuclear fuel performance in one package.

3.2 Microstructure reconstruction
W-UO2 CERMET fuel samples were produced by Barnes et. al. [4] with very high
densities and uniformly distributed particles, varying in approximately 95-100%
of theoretical density, as shown in Section 2.8. The samples analyzed in this work
consisted of 40 vol% tungsten with spherical UO2 particles, sintered at 1750◦ C
and 1800◦ C. Figure 3.1 shows SEM images of these microstructures at different
sintering temperatures (images on the left side) at 100x magnification. Figure 3.2
shows detailed regions of the same micrographs at 250x magnification.
The Image Reader is a feature developed in MOOSE that is capable of reading
images and associating variable values to them according to pixel light intensity.
It applies a user-defined threshold to the intensity of light in the pixels. Pixels
that are darker than the threshold become black and are seen as the second phase.
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(a)

(b)

(c)

Figure 3.1: SEM images of different W-UO2 CERMET samples at 100x (a) 1750◦ C
(b) 1800◦ C (c) CS 1800◦ C. On the left side, there are the SEM images. The ones in
the middle are the resulting microstructure after the Image Reader. The images on
the right are produced using the circles approach to fully cover the second phase.
Pixels that are lighter than the threshold become white and are seem as the bulk
phase in the simulation. The images in the middle of Figures 3.1 and 3.2 show the
micrographs with the applied threshold. In this case, UO2 particles are considered
to be the second phase, so they are pictured in black. The tungsten matrix is
shown in white.
It is important to consider that the SEM images were high quality images, in
which one can see the details of the surface, and the small elevations and defects on
the surface of the samples. This can leads to lighter and darker pixels embedded
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(a)

(b)

(c)

Figure 3.2: SEM images of different W-UO2 CERMET samples at 250x (a) 1750◦ C
(b) 1800◦ C (c) CS 1800◦ C. On the left side, there are the SEM images. The ones in
the middle are the resulting microstructure after the Image Reader. The images on
the right are produced using the circles approach to fully cover the second phase.
in second phase and matrix, respectively. This makes it difficult for the software
to accurately distinguish the two materials in the simulation. For this reason, a
second approach was taken to confirm the accuracy of the simulations.
The UO2 particles are solid and there is no tungsten inside them at this stage,
as shown in Figure 2.13. During the operation of a NTP engine, tungsten could
diffuse into the UO2 particles [1]. However, this is not relevant for the fresh fuel
being evaluated in this work. To accurately distinguish the two materials, the
original image was analyzed and solid circles or ellipses were placed over the UO2
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particles. The images in the right side of Figures 3.1 and 3.2 show this approach.
The background of the original image was not used in the simulation, but it is
shown here for better visualization purposes.
The purpose of analyzing the micrographs in MOOSE is to calculate effective
properties on the mesoscale. The microstructural characteristics drive the engineering scale properties of the fuel, so it is vital to understand the influence of the
UO2 phase, the interface between UO2 and tungsten, the porosity of the tungsten
matrix or any porosity inside the UO2 phase, etc. There is a special interest in the
effective thermal conductivity of the microstructures. As explained in Chapter 1,
the thermal conductivity dictates how much energy is stored inside the fuel particles.
The goal is to develop a fuel concept with as low stored energy as possible, in other
words, with high effective thermal conductivity. The tungsten metal matrix has
a very high thermal conductivity to compensate for the low thermal conductivity
of the ceramic UO2 particles. The results of the effective thermal conductivity
simulations are discussed in Section 4.1 in Chapter 4.
The characteristics given previously for the samples were in volumetric percentages, though the SEM images used to construct the CERMET only provide surface
information. Thus, the simulations are firstly analyzed in 2D; however, 3D results
are necessary for accurate comparison with experiments. This is the motivation for
the next set of simulations described in the Section 3.3.

3.3 Mesoscale modeling
The ideal microstructure of the W-UO2 is composed of uniformly distributed UO2
spheres in a tungsten matrix. As discussed in Chapter 2, this microstructure
is fabricated by powder processing, primary HIP and SPS. It was discussed by
Miller [3] and shown by Barnes et. al. [4] that the spheres can assume a ellipsoidal
shape due to processing. In addition, Barnes et. al. showed that UO2 is present
in the form of very tiny particles dispersed in the tungsten matrix. The W-UO2
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CERMET is ideally composed of 60 vol% of UO2 and approximately 40 vol%
tungsten. Other materials can be present in order to facilitate the manufacture,
nevertheless other materials are not considered in this work.
This section is divided into two subsections where the 2-dimensional and 3dimensional and their respective considerations and assumptions for the thermal
transport mesoscale simulations are discussed. The results of the mesoscale simulations are shown in Chapter 4.

3.3.1 2-dimensional modeling
One of the most common approaches to characterize a microstructure is to use
a 2-dimensional SEM image. The SEM image enables a very detailed analysis of
the specimen. Nevertheless, it has some limitations because only a small portion
of the sample is being analyzed. The slices of the specimen that are taken into
consideration may have strong variation in regards to fraction of UO2 in comparison
to the specimen itself. For instance, Figure 3.1 and 3.2 show SEM images of the
specimen being analyzed in this work. The specimen consist of 60 vol% of UO2 .
However, in the SEM images, the fraction of UO2 is not representative of the
volumetric fraction. Due to this reason, the focus of this work is in 3-dimensional
simulations although some 2-dimensional simulations are also analyzed.
2-dimensional thermal transport simulations overestimate the drop in the thermal conductivity because instead of having spheres spread in a matrix, in the
2-dimensional case it as if all the circles were 3-dimensional columnar structures,
leaving no path for the heat conduction above or below it. This decreases the
effective thermal conductivity because the UO2 spheres have a much lower local
thermal conductivity than the tungsten matrix.
The interest in the 2-dimensional microstructure reconstruction at the mesoscale
is to analyze the effect of the temperature in the effective thermal conductivity. As
previously mentioned, the thermal conductivity of UO2 and tungsten both vary
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Figure 3.3: Boundary conditions for the 2-dimensional analyses. On the left side, a
fixed temperature is applied. On the right side, a constant temperature gradient is
applied. No-flux boundary conditions are applied on the other boundaries.
with temperature, so it is expected that the resulting CERMET effective thermal
conductivity also does. The effective thermal conductivity is expected to decrease
with increasing temperature.
The heat conduction solver in MOOSE is used for the thermal transport simulations. The heat conduction equation (Equation 1.2) is solved across the 2dimensional microstructures by applying two boundary conditions: a fixed temperature on the left side and a heat flux on the right side, as shown in Figure 3.3.
The objective is to calculate the effective thermal conductivity. The AEH method
discussed in Section 1.3 is used for the calculation of the homogenized properties.

3.3.2 3-dimensional modeling
The most realistic scenario for thermal transport simulations is the 3-dimensional
reconstruction because the spheres are spread in the matrix as in the real specimen,
so there are paths for the heat conduction around the spheres. For the 3-dimensional
simulations, the objective is to study how the influence of temperature, volumetric
fraction of UO2 and the dispersion of the spheres affects the effective thermal
conductivity. Also, an ellipsoidal shape for the UO2 is considered in order to
provided a more accurate and realistic simulation. MOOSE has built-in capabilities
to generate this type of microstructure with spheres or ellipsoids of a given size.
Furthermore, random variations can be applied to the radius. This was also
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Figure 3.4: Boundary conditions for the 3-dimensional analyses. On the left
surface, a fixed temperature is applied. On the right surface, a constant
temperature gradient is applied. No-flux boundary conditions are applied on the
other boundaries.
considered in order to perform a realistic simulation, because in reality, the UO2
particles are not exactly the same size or shape.
Similar to the 2-dimensional case, the heat conduction solver in MOOSE is used
by applying boundary conditions: a fixed temperature on the left side and a heat
flux on the right side, as shown in Figure 3.4. As the objective of the mesoscale
reconstructions is to calculate the effective thermal conductivity, the AEH method
is used to accomplish that. All these features in MOOSE work for both 2 and
3-dimensional cases.

3.4 Hexagonal fuel element modeling
Part of the purpose of this work is to use the effective thermal properties calculated
at the mesoscale into an engineering scale simulation. The effective thermal
conductivity of the cermet fuel is analyzed for different temperatures. Subsequently,
these values are used for the simulation of different fuel concepts. The fuel concepts
consist of hexagonal fuel bundles with a specific number of subchannels for the
coolant flow. The CERMET material is the bulk of the fuel element, and it
has cladding on the outside surface and the inside of the subchannels. Figure
3.5 presents the fuel elements and the description of their parts, along with the
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respective dimensions for the 7-channel, 19-channel and 61-channel concepts. The
research among cladding materials is still ongoing, so in this work tungsten is
considered for both claddings.
Three different geometries are studied: 7-channel, 19-channel and 61-channel.
The motivation for these three concepts is that they are often shown in literature for
fabrication techniques or prospective fuel element candidates. Chapter 2 provides
a review of some fuel concepts that were fabricated and tested. The geometries
and meshes were created using the CUBIT Geometry and Mesh Generation Toolkit
developed by Sandia National Laboratory.
For the macroscopic thermal transport simulations, the objective is to analyze the
temperature profile in the fuel element. Given the effective properties calculated
at the mesoscale, the heat transport equation is solved in MOOSE for the 3dimensional engineering scale geometry. A fixed temperature of 1500 K is applied
on the subchannel surfaces. In addition, a heat source of 5 × 103 [W cm−3 ] is applied
in the bulk of the fuel element imitating an estimated value for the heat generated
by fission of the UO2 . These values were based on the estimation provided by the
work of Stewart et. at. [29].
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Figure 3.5: Cross sections of the three fuel concepts considered in this work, where
the 7-channel concept is shown on the left, the 19-channel concept in the center,
and the 61-channel concept in the center. The bulk of the cermet, outer cladding
and hole cladding areas and their respective dimensions are detailed in the figures.
The radii of the channels are equal to 0.14 cm and the heights of the fuel elements
are equal to 1 cm for all geometries.
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Chapter 4
RESULTS AND DISCUSSION

4.1 Effective thermal conductivity from microstructure reconstruction
The first analysis uses microstructures reconstructed from SEM images. The
effective thermal conductivity is calculated for the three microstructures sintered
at different temperatures and two magnifications of the SEM images. Additionally,
the approach in which the UO2 phase is covered using circles and/or ellipses is also
evaluated. For simplification, this approach is referred in this work as the circles
approach. The results for both methods are reflected in Table 4.1.
As discussed in Section 3.3.1, the boundary conditions for 2-dimensional simulations consist of a fixed temperature on the left boundary, and a heat flux on
the right boundary. The effective thermal conductivity is calculated for a fixed
temperature of 1500 K. The heat flux used is just a symbolic value to provide
enough boundary conditions to solve the heat transport equation. So a small value
is used in order to provide a low temperature gradient across the simulation domain.
The heat flux that is applied to all mesoscale simulations only cause a decrease of 2
to 3 degrees compared to the fixed temperature.
The area fraction of the Image Reader approach differ substantially from the
circles approach. The area fraction using the Image Reader is consistently lower
than the circles approach because of the the light pixels inside what is purely a
second phase area, as discussed in Section 3.2. Due to the considerable difference
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Magnification
100x

250x

Sintering
Temperature [◦ C]
1750
1800
CS 1800
1750
1800
CS 1800

UO2 area%
I.R. Circles
27
49
23
50
43
47
21
51
23
47
38
45

Th. Cond. [W/m-K]
I.R.
Circles
38.7
29.5
42.2
30.0
21.8
29.2
43.1
30.4
37.2
34.1
21.6
27.2

Table 4.1: Effective thermal conductivity of W-UO2 microstructures calculated in
MOOSE using the Image Reader (I.R.) and the circles approach.
in area fraction, the circles approach is more accurate for this case.
Regarding the distinct sintering temperatures, no noticeable divergence is shown.
The sintering temperature commonly interfere in the amount of porosity in the
samples, although as shown by Barnes et. al. [4], these microstructures have high
densities. It is important to state that the effect of the interface between the UO2
particles and the tungsten matrix is still unknown. It might lower the effective
thermal conductivity of the CERMET due to the defects that are commonly
present in interfacial regions because they cause phonon scattering, thus a worst
heat conduction. However, as the characteristics of this interface region are still
unexplored, no reasonable assumption can be made with regards to its impact.

4.2 Effective thermal conductivity at the mesoscale
In this section the results for the effective thermal conductivity at the mesoscale are
presented. The details concerning the differences between the 2 and 3-dimensional
models are explained, and a critical discussion is provided.

4.2.1 2-dimensional analysis
The objective of the 2-dimensional analysis is to recreate a microstructure with
similar features to the SEM images from Barnes et. al. [4] and further investigate
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the temperature dependence of the effective thermal conductivity. The SEM
microstructures represent a 60 vol% UO2 W-UO2 CERMET. The average of area
coverage of UO2 according to Table 4.1 is approximately 48%, based on the circles
approach. So for the 2-dimensional analysis, the goal is to represent an UO2 area
fraction similar to 48%.
The Initial Condition capability in MOOSE was used to reconstruct the microstructure. The microstructure consisted of particles with a mean radius of 50
microns and an applied uniform variation of 5%. The x and y axis vary independently so ellipsoidal shapes are possible, which is consistent with the features shown
in the SEM images.
Figure 4.1 (a) shows the calculated for the effective thermal conductivity evaluations at different simulation temperatures. Figure 4.1 (b) shows an example
of the temperature profile for a fixed temperature of 2500 K. As expected, the
effective thermal conductivity decreases with increasing temperature. It follows a
similar trend as the thermal conductivity of the individual phases, described by
the empirical fits in Section 2.4. The black phase is the UO2 and the grey matrix
is the tungsten. The microstructure is contoured by isothermal lines and colored
by temperature. It is relevant to observe the contrast between the isothermal
lines in the matrix and the particles. The UO2 phase has a much lower thermal
conductivity, so the heat is poorly conducted through the particles. The isotherms
are closer together inside the UO2 rather than the tungsten matrix, which has a
very high thermal conductivity.
Furthermore, from Figure 4.1(b) it is possible to visualize an UO2 particle
on the right boundary, where the heat flux was applied as a boundary condition.
The second phase present on the right boundary has a low thermal conductivity
and it is clear that it lowers the local temperature in that spot. This affects the
average temperature on that boundary and it overestimate the decrease in the
effective thermal conductivity when the direct method is used. For this reason, the
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(b)

Figure 4.1: (a) Effective thermal conductivity vs. temperature for a 2-dimensional
microstructure with 50% UO2 in area fraction (b) 2-dimensional microstructure in
MOOSE contoured by isothermal lines colored by temperature
AEH method is more accurate than the direct method, as previously discussed in
Section 1.3. Therefore, all results for effective thermal conductivity in this work are
originated from the AEH method built into MOOSE. The AEH method returns the
homogenized properties distinguished for all directions (x, y and z). For the purpose
of this 2-dimensional study, an average of the values on the x and y directions is
used.

4.2.2 3-dimensional analysis
The 3-dimensional model supports a realistic simulation of the W-UO2 CERMET
microstructure. As previously mentioned, the UO2 have a spherical shape and an
ideal diameter of 100µm [1]. The particles may acquire an ellipsoidal shape due to
processing as discussed by Miller [3] and Barnes et. al. [4]. The objective of the
3-dimensional simulation is to evaluate the effect of simulation temperature and
volume fraction of UO2 on the effective thermal conductivity. Furthermore, the
effective thermal conductivity of the 60 vol% UO2 CERMET is calculated to be
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(a)
(b)

Figure 4.2: (a) Effective thermal conductivity vs. temperature for a 3-dimensional
microstructure with different UO2 particle distributions. (b) 3-dimensional
reconstruction of a W-UO2 CERMET used to analyze its behavior for different
temperatures. The UO2 particles are contoured by temperature.
further used in the macroscopic fuel element simulations.
Once more, the Initial Condition capability in MOOSE was used. The UO2
particles were generated with a mean semi-axis size of 50µm in x and y and 40µm in
z direction. A uniform random variation of 10% was used. Three different particle
distributions throughout the domain were used in order to evaluate the effect
of particle position. These distributions were generated using different random
seeds for the simulations, therefore they had slightly different volume fractions
of UO2 . Figure 4.2 presents the results for the effective thermal conductivity at
distinct simulation temperatures. As expected, the effective thermal conductivity
decreases with increasing temperature, following the trend depicted by the thermal
conductivities of the individual phases.
Furthermore, it is reasonable to assume that the effective thermal conductivity
decreases with increasing volume fraction of UO2 , since UO2 has a much lower
thermal conductivity than tungsten. Figure 4.3 demonstrates the behavior of
the effective thermal conductivity with increasing volume fraction at a simulation
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(b)

Figure 4.3: (a) Effective thermal conductivity vs. volume fraction of UO2 for a
3-dimensional microstructure at 3000 K. (b) 3-dimensional reconstruction of a
W-UO2 CERMET at 37 vol% UO2 . The UO2 particles are contoured by
temperature.
temperature of 3000 K. The tested range of volume fraction is approximately 15 to
35 vol% of uniformly dispersed UO2 particles. A linear fit was applied to the data
and the resulting equation is:

k = −1.3154Vp + 87.786,

(4.1)

with a fitting coefficient of R2 = 0.9957, which indicates a very good fitting
since R2 = 1 represents a perfect fit. k is the effective thermal conductivity in
[W m−1 K −1 ] and Vp is the volume fraction of UO2 . At this temperature, 3000 K,
the thermal conductivity of tungsten is kW = 92.1[W m−1 K −1 ] according to the
modified Hust-Lankford empirical fit [21]. Therefore, for no UO2 present, this trend
line results in a 4.7% lower thermal conductivity than expected. A verification
successfully confirmed that MOOSE returns the empirical value for the effective
thermal conductivity for 100% tungsten and 100% UO2 .
In order to achieve high concentrations of UO2 , a script developed by I. Greenquist is used to generate the packed UO2 structure. This code places spheres located
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(a)

(b)

Figure 4.4: (a) Effective thermal conductivity vs. temperature for a 54.2 vol% of
UO2 microstructure composed of dispersed spheres of diameter 100µm. (b)
3-dimensional reconstruction of a W-UO2 CERMET at 54.2 vol% UO2 . The UO2
particles are contoured by temperature.
randomly in a large domain, and the spheres move towards the center of the domain,
clustering together but without overlapping. This allows the microstructure to
achieve high volume fraction of spheres. The subsequent part of this work analyzes
a 54.2% of UO2 , composed of 100µm diameter spheres.
This microstructure is used in MOOSE to calculate the effective thermal conductivity of this high volume fraction of UO2 material. Figure 4.4 presents the
results for temperatures varying from 1500 K to 3000 K. As expected and previously
shown for similar microstructures, the effective thermal conductivity decreases with
increasing temperature. Additionally, it is important to observe that the values
also decrease as expected with increasing volume fraction of UO2 , since the thermal
conductivity of UO2 is lower than the matrix, tungsten.

4.3 Comparison with analytical solution
Unfortunately, the experimental measurements of effective thermal conductivity of
the 60 vol% UO2 CERMET are not reliable [2]. As previously described, the author
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describes issues with the experimental apparatus which resulted in an experiment
that is not accurate and does not express the correct physical behavior of the
effective thermal conductivity.
The application of the Bruggeman model [23] to UO2 CERMETs was first
discussed by Miller [3]. Section 2.5 provided a detailed comparison of the analytical
models that can be applied to UO2 CERMETs. Figure 4.5 (a) provides a comparison
of the effective thermal conductivity calculated using MOOSE with the Bruggeman
analytical model, as well as the individual thermal conductivities of UO2 and
tungsten. The individual thermal conductivities are after the empirical fits discussed
in Section 2.4. Figure 4.5 (b) shows a detailed comparison of the effective thermal
conductivity calculated using MOOSE and the Bruggeman model. MOOSE results
followed the correct physical behavior with approximately a 20% lower value than
the Bruggeman model. The Bruggeman model provides a good estimative of the
effective thermal conductivity, and it was used in the past as a comparison for
experimental values, as seen in Figure 2.8. However, it is also an approximation
of an effective property for an idealized microstructure and it does not take into
account the real distribution of the particles in the matrix. Ideally, UO2 particles
would be uniformly distributed in the tungsten matrix, but realistically this is not
observed.

4.4 Hexagonal fuel element simulations
The purpose of the macroscopic simulation is to analyze the heat conduction at the
engineering scale. In order to accomplish that, the effective properties for a 54.2%
volume fraction of UO2 fuel, previously calculated at the mesoscale, are used. A
fixed temperature of 1500 K is applied on the subchannel surfaces. In addition, a
heat source of 5 × 103 [W cm−3 ] is applied in the bulk of the fuel element, values
based on the work of Stewart et. al. [29]. Figures 4.6, 4.7 and 4.8 present the
3-dimensional results colored by temperature. It is important to emphasize that the
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(a)

(b)

Figure 4.5: (a) Effective thermal conductivity from the analytical solution using
the Bruggeman model, from the MOOSE simulations and the individual thermal
conductivities of tungsten and UO2 . The tungsten and UO2 thermal conductivities
follow the empirical fits by the modified Hust-Lankford and Fink, respectively. (b)
Comparison between the effective thermal conductivity using MOOSE and the
Bruggeman analytical model.
cooling occurs on the channels by hydrogen flow. Additionally, the heat is produced
by fission by UO2 in the bulk of the fuel element. In addition, as the NTP project
is still under development, no further specific data is found for the volumetric heat
generation or the cooling rate. The temperature profile is similar for the three
different configurations. The 61-channel is a strong candidate to become the NTP
fuel [12]. The temperature on the channel walls are lower than the bulk and outer
surfaces. This is expected since the cooling occurs through these channels. The
61-channel has a better cooling than the 7 and 19-channel concepts because it has
a better surface cooling area ratio to fuel volume. This characteristic was also
discussed by Webb et. al. [25]. Taking this into consideration, more channels lead
to a better performance. However, the fabrication process becomes more difficult.
Table 4.2 highlights the difference among the temperature profile for the different
geometries. The 7-channel has the most stored energy, since its cooling surface
area to volume of fuel is the worst. Furthermore, the fuel reaches higher maximum
and average temperatures for the 7-channel. The 61-channel concept has the best
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behavior since it has a better cooling surface area to the volume of fuel.
The importance of calculating the effective thermal conductivity at the mesoscale
is highlighted by Table 4.3. The effective thermal conductivity of the W-UO2 is
approximately 10× greater than UO2 . When only UO2 is considered for the bulk of
the fuel element, a much higher stored energy is observed. The fuel reaches higher
temperatures than when mixed as a W-UO2 CERMET.

Channels
7
19
61

Temperature comparison inside the W-UO2 region
Vol of W-UO2 [cm3 ] A/V Ratio [cm−1 ] Average T [K]
0.5351
0.81
1558.8
1.1759
0.99
1540.9
3.2079
1.17
1527.3

Max T [K]
1636.4
1624.1
1610.7

Table 4.2: Average and maximum temperatures inside the W-UO2 region of the
hexagonal fuel elements. The A/V Ratio represents the ratio of the cooling surface
area to the volume of W-UO2 CERMET.

Channels
7
19
61

W-UO2
Average T [K] Max T [K]
1558.8
1636.4
1540.9
1624.1
1527.3
1610.7

UO2
Average T [K] Max T [K]
2071.6
2761.3
1882.9
2649.8
1739.7
2543.1

Table 4.3: Comparison highlighting the importance of the calculation of the
effective thermal conductivity of the W-UO2 microstructure. The columns
represent the average and maximum temperatures in the bulk region of the
hexagonal fuel, considering the W-UO2 CERMET and 100% UO2 .
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Figure 4.6: Temperature profile in the 7-channel fuel element. A fixed temperature
of 1500 K is applied on the subchannel walls. No-flux boundary conditions on the
other boundaries.

Figure 4.7: Temperature profile in the 19-channel fuel element. A fixed
temperature of 1500 K is applied on the subchannel walls. No-flux boundary
conditions on the other boundaries.
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Figure 4.8: Temperature profile in the 61-channel fuel element. A fixed
temperature of 1500 K is applied on the subchannel walls. No-flux boundary
conditions on the other boundaries.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

This chapter summarizes the outcomes of this work and a discussion for a profound
understanding of their implications, and suggestions for further development of
this study.

5.1 Conclusions
The W-UO2 CERMET fuel is a prospective candidate for NTP engines, as it would
potentially offer reliable and constant energy for deep space missions. However,
the properties of the W-UO2 CERMET are still unexplored. The microstructure
has a significant impact on the engineering scale behavior of the fuel. In this work,
the effective thermal properties were analyzed using the MOOSE framework [28].
The heat conduction throughout the fuel element is primary impacted by the
effective thermal conductive of the CERMET. The effective thermal conductivity
is a measurement of heat conduction, and the poorer the heat conduction to the
coolant, the higher the stored energy inside the fuel. This represents loss of efficiency
and structural safety risks, since the temperature inside the fuel may reach values
that inhibit the proper function of the fuel, or even reach the melting point of the
materials.
This work was divided into three major segments. First, SEM images of W-UO2
CERMET microstructures from Barnes et. al. [4] were analyzed and the effective
thermal conductivity was calculated for 1500 K. The microstructure characteristics
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were used to recreate a 3-dimensional model.
Second, microstructures with similar features to those from Barnes et. al. [4]
were recreated in MOOSE. 2 and 3-dimensional analyses were performed. For the
2-dimensional simulations, microstructures with a similar area fraction to the SEM
images were generated. As expected, the effective thermal conductivity decreased
with increasing temperature due to the singular behavior of the individual phases,
in which both the thermal conductivities of tungsten and UO2 decreases with
increasing temperature. 2-dimensional thermal transport simulations overestimate
the drop in the thermal conductivity in comparison to 3-dimensional simulations,
which was the motivation for the 3-dimensional part.
3-dimensional simulations are the most accurate because it is possible to resemble a realistic microstructure with uniformly distributed UO2 particles. For
the 3-dimensional simulations, the effective thermal conductivity was calculated
for different temperatures and different volume fractions of UO2 . As in the 2dimensional case, the effective thermal conductivity decreased with increasing
temperature, which is expected. The behavior of the effective thermal conductivity
with increasing volume fraction of UO2 was linear. However, projecting the trend
line to no UO2 results in a 4.7% discrepancy with the simulations results, which
is a good result. The effective thermal conductivity calculated using MOOSE
followed the correct physical behavior expected by the Bruggeman analytical model.
However, the values of effective thermal conductivity calculated using MOOSE were
approximately 20% lower than the analytical model. It is important to emphasize
that no reliable experimental measurements of the effective thermal conductivity of
a W-UO2 CERMET with 60 vol% UO2 are available.
Third, the values of the effective thermal conductivity calculated at the mesoscale
were used in an engineering scale simulation. The thermal transport in hexagonal
fuel concepts were analyzed. The fuel concepts studied consisted of hexagonal
structures with 7, 19 and 61 channels. The channels are used for hydrogen flow,
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which gives the necessary impulse for the NTR. The temperature profile throughout
the hexagonal fuel elements were evaluated. The temperatures are higher on the
outer parts of the fuel element and lower closer to the channels, where the fuel is
being cooled by the hydrogen. Fuel concepts with more channels have a better
performance due to the ratio of cooling surface area and volume of fuel. Therefore,
the 61-channel concept had the best performance and it is a strong candidate for
the NTP application.

5.2 Future Work
The NTP field is innovative and promising. It can lead to a great advance and
autonomy for long space missions. In order to accomplish that, a further investigation of the CERMET properties is necessary. The suggestions given in this section
are from a computational point of view, acknowledging that future development of
fabrication techniques should also accompany the computational efforts. Specially
to provide data for validation and testing of the models. At the mesoscale, a better
understanding of the effect of the interface between UO2 and the tungsten is needed.
A coupled multiphysics simulation of the fuel elements is suitable. The MOOSE
framework enables a complex coupling of thermal hydraulics, neutronics, mechanical
deformation and computational material science codes. This capability can be
further explored to model a realistic environment of the NTP core with reactivity
feedback and realistic hydrogen cooling rates. Additionally, major concerns about
NTP fuels regard fuel loss, difference in thermal expansion coefficients and hydrogen
diffusion into the fuel particles. All these aspects can be modeled using the MOOSE
framework. However, to be fully validated, a model needs reliable experimental
data to support it. For this reason, experiments are also essential. Measurements
of effective thermal conductivity, diffusion coefficents and other detailed data to
support the simulations are vital.
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