ABSTRACT

ALY, AHMED. Multi-Scale Multi-Physics Modeling of Metallic Fuel and Thermal Hydraulics
of Sodium Fast Reactors in a Subchannel Approach. (Under the direction of Maria Avramova
and Benjamin Beeler).

The current interest in metallic fuel for fast reactors applications, particularly Sodium
Fast Reactors (SFRs), requires the acquisition of knowledge about metallic fuel properties.
The presence of bond sodium between the fuel and the cladding dictates the study of the
interfacial properties between the solid and liquid metals. The difficulty of performing
experiments on the metallic UZr fuel at high temperatures led to a lot of blank areas of the
metallic fuel behavior at high temperatures. These difficulties make the computational
study of the fuel properties at elevated temperature appealing. There are a lot of irradiation
data obtained from Experimental Breeder Reactor II (EBR-II). However, the analysis of
such data is affected by the gaps in the understanding of fresh metallic fuel behavior.
Eventually, codes for modeling the metallic fuel performance are needed. Multi-physics
modeling of SFRs requires tools that can model metallic fuel and thermal hydraulics of
SFR and integrate the two physics in one framework. COBRA-TF (CTF) and CTFFuel are
two codes that can perform this task provided the conversion of the codes to be able to
model advanced reactors and metallic fuel performance along with the Light Water Reactors
(LWRs) with oxide fuel. This work is a first step in achieving the above goals in a multi-scale
and multi-physics approach.

This work is divided into several parts. The first part involves the investigation of the
high-temperature phase of UZr metallic fuel. Ab initio Molecular Dynamics (AIMD) was
used to investigate the fuel thermal and metallic properties such as the lattice parameters,
elastic moduli, thermal expansion, heat capacity, etc. The speed of sound in UZr was
determined from first principles. The extensive analysis of the data predicted using AIMD
led to the generation of novel correlations for the metallic fuel properties as a function of
temperature and zirconium content. The predicted correlations fit well with the scarce
available experimental data in the literature. The determination of the speed of sound in
UZr was not performed before on the broad scope of temperature and zirconium content
performed in this work. The prediction of the speed of sound in UZr was a key step needed
in the determination of the interfacial thermal conductance between UZr and the bond

sodium that was performed in the second part of this work.



The UZr interfacial properties with liquid sodium were investigated from first principles
for the first time. In this work, the surface energy of UZr, the interfacial energy between
UZr and liquid sodium, and the work of adhesion of the two solid and liquid metals were
determined as a function of temperature and Zirconium content up to 32 wt.% typically
present in irradiated metallic fuel. The wettability of UZr with liquid sodium was determined
and liquid sodium was found to completely wet the fuel surface at temperature above 1000
K. This work is difficult to perform experimentally and is a novel part of this work.

The second part of this work involved the utilization of the information obtained from
atomistic modeling about the sound velocities of the fuel along with data about the sound
velocities in liquid sodium to generate a model for the interfacial conductance between
the fuel and the bonding sodium using acoustic mismatch theory. This part is a novel work
performed. The literature was investigated for models of metallic contact conductance that
can be applied to the UZr and the SS-316 cladding.

Finally, CTF code was modified extensively to be able to model SFRs thermal hydraulics
and metallic fuel. The modeling of SFRs thermal hydraulics was implemented in CTF by
plugging in the sodium coolant properties and appropriate closure correlations. The code
was validated against the Shutdown Heat Removal Tests (SHRT), in particular, SHRT-17 and
SHRT-45 and was able to predict the peak cladding temperature accurately. The metallic
fuel properties correlations from the literature and generated correlations in this work were
implemented in CTF to enable the code to model SFRs in a multi-physics approach that
involves subchannel thermal hydraulics modeling and fuel performance modeling.
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CHAPTER

1

INTRODUCTION

The main Generation IV (GEN-IV) reactor types are Sodium Fast Reactors (SFRs), Lead-
cooled Fast Reactors (LFRs), and Gas-cooled Fast Reactors (GFRs). Sodium and lead exist in
the reactor in liquid form. The signi cant potential of Liquid Metal Fast Breeder Reactors
(LMFBRs) was realized from the beginning of the nuclear energy era. However, the devel-
opment of Light Water Reactors (LWRS) was running at a faster pace. Evaluation of LWRS'
economic feasibility, reliability, and strong experimental programs led to the availability of

a vast amount of knowledge of their characteristics. The process of licensing LWRs became
very evolved and many of them were built. The over-estimation of the sustainability of
Uranium (U) supply as a fuel material participated in favoring LWRs and the negligence of
continuing research on LMFBRs (Tang et al. 1978).

The desirability to reprocess spent fuel to extract ssile materials that can decrease
the dependence on natural resources of uranium has revived the interest in LMFBRSs. The
utilization of liquid metals as coolants for fast reactors brings several economical and
practical advantages that lead to a sustainable future for nuclear energy. Fast spectrum
reactors confer effective transmutation of spent fuel to produce ssile materials that can
be used in later fuel cycles (Todreas 2009). As the uranium in nature is depleted, the cost of



extraction and manufacture of nuclear fuel will increase over time. Breeding and spent fuel
reprocessing play an important role in keeping electrical power production from nuclear
energy economically feasible.

Several candidates for cooling LMFBRs were investigated leading to the conclusion
that the sodium chemical and physical properties along with its neutronic characteristics
make it superior to other coolant types considered, as illustrated in Section 1.1 (Tang et al.
1978). However, the chemical reactivity of sodium with water and air is still a serious issue
in the case of transients involving steam generator tube rupture leading to contact between
sodium and water. SFR reactors provide high breeding ratios with a short doubling time by
having tightly packed hexagonal fuel arrays and core design and the high power density
that was achieved due to the high thermal conductivity of the sodium relative to lead and
other reactor coolants (Todreas 2009). This makes sodium by far a coolant of interest for
GEN-IV reactors. Several efforts to develop this reactor concept are taken in the United
States among which is the Power Reactor Innovative Small Module (PRISM) reactor (Triplett
et al. 2012). Other efforts continue in France, Russia, Japan, and China.

SFRs can be operated with either ceramic fuel, similar to the fuel used in LWRs, or using
metallic fuel. The metallic fuel is produced by alloying uranium metal with other elements
that can enhance its properties. Uranium-Zirconium (UZr) alloys increase the metallic fuel
stability under irradiation (Beeler et al. 2021). The interest in metallic fuel was regained in
the past years. Its higher thermal conductivity relative to ceramic fuel is an important factor
for achieving high power production without increasing the fuel temperature to ranges
where reconstruction or even melting can occur (Sumner and Wei 2012). The relatively
low fuel temperature and the ability to perform reactor power reduction with negligible
positive reactivity feedback are important inherent safety features of metallic fuel (Seidel
et al. 1987). The ease of fabrication of the fuel, stability under irradiation when suitable
alloying elements are doped in the fuel, along with ease of reprocessing lead to strong
interest in metallic fuel for future GEN-IV reactors and for breeding purposes (Leggett et al.
1970).

Thermal hydraulics experimental work demonstrated the ability of the metallic fuel
to withstand unprotected loss of ow accidents and loss of heat-sink without scram acci-
dents. Experiments with fuel elements irradiated in EBR-1l showed the ability of the fuel
to surpass 100 MWd/ kgHM burnup without losing its integrity (Sumner and Wei 2012).
However, the metallic fuel properties at high temperatures are dif cult to quantify experi-
mentally. The instability of the high-temperature phases at room temperature complicates



such experimental work. The sensitivity of the metallic fuel to the presence of impurities
would also shade doubts on the results of such experiments. Also, the phase transformation
at high temperatures requires months to be established which also complicates experi-
mental work at high temperature. Adding this to the complication of handling nuclear
materials makes such a task almost impossible (Janney and Hayes 2018). Based on the
aforementioned reasons, using computational methods to investigate the fuel properties
is a reasonable alternative to experimental work. The vital and necessary investigation of
the high-temperature phases of metallic fuel was computationally performed in this work
on a multi-scale level from atomistic modeling to the engineering level. The result of this
work leads to important predictions of the fuel behavior at high temperatures. From the
predicted properties, several heat transfer properties along with other correlations that
are available in the literature were combined to provide a prediction of the heat transfer
properties in the metallic fuel. This affects the modeling of the thermal hydraulics of SFR
reactors where metallic fuel is used and further investigation of such a fuel /coolant was
performed from a multi-physics perspective.

In summary, the interest in fast reactors and in SFRs in particular along with the men-
tioned above characteristics of metallic fuel made research and development in the eld
of metallic fuel encouraging and evolving rapidly. This work represents an advance in the
modeling of the heat transfer within the metallic fuel as well as the modeling of the coolant
behavior GEN-IV SFRs.

1.1 SFRversus PWR plant design

In this section, some of the unique features that differentiate SFR and LWR reactors, Pres-
surized Water Reactors (PWRs) in particular, are demonstrated. Figure 1.1 illustrates a
schematic diagram of a pool-type design of an SFR. In this design, the reactor vessel, the
primary components, Intermediate Heat eXchangers (IHX), and coolant pumps are sub-
merged in a sodium- lled tank. In the primary system, sodium ows from the reactor vessel

to the IHX. It ows through the shell side of the IHX and returns to the sodium tank. In
the IHX, heat is transferred to a secondary sodium loop that ows in the tube side and is
discharged to the shell side of a steam generator. Subcooled water is pumped to the steam
generator and then discharged as superheated steam that runs a turbine for the purpose of
electricity generation (Tang et al. 1978).



In a PWR, there is no need for a tertiary water cycle since the danger of contact between
sodium from the reactor and water used for turbine operation does not exist. PWRs operate
in two cycles, where pressurized water is used to cool the fuel elements then transfers heat
via heat exchangers to water at lower pressure to operate the turbine for power generation.
In a Boiling Water Reactor (BWR), the reactor acts as a steam generator since water is
allowed to boil inside the reactor vessel (Lamarsh and Baratta 2001). Only the core region in
Figure 1.1 is of interest in this work. The core of a SFR is divided into several hexagonal fuel
bundles. Figure 1.2 illustrates the difference between PWR and SFR subassemblies. Several
key design differences are summarized in Table 1.1.

Figure 1.1: SFR power station system arrangement (Accosta and Archer 2008).

Unlike PWR square assemblies, the hexagonal assemblies are compact in size leading to
higher power density in SFRs than PWRs (Yevick 1966). Higher power densities and higher
coolant temperatures can lead to coolant boiling. For PWRs, the exit coolant temperature
is about 324 C which is 220 C above the boiling temperature of water at atmospheric
pressure (Lamarsh and Baratta 2001). The water is therefore pressurized to about 156 bar to
avoid boiling in the reactor core which can lead to deformation of the cladding, fuel bowing,



Figure 1.2: lllustration of PWR and SFR subassemblies.

creation of hot spots, or even core meltdown. It should be noted that the water saturation
temperature at this high pressure is 343 C. The safety system must be carefully designed
to avoid any transients that lead to temperatures above the boiling limit and in the case of
passing the limit, the temperature should not dwell above it for elongated periods of time.
This issue is not as critical for SFRs. The boiling temperature is about 892  C at atmospheric
pressure. The outlet temperature of 500 C has a suf cient safety margin away from coolant
boiling without the need to pressurize the sodium.

Table 1.2 summarizes some of the key differences between sodium and water as coolants
in nuclear reactors. Besides the difference between the boiling points of the two coolants,
another distinguishing feature of sodium is its higher thermal conductivity as shown in
Table 1.2. Usually, the conduction in water is neglected when modeling LWRs, the heat
conduction in sodium cannot be ignored in SFRs especially in the case of natural circulation
(Sun et al. 2018). The difference in opacity also implies differences in surveillance methods
of the coolant. The differences in the activation products lead to differences in the shielding
designs. However, these last two features are out of the scope of this work.

Another key difference in the design of PWR and SFR design is the structural support of
the fuel. While the PWR fuel is supported by grid spacers that are located at speci ¢ heights
of the fuel, the SFR fuel is supported by wire wrapping that extends along the whole length



Table 1.1: Operation parameters of SFR vs those of PWR (Hoffman et al. 2007; Hill 2016;

Buongiorno 2010).
SFR PWR
Total heat output ( MW;) 1000 3250
Speci c power ( KW; =K gym) 300 102
Nominal system pressure ( MPa)) 0.1 15.6
Nominal inlet temperature (  C) 371 292
Outlettemperature ( C) 510 325.8
Equivalent core diameter (m) 2.18 3.37
Core height between fuel ends (m) 1.016 3.66
Fuel U-TRU-Zr uo,, (U-Pu)O,
Cladding SS-316/HT-9 Zircaloy-4
Number of fuel assemblies 151 193
Number of pins per assembly 271 289
Rod outer diameter (mm) 7.9 9.5
Clad thickness (mm) .36 0.57
Rod Pitch-to-diameter ratio 1.15 1.33
Enrichment ( %) 10-16 4

Table 1.2: Comparison between the properties of water and sodium.

Coolant Sodium Water
Atomic weight 22.997 18.0
Optical Properties opaque | Transparent

Melting Temperature (  C) 97.8 0.0

Boiling Temperature (  C) 892.0 100.0

Density ( K g=m 3) 880.0 713.0
SpecicHeat( J=Kg K) 1.14 4.0
Thermal Conductivity ( W=m K) 76.0 0.54




of the fuel. The wire wrapping is demonstrated in Figure 1.3. It brings the advantage of
better coolant ow mixing and a lower temperature gradient across the subassemblies,
but this comes at the expense of having higher pressure losses along the height of the fuel
(Pramuditya and Takahashi 2013).

Figure 1.3: lllustration of the wire-wrapped fuel typically used in SFR.

1.2 Multi-physics of nuclear reactors

Nuclear reactors are complex system where different physical phenomena occur. Not
only these physics affects the status of the nuclear reactor, they interact with one another
leading to an increased complexity of the system modeling. In order to accurately model
any physical phenomena that occur in any location of the reactor core, all the other physics
should be modeled accurately. This applies to any type of reactor regardless of the coolant
or the fuel type.



Neutronics is the study of the neutron transport in the reactor core. The neutron density
inside the fuel pin controls the power level of the reactor. Their presence in the coolant
might lead to their moderation of the energy which might be desirable in the case of thermal
reactors or undesirable in the case of fast reactors. This type of physics affects the power
pro le on the single pins, assembly, and core levels. The fuel burnup and the subsequent
change in the fuel composition is dependant on the reactor neutronics.

The reactor thermal hydraulics is the study of the coolant ow and heat transfer from
the fuel to the cladding then to the coolant. The outcome of this physics is the knowledge
of the coolant state (temperature, pressure, density, velocity). From the state of the coolant,
the heat transfer coef cient, and the cladding outer temperature can be predicted.

The fuel performance is the modeling of the thermal and mechanical properties of the
fuel rod. This includes the fuel and cladding temperature pro le, their elastic properties and
their thermal and mechanical stress, fuel densi cation, relocation and irradiation-induced
swelling. Fission gas release and its effect on the internal rod pressure are also important
phenomena to study.

All of the forementioned physical phenomena do not occur in isolation with one another.
This is illustrated in Figure 1.4 The predicted reactor power from neutronics affects the
temperature pro le in the fuel. The temperature is by far the most important phenomena
in the nuclear fuel. Most of the physical phenomena that occurs in the fuel are temperature
dependent. From the temperature pro le of the fuel rod, the cladding surface tempera-
ture is predicted which affects the heat transfer to the coolant and the state in which it
exist. This is important from both operation and safety point view of the reactor. The fuel
temperature and coolant temperature and density affects neutronics-related phenomena
such as Doppler broadening, neutron moderation and absorption in the coolant. These
feedbacks affect the power level which, in return, affects them back and the cycle continues.
The goal of the reactor design is to enable the operation of the nuclear reactors at steady
state conditions by equilibrating the feedback effects.



Figure 1.4: Multi-physics phenomena in nuclear reactors and their interactions.

1.3 Multi-scales of nuclear reactors

Nuclear reactors are multi-scale systems regardless of the the type of the modeled physics.
The fuel rod is constructed of a many fuel pellets whose dimensions are in the millimeters
scale. The assembly is formed of many of those fuel rods with dimensions in the range of
centimeters up to the core level in the meter dimensions. The power level in a fuel pin can
have large gradients in a smaller length scale. In LWRs, the ux of thermal neutrons in the
fuel pin tend to decrease due to the ssion process. The opposite is true in the coolant due
to the neutron moderation process. The power level at the core is desired to be as at as
possible in order to homogenize the fuel temperature as much possible. The mean free path
of the neutrons in thermal reactors is lower than that of fast reactors which leads to different
characteristics lengths for the transport of neutrons leading to a stronger coupling between
the fuel rods for fast reactors. Monte Carlo methods can be used to resolve the different
scales in the nuclear reactors. This can be done on the expense of high computational
costs. Deterministic methods can be used to model the larger scale of neutron transport.
Approximations are needed to use this methods due to dif culties in solving the Boltzmann
transport equations in its integro-differential form.



Onthe thermal hydraulics side, the turbulent kinetic energy is formed of energy cascades
from smaller to larger length scales. Bubbles formation and coalesce is studied on a meso-
scale level while ow mixing is of importance and enthalpy of the ow is important at
a larger scale. Boundary layers need to be studied carefully at the meso-scale while it is
averaged out on a subchannel level. Computational Fluid Dynamics (CFD) can be used to
model small scale phenomena while subchannel or system codes can model the average
channel or core phenomena on a larger scale.

The different phenomena in the fuel can happen at a different length and time scales as
well and have different approaches to model them. These scales are illustrated in Figure 1.5.
The smallest level scale is the Density Functional Theory (DFT) level on the atomistic scale.
This is useful in modeling point defects formation, impurities migration and electronic
structure. The high computational costs of DFT limits the modeled system size to less
than 1000 atoms which makes it dif cult to model surfaces and interfaces which governs
the dissolution processes. The method is ef cient in providing reliable data to Il gapsin
knowledge of material properties where experimental work is complicated (Devanathan
etal. 2011).

Increasing the level scale to systems of billions of atoms, Classical Molecular Dynamics
(MD) and Monte Carol methods can be used. On this scale, the interactions between atoms
is viathe usage of parameterized potentials. The empirical nature of the generated potentials
affects the accuracy of such methods. To generate such potentials, data from experimental
work or DFT calculations of a perfect crystal or crystal with defects to determine the forces
and energies of the systems. The method can be used to model defect clustering and
precipitation.

At the meso-scale, Kinetic Monte Carlo methods and phase eld methods can be used
to model defects accumulation, gas bubble nucleation and growth, and phase transforma-
tion. Inputs to these methods are acquired from smaller scales such as diffusion energies,
binding energies, and thermodynamics properties of the different phases of the crystals.
The determination of these inputs from smaller length scales is a crucial step in using
these methods. Finally, all of the previously mentioned methods and scale lead to improve-
ments in the modeling of fuel performance at the continuum level. The irradiation-induced
swelling of the fuel which depends on the formation and migration of solidus or liquidus
ssion products. Thermal conductivity modeling depends on the phonon energy transfer
in the different directions in the crystal and the electronic energy of the crystal. The appro-
priate study of the species properties and behavior at different scale and the transfer of
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information from the lower scales to the continuum level is a key point in predicting the
fuel performance in nuclear reactors.

Figure 1.5: Multi-scale levels of fuel physical phenomena and their modeling methods
(Devanathan et al. 2011).

1.4 Metallic fuel properties

The development of uranium-based fuel was growing rapidly during the 1950's and 60's,
leading to the development of UO , and Mixed Oxide (MOX) fuels due to their stability
under irradiation and high melting points, which are important safety features. The need
for a sustainable energy source to maintain the current and increasing demands for energy
in the world accelerated the process of developing Gen-IV reactors (Todreas 2009). Recent
developments in material properties of uranium alloys revived the interest in metallic fuel
for Gen IV reactors. The high density of ssile material in uranium in its metallic form,
and its relatively higher thermal conductivity compared to oxides and mixed oxides fuels,
makes it an attractive option as a main fuel in advanced nuclear reactors (Tang et al. 1978).
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Despite these bene cial properties, the issues of the lower melting point of uranium
alloys and its phase complexities under irradiation and at high temperature needs to be
addressed. Alloying uranium with Zirconium (Zr) or Molybdenum (Mo) is usually performed
to stabilize high-temperature uranium phases to lower temperatures relevant to nuclear
reactors, which improves irradiation performance while also increasing the melting point.

It is therefore important to study such alloys for nuclear fuel applications.

Uranium metal has three stable solid phases:  (face-centered orthorhombic) up to 935
K, (tetragonal with a 30 atom unit cell) between (935 K and 1045 K), and (body-centered
cubic) up to the melting point (1407 K) (Habashi 2013; Stéderlind 1998). The and phases
are of practical interest in nuclear reactor fuel. The phase is often neglected in reactor
applications because of its small temperature range in which it acts as a transition phase
betweenthe and phases. The vast majority of experimental and computational work
was performed onthe  phase of uranium (Takahashi et al. 1988; Gaiduchenko 2008; Huang
and Ju 2017), because of the mechanical instability of the ~ phase at room temperature. Per-
forming high-temperature experiments on nuclear materials poses signi cant challenges
that have ultimately led to limited experimental investigation of the phase. Along with the
instability of the ~ phase at high temperatures, experimental studies are highly in uenced
by low levels of impurities. The phase transitions are slow and might require annealing of
the samples for several months (Janney and Hayes 2018). This emphasizes the importance
of computational work in investigating these alloys at temperatures applicable to nuclear
reactors. Zirconium is alloyed with uranium in order to increase the melting point (the
melting temperature of zirconium is 2125 K) and to stabilize the high temperature phase.

Zirconium hasan  (hexagonal close-packed) structure up to 1140 K, above which the
phase transforms to the body-centered cubic (bcc) structure up to the melting point (Davis
1998). The identical high-temperature crystal structure, in addition to broad solubility, leads
to a high-temperature bcc (U,Zr) phase that is a random solid substitutional alloy (Sheldon
and Peterson 1990). Additionally, zirconium is compatible with the steel cladding used in
SFRs and inhibits migration of cladding constituents into the fuel that might reduce its
melting point (Zegler and Walter 1967).

The U-10Zr (10 weight percent) alloy has been typically used as a metal fuel in fast reac-
tors. For example, it was the driver fuel in the second Experimental Breeder Reactor (EBR-II).
EBR-Il was an experimental SFR operated by Argonne National Laboratory (ANL-west)
where many experiments were performed to investigate the fuel performance and safety
features of these types of reactors. The historical utilization of the U-10Zr ratio in the fresh
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fuel directed the research to focus on obtaining the fuel properties at this nominal compo-
sition. Indeed, most of the experimental database used to validate the fuel performance
codes are based on experimental U-10Zr (Sangjoon 2013). This means that the models do
not consider the constituent redistribution during irradiation in the reactor, which leads to

a radial variation of the zirconium concentration, producing regions with enriched zirco-
nium and regions with depleted zirconium (Galloway et al. 2015). Therefore, it is important
to study the fuel properties at different concentrations of zirconium, whether it is low
concentrations down to U-2Zr or zirconium enriched regions with concentrations as high
as U-15Zr, because these concentrations exist in the fuel due to constituent redistribution
and can have signi cantly different properties than U-10Zr. In addition to that, it should
be noted that the available data on U-10Zr are mostly collected from experimental work
performed before 1970. Despite the available integral data on irradiated fuel from EBR-II,
the data on fresh fuel and unirradiated alloys are scarce. Therefore, an important step in
understanding the behavior of metallic fuel is to start by understanding the thermophysical
properties of unirradiated UZr alloys. This is the focus of this work, speci cally on the
behavior of -(U,Zr).

When discussing metallic uranium fuel when compared to oxide-based fuel, it should be
mentioned as well the cladding material. While oxide fuel is contained in a zirconium-based
cladding, metallic U fuel is contained in Stainless Steel based alloys which have different
mechanical and thermal properties than zirconium. Also, the contact properties between
two metallic materials are different when compared to the oxide-based fuel. This leads to
different mechanical contact properties and heat transfer when the gap is closed, which is
one of the investigated aspects of this work.

1.5 Problem description

The temperature pro le in the SFR fuel assemblies should be predicted accurately both
in the fuel pins and throughout the coolant in order to assure the safety and reliability
of the reactor operation. This implies that the heat transfer inside the fuel pin, through
the gap to the cladding outer surface where heat is transferred to the coolant has to be
modeled accurately. The gap between the fuel and the cladding in ceramic fuel is lled
with pressurized helium. Helium has a low thermal conductivity leading to a relatively
large temperature drop across the gap. When the gap is closed due to thermal expansion
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and fuel swelling, there are still locations where the fuel and the cladding are not in direct
contact with one another due to the surface roughness as shown in Figure 1.6. The contact
points between the fuel and the cladding represent more favorable paths for heat transfer
than through the low thermal conductivity gas. This leads to a certain resistance to heat
transfer called the constriction resistance. This situation is different, almost the opposite,

for metallic fuel. In order to enhance the heat transfer between the fuel and the cladding,

the gapis lled with liquid sodium which is a high thermal conductivity metal ( 70W =mK)
relative to the thermal conductivity of about ( 20W =mK) for the uranium metal.

Figure 1.6: Constriction of heat transfer at joint points between the fuel and cladding
surfaces.
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Another difference between helium and sodium is the interfacial resistance, between the
solid fuel and the helium the thermal mixing of the gas around the surface leads to adropin
the temperature of the gas around the surface relative to the fuel surface temperature. This
drop in the temperature is modeled by adding a small distance to the gap width called the
jump distance. This does not happen when a liquid sodium bond is inserted between the
fuel and the cladding as the mean free path of collisions between the sodium atoms is much
smaller than that of helium. In this work, the interfacial resistance between the metallic
fuel and the sodium bond is modeled using acoustic mismatch theory. In this theory, the
interfacial resistance is assumed to be due to the mismatch between the density times the
acoustic velocity of the two media in contact with one another. This theory is applied to
generate a mathematical model for the interfacial resistance between the metallic fuel and
the sodium bond to the cladding surface.

This obviously yields different behavior in the conductance through the gap when it
is lled with either helium or sodium. The difference in stoichiometry between ceramics
and metals as well as the difference between the cladding materials makes the usage of
LWR gap conductance models (designed for the contact between the ceramic fuel and the
zirconium-based cladding) in SFRs questionable. Therefore, in this work, the literature is
thoroughly reviewed for thermal contact conductance models between metals, especially
those based on uranium and steels as well as experimental data that can be used to evaluate
such models in order to elect a suitable model to predict the heat conductance between
the UZr fuel and the metallic cladding.

Another aspect of this work is to generate data missing in the literature about the metallic
fuel properties in the high-temperature phase. A lot of experimental work was done on
ceramic fuels because of their applicability in the commercially prevalent LWR. Metallic
fuel properties are scarce, and often from older sources as mentioned in Section 1.4. The
missing data on unirradiated metallic fuel properties need to be generated and studied
in order to be able to interpret the integral data from irradiation experiments which are
abundant throughout the history of nuclear energy. One of the aspects of this work is to
generate such data computationally using ab initio molecular dynamics. Three tasks were
performed in this work to achieve this goal.

The rsttask is to determine several structural and thermophysical properties of U-Zr
fuel and compare them to the limited amount of data points in the literature. The bulk
modulus, thermal expansion, and the molar heat capacity of the metal fuel as a function of
temperature and composition for the high temperature phase are predicted. The same
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was done to obtain the formation energy of the U-Zr alloys and the surface free energy.
The second task involved the determination of the elastic constants of UZr and using
them to determine several structural properties such as the bulk modulus, shear modulus,
Young's modulus, and Poisson’s ratio. The elastic constants are then used to determine the
Debye temperature of the fuel and the sound velocities in UZr as a function of temperature
and composition which are used as an input parameter to the gap conductance model to
determine the interfacial resistance. The third task performed in this work is to determine
the interfacial surface properties between UZr solid fuel and liquid sodium. Such properties
include the interfacial energies and the work of adhesion between the two media. This
was used to investigate the wettability of the high-temperature UZr by sodium. In this
work, we showed that complete wettability is achieved between sodium and UZr at high
temperatures.

The above concludes the multiscale modeling of the heat transfer where atomistic
modeling is used to generate data to be input to an engineering-level gap conductance
model. Another aspect of this work is to consider the thermal hydraulics of SFRs. When
modeling nuclear reactors thermal hydraulics, the lumped parameter approach is followed.
In this approach, the coolant ow path is divided into subchannels. In those subchannels,
the physical quantities of interest, e.g. temperature, velocity, etc. are averaged over the
subchannels. One value of each parameter represents the subchannel at discrete axial
locations in the core. The local effects in the subchannel are averaged out in this approach.
To compute the coolant temperature and the ow parameters, the mass, momentum, and
energy conservation equations are solved in the subchannel form.

In this work, the closure correlations for thermal hydraulics modeling are investigated.
The pressure drop models, thermal mixing, as well as the sodium coolant property correla-
tions are investigated and implemented in the CTF thermal hydraulics code. CTF (Salko
et al. 2019a,b), is a version of the COolant Boiling in Rod Array — Two Fluid (COBRA-TF)
subchannel code that is being jointly developed and maintained by the Reactor Dynamics
and Fuel Modeling Group (RDFMG) at North Carolina State University (NCSU) and the
Oak Ridge National Laboratory (ORNL). The code is extensively validated for LWRs. In this
work, the code capabilities were extended to modeling the thermal hydraulics of SFRs. A
model for the conduction shape factor is added to the code to account for the conduction
in the coolant between the subchannels.

Figure 1.7 summarizes the ow chart of the performed work. The multi-physics aspect
of the work is related to the transfer of information between the thermal hydraulics and
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fuel performance. Focus is given on the gap conductance between the sodium coolant, and
the metallic fuel pin via the sodium bond in the gap and the metallic contact conductance
between the metallic fuel and the Stainless Steel (SS) cladding.

In Figure 1.7, the progress of the multi-scale modeling of the metallic fuel properties
is demonstrated. The generation of databases of metallic fuel properties and interfacial
properties between the fuel and the sodium and the generation of properties correlations
that can be used at the engineering scale is a crucial step in developing fuel performance
codes that can model the metallic fuel performance. Eventually, CTF code was modi ed to
introduce the novel generated fuel performance correlations. The code is also modi ed to
integrate the thermal hydraulics modeling of the sodium coolant, and the fuel performance
of metallic fuel and apply the code to model SFRs.

Chapter 2 in this work gives a general description of the methods used in this work
and the codes implementing them. This includes ab initio molecular dynamics with the
VASP code, fuel heat transfer and thermal hydraulics modeling using the CTF /CTFFuel
code, and acoustic mismatch theory which is used to develop the gap interfacial resis-
tance model. In Chapter 3, the theoretical details of the thermal joint gap conductance
are presented for metal-to-metal contact and gap conductance through gas and liquid as
well as a literature review of the metal-to-metal gap conductance. Chapter 4 summarizes
the details of the generation of the gap conductance model for metallic fuel. In Chapter
5, the thermal hydraulics models implemented into CTF are presented. In Chapter 6, the
database of the various fuel properties generated in this work are summarized. Chapter
7 summarizes the computational results of the UZr /Na interfacial properties generated
using Ab initio Molecular Dynamics (AIMD). Chapter 8 demonstrates the integral valida-
tion of the implemented thermal hydraulics models in CTF against the Shutdown Heat
Removal Test (SHRT) experiements. Chapter 9 The fuel properties implementation in CTF
from correlations available in the literature or predicted in this work are summarized. The
implemented models are then applied to test cases using CTF to demonstrate the effects of
the various gap conductance schemes on the joint gap conductance modeling. Finally, in
Chapter 10, the conclusions and proposed future work are presented.
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Figure 1.7: Flow chart of the research work performed in this study.
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CHAPTER

2

METHODOLOGY

In this chapter, the different methodologies and codes that are used in this work are illus-
trated. The chapter begins by describing the basics of DFT that is used in the AIMD aspect
of this work. Then the thermal hydraulics conservation equations used in the CTF code are
described followed by the fuel modeling structure in the code. A brief description of the
acoustic mismatch theory which is used in the construction of the gap conductance model
between the metallic fuel and the sodium bond is given.

2.1 AbInitio molecular dynamics

AIMD is utilized as a method of generating metallic fuel properties at high temperatures.
Ab initio means from rst principles without any approximations or empirical correlations.
The method is based on DFT and quantum mechanics. A brief theoretical demonstration

of these methods is provided in this section.
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2.1.1 Theoretical background

The dual behavior of particles as particles and waves at the same time was suggested by De-
Broglie for which he received the Nobel prize in 1929 (Beiser 2003). The wave is represented
by a wavelength as follows:

h

=—— 2.1)

where h is Planck's constant, m is the mass of the particle, v is the particle velocity, and

= p1: (2.2)
1 v2=c2
where c is the speed of light in vacuum.

The wave is described by a wavefunction () that describes the particle in terms of
magnetic and electric elds changing in space and time. From the wavefunction, the
probability of nding the moving particle at a particular point r in space at a speci c time
t is obtained. The wavefunction is governed by Schrédinger's equation
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where k is the reduced Planck's constant, and V is the potential energy.

With some mathematical manipulations, the stationary time-independent Schrédinger's
equation is reached

2
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The rstterm between brackets on the Left-Hand Side (LHS) represents the quantum kinetic
energy of the particle and the second term represents the potential energy affecting this
particle. Theterm E isthe total energy of the particle (Joachim and Brandsen 2003). The term
%r 2+V can be written in terms of the Hamiltonian (  H ) operator. The wavefunction
can be expanded to a set of k orthogonal functions
X
()= Ch n (2.5)

n=1k

Multiplying Equation 2.4 by  ,, and applying Equation 2.5 leads to
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which can be written in matrix form as:
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This is an eigenvalue problem in which the solution is the value of  E. Applying different
sets of orthogonal functions leads to different values of E. The value of the total energy
cannot be lower than the ground state wavefunction E . This makes the purpose of solving
this system of equations nding the ground state of the system. Once this is obtained all
the other properties of the system can be obtained.

The many-body problem

The wavefunction describing a system of electrons and nuclei can be written as follows:
H (M. B o F) = Bior (B Fa L e B (2.8)

where n is the number of electrons in the systemand N is the number of nuclei. Equation
2.8 is complex to solve, but it can be simpli ed by the Born-Oppenheimer approximation

in which the slow-moving nuclei are separated from the electrons in the analysis. The
electrons are treated as quantum particles in a eld of slowly moving nuclei. The many
electrons problem can be written as follows:

2 3
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where the rstterm on the LHS is the kinetic energy of particle i, the second term is the

effective attraction forces due to the positively charged nucleus, and the third term is the
repulsive force by all the surrounding electrons.

This problem is still a complex problem since the wavefunction has a lot of dimensions.
For example, if a lead atom with 82 electrons is modeled in a three-dimensional system, the
wavefunction will have 82 3 dimensions this is 246 dimensions for one lead atom or 24600
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for 100 lead atoms which is too complex to solve. To address this issue, the mean- eld
approach is used in which the particles are assumed to be independent from one another.
In this approach, the electrons move in an effective potential eld composed of an effective
attraction by the nuclei and an average effect of repulsive interactions with other electrons.
Applying these conditions, the Hartree equations are obtained in which the problem will
have n equations in three dimensions. The wavefunction becomes

(P Fr) = (R) (R).. () (2.10)
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This is a self-consistent problem which means that in order to obtain the solution to the
one electron wavefunction, the wavefunctions for the rest of the particles must be known.
The problem is solved iteratively. First, an initial guess of the wavefunction is made and
the operators are constructed for the whole system, then the solution to the single particle
pseudo-Schrddinger equation is obtained. The problem is updated with the new solution
until convergence is reached.

2.1.2 Density functional theory

DFT is a method of investigating the electronic structure of many-body systems. The theory
treats the system properties in terms of functionals which are functions of functions. DFT
reduces the many-body problem into a single-body problem characterized by the electron
density n(r). The theory is re ned using exchange-correlation functions. Its computational
costs are relatively low compared to Hartree-Fock equations (Burke 2007).

The theory developed by Walter Kohn and Pierre Hohenberg is what is known as the
Hohenberg-Kohn theorems (H-K). The rst H-K theorem states that the ground states of
the system and its properties are determined in terms of the electron density  n(r) in spatial
dimensions.

E =E[n(®) (2.12)

The second H-K theorem states that the correct ground state electron density is the one
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that minimizes the energy of the system.
Eln(F] E[n (M)] (2.13)

Therefore, the solution of this system depends on nding  n(r)to converge to ny(r) that
minimizes the system's energy. Once the ground state is reached within the convergence
limits, the rest of the system's properties can be obtained.

The theory was further developed by Walter Kohn and Lu Jeu Sham to construct the
Kohn-Sham Density functional theory (Kohn and Sham 1965). In this system, the eXchange
Correlations (XC)) are introduced to model the external potential because of electron-
electron Coulomb interactions. The exchange-correlation part is always unknown and
needs to be approximated. The Local Density Approximation (LDA) is used in which it
considers that the kinetic energy at every point corresponds to the kinetic energy density of
the homogeneous electron gas in an in nitesimal volume in space to model the exchange
effect. However, the LDA doesnt take into account the variation of the gas density with
location and ittends to underestimate the exchange energy and overestimate the correlation
energy (Becke 2014). The Generalized Gradient Approximation (GGA) xes this issue by
expanding the gradient of the density to take into consideration the more realistic non-
homogeneous density of electrons (Perdew et al. 1992). The Kohn-Sham equations can be
written in the following form:

z
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Fli)= - 55— (2.16)
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X
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i
where ; is the Kohn-Sham wavefunction, ; is the energy eigenvalue, f ( ;)is the corre-

sponding Fermi weight,  (r) is the electron density, and is the chemical potential. The
Vy c(r)is the exchange-correlation potential de ned as Vi (r) = w and Vg, (r)isthe
ion potential.
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These equations are solved using the Kohn-Sham scheme as follows:

1- Guessn(r)

2- Solve the Kohn-Sham equations using the initial guess to obtain (r)

3- Recalculate the electron density based on the obtained wavefunctions

4- If the new n(r) converges, then the ground state is obtained, if not the iterations keep
going until the ground state is reached within the speci ed convergence ratio.

2.1.3 VASP code

VASP is the Vienna Ab initio Simulation Package. The code is used for performing ab-initio
guantum mechanical MD simulations using either pseudopotentials or the projector aug-
mented wave (PAW) method and a plane wave basis set. AIMD within VASP is based on the
nite temperature local-density approximation with free energy as a variational quantity
and an exact evaluation of the electronic ground state at each MD time step. The interaction
between ions and electrons is described by ultra-Soft Vanderbilt pseudopotentials (US-PP).
This method allows a considerable reduction of the number of plane waves per atom for
transition metals and rst-row elements. The code is based on DFT. VASP includes a symme-
try code that is used to determine the symmetry of arbitrary con gurations, automatically
allowing an ef cient calculation of symmetric clusters of bulk materials. VASP works well
on super-scalar processors and parallel computers (Kresse and Hafner 1993; Kresse and
Furthmuller 1996). VASP was originally based on the code written by Mike Payne, then it
was brought to the university of Vienna in 1989 where it is being developed currently.
The following les are the main input les of VASP:
INCAR: It determines what to do and how to do it.
POSCAR Contains the positions of the ions in the system which can be given in direct or
Cartesian coordinates. Using the Cartesian coordinates requires a universal scaling factor.
The lattice vectors are always scaled by the universal scaling factor.
KPOINTS: Determines the K-points using Monkhorst-Pack’s technique.
POTCAR: Contains Pseudopotentials. The le also contains information about the atoms
(mass, valence, and energy of the atomic reference con guration).
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2.2 Thermal hydraulics modeling

In this section, the thermal hydraulics code CTF, used in the work is described along with
the governing equations implemented in it and the solution scheme.

2.2.1 CTF code

COBRA-TF was initially developed in the 1980s at Paci ¢ Northwest National Laboratory
(PNNL) to model Loss of Coolant Accidents (LOCAS) (Thurgood et al. 1983). Different
versions of the code were developed by various academic and research institutions. Through
the progress of this work, the code capabilities were extended to modeling SFRs. Sodium
coolant properties, mixing coef cient, and pressure drop correlations were integrated into
the code. The heat conduction term in the energy equation was neglected in CTF since
it is not signi cant for water. This term was re-inserted in the subchannel form of the
energy equation since it cannot be neglected for sodium, especially in the case of natural
circulation, because of the high thermal conductivity of the sodium. The code solves the
heat conduction equation to quantify the heat transfer from the solid structures whether

it is the fuel or other unheated structure to the coolant. On the coolant side, the code
solves the mass, momentum, and energy conservation equation to quantify the important
parameters describing the coolant ow such as the temperature, pressure, ow velocity,
etc.

2.2.2 Conservation equations

CTF was originally built to solve equations related to the water coolant. The code employs
a two- uid model for three separate uid elds: liquid Im, liquid droplets, and vapor. The
general mass conservation equation is

@ K k+l‘. K k\rl-(:Lk+M;- (218)
where k denotes the eld under consideration which can be | for liquid or v for vapor
or e for entrained droplet eld. The rst term on the LHS is the temporal derivative of
mass and the second term is the advection of the mass in or out of the control volume.
On the Right-Hand Side (RHS), the L, term represents the mass transfer out of or into

phase k. The last term is the mass transfer in the mesh cell due to turbulent mixing and
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void drift. Because the ow is assumed to be axially dominated in CTF, a simple turbulent
diffusion model is used to calculate the turbulent transfer of axial momentum through the
subchannel gaps. The term L, can be expanded for the liquid, vapor, and entrained droplet
eld as follows:

L, = (2.19)
L=@a )~ s” (2.20)
L= #s” (2.21)

The term  “’represents the volumetric mass transfer due to phase change. The term
represents the fraction of phase change between vapor and entrained droplet elds. The
term S°°°represents the inter- eld transfer which accounts for the entrainment and de-
entrainment of liquid drops.

The general momentum conservation equation can be written as:

@ @ @ @
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The term on the LHS is the change of volume momentum with time and the advection of
momentum. This equation represents three equations in three directions in the Cartesian
coordinates system for each modeled phase. The terms on the RHS are the gravitational
force, pressure force, viscous and turbulent shear stress, momentum source /sink due to
phase change and entrainment ( Nt,"), interfacial drag forces ( le ), and momentum transfer
due to turbulent mixing ( I\7rkT). The turbulent mixing of momentum is modeled using
a simple diffusion approximation. Only the axial momentum is convected by turbulent
mixing and void drift. The turbulent shear stress and the liquid-liquid viscous shear stresses
are not modeled in CTF

The viscous stress term consists of wall shear and uid- uid shear components

000

r. IS 3 PR (2.23)
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R (2.24)
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r. o=~ (2.25)
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The ~3§f( terms where k is either v, |, or e are the volumetric wall drag and form losses of

the vapor, liquid, and entrained phases, respectively. The term ~[V’SZ does not consider wall
drag since the droplet phase is assumed to be not in contact with the wall. The liquid-liquid
viscous shear stresses are not modeled by CTFE The |\7rkL term can be expanded as follows:

mb= X (2.26)
Mb= @ )% s (2.27)
Mb= "+ (2.28)

where V is the phase velocity of the phase from which the mass is coming. le can be
expanded as follows:

d _ 000 000
Mv Y Tive (229)
d _ 000
M=~ (2.30)
d _ 000
Mo =~ (2.31)

where ~". and ~",_ are the volumetric inter-phase drag forces for vapor-liquid and vapor-

ivl
droplet interfaces, respectively.
The generalized energy equation is
@ H 000
@ Kok oo eV = ka"‘CI’kT +kh||(+qwk+ k@

The LHS terms are the derivative of phase k energy with time and the advection of energy

(2.32)

in or out of the control volume. The RHS terms are the phase k conduction and turbulence
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heat ux, energy transfer due to phase change, volumetric wall heat transfer, and the
pressure work term. In CTF, it is assumed that there is no volumetric heat generation in the
uid. Radiative heat transfer occurs between the solid surface and the vapor /droplet elds.
Internal dissipation is negligible, and the pressure is uniform through the phases. More
details related to the terms in the conservation equations can be found in the CTF theory
manual (Salko et al. 2019b).

2.2.3 Numerical solution

The SIMPLE algorithm is used to solve the conservation equations. The steps of the algo-
rithm are as follows

1. Guess the pressure eld: The user provides a reference pressure to CTF from which
the pressure eld in the solution domain is computed taking into consideration
hydrostatic forces and uses this pressure eld as an initial guess.

2. Solve the momentum equation to obtain a velocity eld

3. Use continuity equation to solve for the pressure correction P’ The pressure correc-
tion equation for each scalar cell in the system is solved either by Gaussian elimination
or Krylov methods. For the type of problems encountered in CTF, the energy of the
uid is not constant so CTF has to take into account the energy equations to deter-
mine the uid energy. This step represents an inner iteration that continues until the
pressure correction eld is converged. The maximum pressure change in the solution
domain is compared to a convergence criterion supplied by the user. Convergence is
established once this convergence criterion is met.

4. Compute the corrected pressure P =P, 4 + P’ Back substitution is also performed to
update the dependent variables (e.g., void and enthalpy)

5. The velocity eld is updated according to the corrected pressure eld

6. Solve remaining discretized equations affecting the ow (fuel heat transfer, interfacial
area, transport equation, etc.)

7. The corrected pressure is now treated as the initial guess and steps 1-6 (outer iteration)
are repeated until convergence is reached.
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2.3 Fuel performance modeling

2.3.1 CTFFuel

CTFFuel is a code developed to extend the capabilities of CTF to model fuel performance
in both steady state and transient conditions (Toptan et al. 2019). The code can work in

standalone or coupled mode with CTE The code provides the output in HDF5 format. The

structure of CTFFuel provides several capabilities and advantages as follows:

1. Separation of thermal hydraulics models from fuel performance models to provide
the capability of comparing the results of CTFFuel to other fuel performance codes.

2. Veri cation of the heat conduction solution in the CTF code

3. When performing uncertainty and sensitivity analysis, the code can isolate the uncer-
tainty associated with thermal hydraulics parameters from those of the fuel-speci c
parameters.

4. The consistency of CTFFuel with CTF solution schemes makes it possible to specify
the required solutions in CTF while CTFFuel can call the needed subroutines when
separate modeling of fuel rods is performed.

The results obtained by CTFFuel were veri ed and the consistency of its results with
CTF was demonstrated in terms of temperature pro le prediction in both codes for both
steady-state and transient conditions.

2.3.2 Heat conduction modeling

CTF uses a nite-difference approach to solve the heat equation in fuel rods, heated rods,
and unheated structures (Salko et al. 2019b). The equation is solved based on the heat
balance of the heat generated inside a certain volume and the heat ux in and out of itin
time. The general conduction equation can be written in the following form:

g Z I Z I

at . C,VT= AnkadA+ VQ""%lv AQsdA (2.33)
where s the density, C, is the speci c heat,and T is the temperature of the material in

which heat is transported. The rstterm on the RHS is the surface integral over the solid
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mesh cell. The n index represents the unit vector orthogonal to the considered surface, and

k is the index of the surface being considered in the solution. A is the surface area of the
solid mesh cell. The second term represents the heat generation rate inside the volume  V,
and the third term is the convective heat transfer from the solid material to the coolant.

The meshing approach breaks the solid material considered into several control volumes
represented by nodes and surfaces. The rod can be divided into several axial segments as
needed. The axial segments in the fuel are the same as those in the coolant. Each axial
segment is divided into several azimuthal segments (Figure 2.1) and radial segments (Figure
2.2). The azimuthal segments are created based on the number of rod /channel connections.
In a pin-centered subchannel, in which the fuel is surrounded by one channel, only one
segment can be created. If the fuel is surrounded by 4 coolant channels, the fuel is divided
into 4 azimuthal segments. The inner radial nodes will always be in the center of the mesh
volume, while the node on the mesh cell at the fuel surface will be on the surface. The
cladding is divided into two mesh cells and the nodes representing them will always be on
the surface. This meshing structure is demonstrated in Figure 2.2.

Figure 2.1: Azimuthal partitioning of fuel pins with each partition connected to a separate
subchannel.
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Figure 2.2: Radial heat transfer in CTF heat conduction model.

The CTF solver loops over each rod. In each rod, the solver loops over each axial level
and then over each azimuthal segment. In each azimuthal segment, CTF loops over the
radial nodes from the center of the fuel to the coolant. The conduction equation is solved
using the concept of thermal resistance. Assuming heat is transported from node  N; to
node N,, then the conduction term can be written in the following form:

Qu 2= Kyp(T, Ty) (2.34)

The average thermal conductivity between the two nodes K, is de ned as:

1
Kqp= (2.35)
! Rl! boundary + Rboundary! 2

The thermal resistance for a cylindrical fuel element can be easily derived to be:

o In 2

2 kL

where r, and r; are the outside and inside radii of the cylindrical mesh celland Kk is the
thermal conductivity of either the fuel or the cladding depending on the location of the

node in the geometry. The thermal resistance across the gap can be written as:

(2.36)
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1
2 rghg

(2.37)

where h is the heat transfer coef cient across the gap. The same form can be used to model
the thermal resistance from the rod surface to the coolant.

1
2 ryh,

(2.38)

The heat is transferred axially and azimuthally across a constant area between adjacent
nodes. This means that the thermal resistance is linear and de ned as:

R= - (2.39)

KA

The solid structure must contact the coolant at one or more of its surfaces. The solid
is connected to the coolant thermally by one of the following mechanisms: convection
heat transfer to the uid, heat transfer due to droplet impingement and vaporization, or
radiative heat transfer to the coolant. Each of these mechanisms results in a heat ux that
is calculated and added to the heat conduction equation for the cell connecting the solid
with the coolant. Once CTF computes the heat conduction equation and the heat transfer
to the coolant, it solves the coolant conservation equations to get the solution parameters
of the coolant. Once convergence is reached over the time domain of the model, then CTF
has completed its task for the fuel and coolant.

It should be noted that CTF is currently designed to account for light water coolant only,
which means that it can be applied only to LWRs. The rst goal of this work is to extend the
capabilities of the code to liquid metal coolants with a focus on sodium coolants. Also, CTF
is suited speci cally for UO , and MOX fuel using zircaloy cladding, which is again based on
LWR designs. Extending CTF capabilities to model metallic fuel elements, other kinds of
cladding like stainless steel, and including sodium bonding between the metallic fuel and
the cladding is the second goal of this work.

2.3.3 Gap conductance modeling

The gap conductance across the gap can either be speci ed manually or through a dynamic
gap conductance model that takes into account the mechanical and thermal aspects of
the fuel. Conductance across the gap takes into account the metallic contact conductance,
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the thermal conductance through the gap- lling uid, and radiative thermal conductance.
Radiative heat transfer is not effective for opaque uids at high temperatures (Milanez et al.
2004). Therefore, it will not be discussed here since it is out of the scope of this work.

Conductance through the lling uid

Conductance through the lling uid is the dominant mode of gap conductance when the
gap is open and it is still of effect when the gap is closed due to the surface roughness of the
fuel and the cladding. There will be points of contact and points where heat is transferred
through the lling uid as illustrated in Figure 1.6. CTF considers only gas- lled gaps which
will be modi ed in this work to include the presence of liquid sodium in the gap. In CTF, the
gap conductance is de ned simply as the effective thermal conductivity of the gas divided
by the gap thickness.

kgas

Hgas = (2.40)

gas
The gap thickness is modi ed to take into account the jump in the temperature at the
interface between the fuel or cladding surfaces and the gas due to incomplete thermal
mixing around both surfaces.
_ kgas
Hgas = —tg Y 0.+ 0, (2.41)
where t, is the nominal gap thickness and g, , are the temperature jump distances across
the fuel and the cladding, respectively.
When the gap is closed, the thermal conductance through the gas is still effective and is
modeled by the following equation:

H — kgas
985 18C(R;+Ry)+(g;+g,) 4.2.107

(2.42)

where R, , are the surface roughness of the fuel and the cladding, respectively. C is a factor
that takes into account the interfacial pressure as follows:

C =1.98e 8810 P (2.43)

When the gap is lled with liquid instead of a gas, the thermal mixing is not considered
and the empirical modeling of a temperature jump is not considered. However, the interfa-
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cial resistances at the surfaces are modeled in terms of interfacial thermal resistance due
to the mismatch in the speed of sound between the solid and the liquid media.

Fuel/ cladding thermal conductance

The metallic thermal conductance is not considered when the gap is open. When the gap
is considered closed, the heat is transferred at the contact points between the two solid
media. For the theoretically perfectly smooth surfaces, this would be the only mode of heat
transfer. Due to surface roughness, this mode of thermal conductance occurs at discrete
points of contact where the heat transfer pathways are constricted around the contact
points while the heat is still transferred through the Iling uid. In CTF, the heat transfer
around the solid surface is predicted using the Mikic / Todreas model (Cooper et al. 1969;
Jacobs and Todreas 1973)),

5K, Pne " R¢

H = ¢ —_— (244)
solid Y —Rf2+ RC2 HZ .

where P, isthe interfacial pressure, H; is the Meyer hardness of Zircaloy, and R; and R,
and the fuel and the cladding roughness parameters. n is an exponent which is equal to 0.5
for P, =H, < 0.0001andisequalto 1.0for P, =H, > 0.01whilewhen 0.001< P,,; =H, < 0.01
the expression of (P,,; =H,)" is taken to be 0.01.

The joint thermal conductivity at the interface is de ned by the harmonic thermal
conductivity

2k k.
k. =
M ke + Kk,

(2.45)
€ S

The expression of R—: is the ratio between the mean fuel surface roughness to the fuel

wavelength which is estimated by GAPCON-2 code to be

& — e(0.5285 In (R 5.738)) (2.46)

f

2.4 Acoustic mismatch theory

The acoustic mismatch theory is used in the modeling of the interfacial thermal contact
resistance performed in this work. The theory was developed by Khalatnikov (1965) to
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explain the temperature drop across a metallic surface in contact with liquid helium which
is known as the Kapitza resistance (Kapitza 1941).

The theory is based on the concept that due to the higher speed of sound in solid
than liquid helium, which can be more than an order of magnitude, the momenta of the
phonons in both media vary drastically. Phonons impinging on the interface between the
two media cannot cross the surface freely because the momentum of the phonons cannot
be conserved. This lead to an impedance of the phonon transfer between the two media.
When the two bulk media are at different temperatures, this impedance to phonon energy
transfer leads to a temperature jump in the two media at the interface. The level of this
impedance depends on the level of difference in the density times the speed of sound ( V)
between the solid and the liquid. For demonstration purposes, consider stainless steel
in contact with liquid helium. At atmospheric standard conditions, the speed of sound
(Vsg) inSSis5 10°cm=s and its density ( ss) is 8 g=c m?3. On the other hand, the speed
of sound in liquid helium ( Vi) isabout1.9 10°cm=s and helium density ( ) is about
5 10 5g=cm?3. This gives aratio of V4= ssVssOf about 2.4 10 © << 1. This great
mismatch indicates that a large fraction of phonon at the interface cannot pass through
and are re ected back into the medium from which they emerged.

Khalatnikov (1965) considered the heat transfer between a solid media in contact with
liquid helium in two ways: (1) Emission of lattice vibrational energy from the surface of
the solid, (2) Transfer of energy due to collision of phonons and rotons with the solid wall.
Khalatnikov reached an expression for the Kapitza resistance based on the phonon radiation
energy emission resistance as follows:

3 3
ad _ 15h3 4V,
K716 5k4 VF(V,V,)T3

(2.47)

where h is Plank's constant, g is the solid density, V, and V, are the transverse and longitu-
dinal sound velocities of the solid, k is Boltzmann's constant, and V are the density and
speed of sound in the liquid, respectively, F (V,=V,)is a material dependant function of the
ratio between the longitudinal and transverse sound velocities.

The equation shows a weak dependence on the liquid properties since the product (
V) is weakly dependant on the temperature. For this reason, the focus on the modeling in
this work was given to the solid fuel properties more than the liquid sodium properties
which are also produced in previous work at high temperatures (Stone et al. 1966).
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2.5 Chapter summery

In this chapter, the methods that were used to perform this work were summarized. The
physical concepts of DFT and AIMD were summarized along with a brief description
of VASP code that was used to perform such type of calculations. The basics of thermal
hydraulics and the conservation equations solved in CTF code were summarized along
with a brief description of CTF code. CTFFuel code and the fuel performance models
in CTF/ CTFFuel were described. The thermal model and the dynamic gap conductance
models were illustrated because of their role in this work. The acoustic mismatch theory
was summarized for its role in modeling the interfacial conductance across interfaces.
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CHAPTER

3

THERMAL CONTACT CONDUCTANCE

The Thermal Contact Conductance (TCC) between two nominally at surfaces is a matter
considered in many engineering applications. The topic has been subject to studies, theo-
retically and experimentally, by many researchers over the past 60 years (Yovanovich 2005).
The accurate prediction of the temperature pro le in a setup of two contacting media par-
tially depends on the correct prediction of the heat transfer between them. The importance

of this matter is that it dictates the safety feature of the operation of any engineering system.
The investigation of TCC is critical to several engineering applications such as aerospace,
microelectronics, automotive, and the nuclear industry (Savija et al. 2003).

The complications in the prediction of the thermal contact conductance arises from
the fact that no surface can be machined to have zero roughness, i.e., a microscopically
smooth surface. The presence of surface irregularities increases the resistance of the heat
transfer between the two surfaces. The random nature of such irregularities adds to the
complication of accurately knowing the TCC. The presence of metallic joint layers and
layers with vacuum or uid around the contact spots means that the joint heat conductance
will depend on two different heat transfer phenomena. Heat is transferred by conduction
between the two metals or from one medium to the other through the connecting uid
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in between them. Several models based on theory or semi-empirical models based on
experimental results were generated throughout the years (Holm 1958; Yovanovich 1982).
However, the limited applicability of such models to the metals used in the experiments
and the discrepancies between results from different researchers for the same types of
metals makes the matter even more complicated.

In this chapter, the main aspects of the problem of thermal contact conductance are
described. The general description of how heat is transferred between two metallic media
is rst stated. The prediction of medium hardness and its effect on the heat conductance is
presented. After which the problem is divided into several segments beginning with the
heat conductance through one contact point, then including the general surface properties
and mechanical effects of the two interacting surfaces on the heat conductance, followed
by the description of the heat transfer through the uid layer. Later a review of the several
models used in predicting the thermal contact conductance is presented.

In Chapter 9, the implementation of these models to describe the thermal contact
conductance between the nuclear metallic fuel and the stainless steel-based cladding is
summarized.

3.1 Jointthermal conductance

The joint thermal conductance is de ned as the reciprocal of the joint thermal resistance
multiplied by the real surface area

1
R A,

h = (3.1)

where A, is the apparent area of contactand R; is the joint thermal resistance de ned as:

This situation arises when two rough surfaces are connected thermally together leading
to a drop of the temperature across the contact surface due to heat transfer impedance
de ned by Equation 3.2. This situation is demonstrated in Figure 3.1.

The heat s transferred across surfaces such as those in Figure 3.1 by any of the following
three ways:

< Conduction through the points of contact between the two metallic media,
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» Conduction through the inter-layer of uid where the metallic layers are not in con-
tact,

e Thermal radiation in cases where it is possible for the uid in-between to allow it,
such as transparent gases but not opaque uids.

Figure 3.1: Thermal conductance through a joint between two contacting metals.

The thermal joint resistance can be assumed to be due to a cumulative contribution of
the three parallel lines of resistance as shown in Figure 3.2 (analogous to electric circuits)
de ned as:

1 1 1 1
+

— =+ —+ — (3.3)
Ri Rc Re Rg

where R is the thermal resistance at the spots of contact between the two metals, Rg is
the thermal resistance through the inter-layer of connecting uid, and Rk is the radiative
heat resistance. In this case, the investigation of the joint thermal resistance is divided into
three problems, each related to determining the thermal resistance of each resistance line

separately.
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Figure 3.2: Thermal resistance to heat transfer across an interface between two metals.

3.2 Hardness effects

The hardness is de ned as the resistance of the material to indentations (Murty and Charit
2013). When two rough surfaces are in contact with each other, the hardness of these
materials will affect their contact spots and consequently, the thermal conductance across
the contact points emphasizing the importance of material hardness effects on the thermal
conductance.

The hardness of a material is measured via the static indentation hardness tests. In these
types of tests, a load is applied to an indenter of a standard shape depending on the test
type. The applied load will lead to an indentation in the material of a speci ¢ depth and area
which are used to quantify the hardness of the tested material. The applied load in these
types of tests follows a broad spectrum of ranges. They vary from values in Kilo-Newtons to
values as low as 0.05 Newtons. The level of load will affect the determination of the hardness
value. Therefore, the applied loads are divided into three categories (Buckle 1973),

* Micro-hardness 0.05-2 N
¢ Low load hardness2 N—-30N

* Macro-hardness > 30 N
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It has been demonstrated that the macro-hardness is independent of the applied load.
However, for loads less than 10 N, the hardness is load-dependent, i.e., the hardness in-
creases with the decrease of the load (Mott 1956; Buckle 1973). This phenomenon has been
known as the size effect (Shaw 1952).

The difference between the micro-hardness and the macro-hardness values dictates
the need for a thorough investigation of the hardness at low-pressure values on the thermal
heat conductance. The discrepancy between the two types of hardness was noticed by
Boeschoten and Van der Held (1957) in their experimental and analytical study of aluminum
rods where they noticed that their values are higher than those reported in the literature.
Laming (1961) included and emphasized the effect of hardness on the TCC in his model.
Yovanovich et al. (1982) con rmed that using macro-hardness values will yield results in the
upper bound (55 %to 96 % higher value) of the heat conductance. Using micro-hardness
data will lead to an accurate prediction of contact conductance when compared to the
available experimental data (Yovanovich et al. 1983b).

The micro-hardness is usually determined from the Vickers hardness test (Smith and
Sandland 1922), in which a square-based diamond-shaped indenter with an angle of 136
degrees is pressed against the material to be tested. The increase in the micro-hardness
with the decrease of the load can be attributed to an increase in the plastic yield stress near
the surface as a result of work hardening (Pethica et al. 1983). It was shown from various
research that when the contact size between a rough and a soft material is less than 40
micrometers, then the usage of the macro-hardness is completely wrong (Greenwood 1966),
and the micro-hardness should be the one investigated and used in modeling the TCC
between two materials (Hegazy 1985). These ndings were con rmed experimentally by
Hegazy (1985) for four materials with different mechanical and thermal properties (Ni-200,
SS 304, Zr-2.5 wt%NDb, and Zircaloy-4) and produced a correlation for the micro-hardness
of the following form:

H,= =d (3.4)

Vv

where is the average size index equal to -0.26 and d, is the average indentation diagonal,
H, is the average Vicker's hardness, and is the micro-hardness when d = 1 micrometer.
Hegazy (1985) correlated the  coef cient to the macro-hardness to obtain the following
equation:
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Hyavg =(12.04 3.49H,)d, (3.5)

However, due to the variation of the size index shown in the experimental results with the
sample material and the effect of the machining method of the sample on the measured
hardness for the same material, the correlation cannot be considered a universally accurate
correlation for all materials at every sample preparation conditions.

From the above discussion, the complexities in modeling the hardness of materials
were demonstrated. These complexities will be re ected in the prediction of the TCC as
well. The different behavior of the hardness between the macro and the micro levels, the
differences in the size index between different materials, and the difference in the surface
machining method for the same material lead to great complexities in obtaining a universal
model for the hardness even for the same material type.

3.3 Contact conductance problem

The complexities of the contact conductance are due to the inter-correlation of several
factors including the mechanical and thermal properties of the contacting materials. The
presence and the nature of the lling uid that thermally connects the two contacting
metals at locations where the metals are not in direct contact with one another affects the
overall joint thermal conductance. The surface roughness, the type of the contacting metals,
and whether they are similar or dissimilar metals needs to be considered. The presence
of coating materials or an oxide layer due to chemical interactions during operation or
manufacturing processes is another uncertain factor that affects the contact conductance
for the same materials that are produced by different manufacturing processes. Finally, the
micro-hardness property of the contacting surfaces and accuracy of the models describing
it.

The following assumptions are usually made in most of the thermal contact conductance
models (Hegazy 1985),

1. The contact surfaces are microscopically rough;
2. The asperity heights follow a Gaussian distribution;

3. The real area is uniformly distributed on the contact area;
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4. The ow pressure is equal to the micro-hardness value of the softer surface;

5. The micro-hardness is a function of the effective surface parameters of the two con-
tacting surfaces;

6. The heat transfer follows several parallel paths where either metal is in contact or
through a vacuum or uid- lled gap.

3.3.1 Single micro-contact analysis

The analysis of thermal contact conductance begins with an investigation of the one micro-
contact spot beside which the gap is either a vacuum or lled with a uid. If vacuum
conditions are assumed, then the heat is transferred either by radiation or if radiation is
neglected then heat is totally transferred through the micro-contact location. This means
that when a pressure is applied between two rough surfaces, several micro-contact locations
are created surrounded by gaps. When heat is conducted totally through the metal contacts,
the heat ux increases at the locations where the metallic contacts are made relative to the
heat ux deep inside the metals away from the gap, as shown in Figure 3.1. This leads to the
presence of the so-called thermal constriction resistance which depends on the thermal
conjunctivitis of the two contacting metals. The total thermal contact resistance, or simply
the thermal contact resistance, is the summation of all the parallel constriction resistances
between the two surfaces. To be able to model such a situation, the number of contact
locations (N) must be evaluated and assumed to be uniformly distributed along the surface.
The radius through which a micro-contact is made is called  a; while b; is the radius of the
combined region that contains the metal contact and the non-contact regions as shown in
Figure 3.3.

The thermal contact conductance is the summation of the thermal resistance across
the surfaces

y ARA N T |

—= + (3.6)
Rc i=1 Rcil Rciz

where R;;, and R;;, are the constriction resistances of the semi heat ux tube (Figure 3.3).
For a circular disc of radius a, with thermal conductivity k, R is obtained to be (Holm 1958),

R= — (3.7)
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Figure 3.3: Elemental contact conductance between two surfaces.

A constriction factor should be introduced when the number of micro-contacts is in-
creased and the heat transfer is overlapping between two ux tubes. The constriction factor
was determined by many researchers for various conditions of contact (Roess 1948; Mikic
and Rohsenow 1966; Cooper et al. 1969). Yovanovich (1983) obtained a general expression
for the constriction factor in the following form:

()=1 1.4197 (3.8)

where < 0.1 and

()=(1 ) (3.9)

where < 0.3where isa=b.
The thermal constriction resistance can be de ned as:

R=_) (3.10)
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and R, can be de ned a:s

1_)(\1 il(i)_l_ i, (i) !

— = 3.11
Re ., 4k, a 4k,a ( )
With the de nition of the harmonic thermal conductivity
1_171 1 3.12)
ke 2 ky ko '
the total R, can be de ned as:
1 a a;
—=2k; — (3.13)
Re i=1 i
and h, can be written as, based on the de nition in Equation 3.1
2k, A g
h,= — — (3.14)
Aa i=1

Assuming is de ned by mean values of a and b instead of each contact point, then h,
can be de ned as:

_ 2kgha
@ ns

where n = N =A,. To be able to predict the thermal contact conductance, the mean radius

(3.15)

of the contact spots and the contact spot density (  n) should be determined.

3.3.2 Surface effects

Several models are available in the literature for the determination of  a, and n parameters
de ned in Section 3.3.1 which requires the knowledge of the surface roughness and the
slope of the asperities m . The height of the asperities on surfaces can be approximated by
a Gaussian distribution (Greenwood and Williamson 1966). It was shown that the contact
between two rough surfaces following Gaussian distributions can be approximated as two
surfaces where one surface is rough with a surface roughness equal to the root mean square
of the roughness of the two surfaces and one perfectly smooth surface as shown in Figure
3.4.
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Figure 3.4: Equivalent two surfaces contact(rough /smooth) in comparison to the real
surface contacts

The probability of having an asperity with height Y above the mean surface height is
obtained from
Z 1

1
P(y>Y)=5— e( V2 gy (3.16)
Y
g
is de ned as 2+ 2and m is the effective slope of the asperities. The value of

na was obtained analytically by several researchers using different approaches as follows:
Tsukizoe and Hisakado (1966) assumed conical shaped asperities with equal base angle
and neglected asperities interaction to obtain an expression for na as follows:

1 m

na=-p—

P el X% (3.17)
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NI

p p—
\//L\Ewere a=-2"Yandn = —(2)yxe( *) and m is the mean slop of asperities de ned as

m2+m2and x isY= (2) and Y is the separation distance between the mean planes
of the contacting surfaces.
Cooper et al. (1969) used the level crossing theory to develop a model for na assuming
hemispherical asperities and obtained

1 m 2e( 2x2)

n=—
16 erf(x)

(3.18)
Vv

' x?
= — — e%erf 3.19
a o e Jerf(x) ( )

|

Kimura (1970) performed theoretical analysis for general asperities shapes for two
dimensional contact m, and m,. The obtained model is typical to the one by Cooper et al.
(1969) when the contact area and the asperities shape conditions by Cooper are applied. The
analysis by Kimura (1970) emphasized the importance of investigating the micro-contact
area which is inherent in the de nition of the parameter used in the model for the thermal
conductance in Equation 3.15. It was also noted that regardless of the analysis method used
to obtain the value of n or a, the obtained expression for na follows the one in Equation
3.17. From the above analysis, the thermal contact conductance can be written on the
following form (Hegazy 1985),

h. e X9

C.= e — 3.20
c mks 2}-’2 (1 )1.5 ( )

3.3.3 Mechanical behavior of contact

From Figure 3.4, the similarities between the metal contact process between an ideally
smooth surface and a rough hard surface and the techniques used in hardness tests are
obvious. The asperities on the rough surfaces serve as indentations when they come in
contact with the softer smooth surface under an induced mechanical load. For the rst
loading conditions, the asperities will deform plastically and the load balance can be written
as follows (Hegazy 1985),

PA, = PA, (3.21)

where P; is the asperity ow pressure which was shown to be analogous to the hardness
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value of the softer material (Holm 1958), and the ow pressure value can be replaced by the
hardness to give
P A , 1
—=—= "= —erf(x) (3.22)
H A, 2
Yovanovich (1982) proposed a thermal contact conductance correlation based on the
above analysis of the form

h
Co= —
° mkg

P
= 1.25(ﬁ)°-95 (3.23)
which agrees with the exact expression in Equation 3.20 within 1.5 %within 1 10 ° P=H
2.3 10 ?which is typically to many engineering applications. Several other correlations of

the contact conductance are summarized in Section 3.5 .

3.4 Gap conductance

As demonstrated in Figure 3.4, when the metals are assumed to be in contact with one
another, there will be micro-gaps lled with vacuum, gas, or liquid. In the case of vacuum,

the heat transfer is via radiation which can be neglected for temperatures below 700 C
(Hegazy 1985). Radiation heat transfer can be neglected for opaque uids as well. In this
section, the heat conductance through this gap will be described for the two cases in which
the micro-gaps are lled either with gas or liquid.

3.4.1 Gap conductance through a gaseous eld

The heat transfer through a gas- lled gap is dependent on the Knudsen number (  K,,) which
is de ned as the ratio of the mean free path of gas molecules to the gap width. If this ratio
is small enough ( K,, 0.01) then the gas can be treated as a continuum. then the thermal
resistance through the gap can be de ned as:

t
KgAg

Ry = (3.24)

where t is the gap thickness, K, is the thermal conductivity of the gas and A, is the area of
the gap. when 0.01 K, 0.1, thenthe thermal mixing of the gas around the surface and
the slip of the gas molecules leads to a difference between the surface temperature and the
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temperature of the gas close to the temperature in what is known as the temperature jump
phenomena. This situation is modeled by assuming the gap width is extended by an extra
distance called the temperature jump distance (Kennard 1938). The jump distance ( g) can
be expressed in the following form:

_2 2 (3.25)
9= +1Pr '
The effective jump distance ( M) is de ned for the two surfaces as:
M=0:+0,= (3.26)

where is the accommodation parameter for the gas on the two surfaces de ned as
(Yovanovich 1982),

= + (3.27)
and s the gas parameter de ned as:

2
= — 3.28
+ 1Pr ( )

where Pris the Prandtl number and s the ratio of heat capacity. The mean free path of
the gasis de ned as:
TPy

= 3.29
T Py ( )

where is the mean free path of the gas at absolute temperature ( T ) and normal pressure
Py -
Based on the above de nitions, the gap resistance can be de ned as:

t+M
KgAg

Ry = (3.30)

The above expressions do not consider the variation of the surface area due to the
surface roughness. Considering the variation of the gap area for each heat transfer tube,
the gap thermal resistance can be written as follows (Yovanovich et al. 1983a),
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=k (3.31)
s 0, t+M

With the assumption of a Gaussian distribution of the asperities heights formulated in
Section 3.3.2, the projected gap area can be expressed as:

A o v
dA, = pzi_e( (Y= t=72)q t= ) (3.32)
and the gap thermal resistance can be expressed as Hegazy (1985),
Z
L_ kAt el 3.33
R_ - 4 2— t= + M — ( - ) ( . )

0

3.4.2 Gap conductance through the liquid eld

Liquids have different behavior than gases when it comes to thermal conductance. Lig-
uids, in general, have higher density and tend to Il the gap completely which leads to a
much lower mean free path between collisions when compared to gases as explained in
Section 3.4.1. They also have a higher thermal conductivity which reduces the constriction
resistance across the gap which results in an enhanced thermal joint conductance. Heat
transfer through radiation can usually be neglected in liquids, especially opaque liquids.
The better thermal performances of liquids make than analysis of the heat conductance
much easier. A liquid- lled gap will lead to thermal contact on the following form:

h| = k| =Y (334)

Yovanovich (1981) has demonstrated the importance of thermal conductance through
the liquid- lled gap relative to the contact conductance by comparing the results from
Equation 3.34 and the experimental results by Seely and Chu (1972) where they evaluated the
thermal resistance for silicon grease and gotavalue of h; = 71760W =m K while Yovanovich
(1981) obtained a value of 62360W =m 2K . This leads to a situation different from the one
depicted in Figure 3.3 where the heat ux lines tend to gather around the contact spots.

In the case of liquid especially a liquid with a high thermal conductivity the constriction
resistance will be much lower and for a liquid with a much higher thermal conductivity
than the solid situation might actually be reversed.
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3.5 Contact conductance literature review

Over the years many models and correlations were generated based on theoretical work or
semi-empirical experimental work. There is a lot of variability between the correlations
since they depend on the assumptions made during the derivations or the conditions of the
experimental setup as well as the materials used in the experiments. The gap- lling medium
also affects the results of the models whether it's liquid, gas or vacuum. The correlations
might be valid for similar or dissimilar metals. Some of the correlations are based on a wide
variety of materials while others are based on a single material in a single setup which limits
their applicability. In this section, a brief review of some of the models in the open literature
is provided that would be tested along with some of the experimental data available in the
literature to investigate their applicability. The correlations are formulated based on the
dimensionless contact conductance C,

Yovanovich (1982) developed a theoretically-based model for the metallic contact con-
ductance to obtain a model on the following form:

C. = 1.25(P=H,,)** (3.35)

Cooper et al. (1969) theoretically formulated a correlation to predict the contact con-
ductance between two rough surfaces. They assumed a Gaussian distribution of asperities
that deforms plastically to obtain a correlation on the form:

C. = 1.45(P=H )*9% (3.36)
The correlation is assumed valid in the range of
«+36 104 P=H 1.0 10°?
*10 m 8.8 m
+ 008 m 0.16

Tien (1968) predicted a semi-empirical correlation that depends on the surface parame-
ters that can be expressed as:

C. = 0.69(P=H )°®° (3.37)
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The author made a commonly made assumption that the hardness of the material is
triple the value of the yield strength H =35,

Shlykov and Ganin (1964) generated a semi-empirical correlation to predict the thermal
conductance between dissimilar rough metals. They assumed the contact spot size to be
constant for the various metals and equalto 30  m. They assumed the material hardness
to be equal to triple the ultimate tensile strength ( S,) and formulated their correlation as
follows:

C.=21 10* = m)P=33,) (3.38)

Shlykov (1965) generated a semi-empirical correlation with the assumption that the
spot size of metal is equalto 40 m and used the assumption that the hardness is equal to
3S, . The correlation is based on a wide variety of materials for similar or dissimilar metals
to get

C.=8.0 10°(= m)@zP=H,,) (3.39)

where z is a constant that depends on the average height of the surface roughness de ned
by

« z=1when CLA;+CLA,>30 m

« 2= gl whenl0 m CLA+CLA, 30 m
* Z= grasers When CLA; + CLA, <10 m

Popov (1976) generated a TCC correlation based on a large set of experimental data for
a large variety of materials prepared with different machining processes. He assumed an
average contact spot size of 30 m to obtain

C.=2.7 10* = m)@zP=3g,)>%*° (3.40)
where
* 7= grmewem forl m MRH;+MRH, 5 m
— 20 0.63
e Z= MRH, + MRH, for5 m MRH;+MRH, 10 m
— 30 0.4
e Z= MRH, + MRH, for10 m MRH1+ MRH2 30 m
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where MRH; is the height of the highest peaks from the surface average height.

Mal'kov (1970) generated a semi-empirical correlation with the assumption of the
contact spot radius of an average value of 40 =mum . He based his correlation on more than
92 data points of materials prepared using different machining techniques to obtain

C.=2.95 10°(= m)(zP=35,)°.66 (3.41)

where z is a constant that depends on the average height of the surface roughness de ned
by

« z=1when CLA;+CLA,>30 m

« 2= gl whenl0 m CLA+CLA, 30 m
* Z= graers When CLA; + CLA, < 10 m

O'Callaghan and Probert (1974) developed a correlation based on data from a wide
range of materials on the following form:

i <

3.73 P
— (3.42)
H

2
=T A
where H is Vickers micro-hardness.

Several other correlations are designed to predict the joint conductance through the
metal contacts and the uid- lled gap for several lling materials such as air, water, oil, or
glycerol. Examples of such correlations are the ones by Cetinkale and Fishenden (1951);
Laming (1962); Fenech and Rohsenow (1963) and Tachibana (1963). Those are not further

discussed here since they are irrelevant to the current work.

3.6 Chapter summary

In this chapter, the modeling of thermal contact conductance between two nominally at
surfaces was illustrated. The joint thermal conductance across two metals is a combination
of several mechanisms such as radiation thermal conductance which is not considered in
this work. Thermal conductance through the lling uid and through the metallic contact
are the two other mechanisms of interest. The complexities in modeling thermal conduc-
tance between two metals were illustrated. They consist of dif culties in modeling the
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hardness of the materials taking into consideration the difference between micro and
macro hardness. The complexities due to the variation of the asperities heights at the
points of contact was demonstrated and how various models and their dependence on
the statistical height probability distribution was illustrated. The conductance through the
lling uid was demonstrated while distinguishing between the cases of low conductivity
gaseous eld in the gap and the the case of a relatively higher liquid lling the gap which is
of interest when fuel elements with sodium bond are considered.
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CHAPTER

4

GAP CONDUCTANCE MODEL

The joint thermal heat conductance across the gap was illustrated in Chapter 3. In this
chapter, the interfacial gap resistance is going to be modeled based on acoustics mismatch
theory, and an overall model predicting the joint thermal contact conductance is generated.
The models for the contact conductance are going to be compared to the available experi-
mental data. As shown in Figure 3.2, the joint thermal resistance is the sum of the resistance
across the gap- lling uid and the resistance across the contact. This is represented by
Equation 3.3.

4.1 Interfacial resistance model

In this section, a brief description of how the acoustic mismatch theory is going to be used
to model the interfacial conductance between the a solid surface in contact with a liquid.
Afterwards, the mathematical model derivation along with the needed assumptions and
approximations are given in details.
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4.1.1 Acoustic mismatch theory interfacial conductance model

When heat is transferred between a solid and a liquid, there exists a temperature difference
across the surface between the two media. The resistance to the heat transfer in this manner
is known as the Kapitza resistance (Kapitza 1941). This resistance can be expressed in the
following form:

RK = T (41)

where A is the contact surface area, T is the temperature difference across the interface
and Q is the heat ow per unit time. Several theories were established to determine the
Kapitza resistance. The basis of these theories are the work by Khalatnikov (1965) and by
Little (1961). The basic assumption of the theory is that the interfacial resistance between a
solid and a liquid is due to the impedance of the passing of thermal phonons across the
interface due to acoustic impedance between the two media. This impedance is character-
ized as a product of the density times the speed of sound in the medium. The larger the
mismatch between this value, the higher the interfacial resistance between the two media,
and a signi cant fraction of phonons on the surface cannot be transmitted to the liquid.
The rate of transmission of phonons across the interface can be expressed as (Yavorsky and

Detlaf 1980),
rVE= sVs(cos( s)=cos( F))Z

1+ FVe= sVsgg

cos( )

4
t(g)=

(4.2)

Knowing this coef cient, the rate of heat transfer across the interface can be expressed by
the following integral (Von Gutfeld 1968),

z

Q=A t( s)cos( g)sin( g)d s (4.3)
0

where A is the energy of phonons reaching the interface.

Dharmadurai (1983) derived a model for the heat transfer across an interface between
a solid and a liquid based on the acoustic mismatch theory that is applicable when black
body phonon radiation models are inapplicable at high temperature and the diffusion
equation governs the heat ow across the interfacial boundary (Von Gutfeld 1968). In their
model, the solid is assumed to be consisting of NN, s=Mg oscillators per unit volume with
each having a vibrational energy 3KgT leading to an associated thermal energy per unit
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volume to be

5 _ 3nN ,?\AKSB T 4.4)
where n is the atomicity, N 4 is Avogadro's number, K g isthe Boltzmann constant, . isthe
solid density, T is the temperature, and M g is the molecular weight of the solid. Half of this
energy will be directed towards the interface and from Equation 4.3 the amount of energy

transmission will be

Z _
1E : _
Q=2(7)Vs A t(s)cos( g)sin( s)d s (4.5)

2V .

where Ais the effective area of the solid surface in contact with the coolant.
Dharmadurai (1983) derived a simple formula for the thermal conductance across

an interface based on several approximations to de ne the heat conductance across the
interface to be

h=30Cn ¢Ve=Msg (4.6)

where C equals 1 for liquid and % for gas. However, the derivation of the model involved
several simpli cations such as neglecting terms containing (V. ¢/ Vg)?.

This approximation works well for gas- lled gaps and the steel cladding. However based
on the speed of sound in the U-Zr-based fuel which was obtained from computational
work using AIMD as will be illustrated in Section 6.9.3, the negligence of such term will
introduce some error in the interfacial heat conductance between the fuel and the sodium
bond. Another crude approximation in his derivation was the assumption that the density
and the speed of sound can be assumed to be temperature-independent. Experimental
and computational work has shown that both the density and the speed of sound in liquid
sodium are linearly dependent on temperature (Leibowitz et al. 1971; Stone et al. 1966).
Therefore, the forementioned approximation produced a signi cant error in the prediction
of the heat conductance across the fuel /bond sodium interface. Therefore the focus of
this part of the work is on evaluating the effects of such assumptions on the prediction of
the heat transfer between the fuel and the bond sodium. A model for the interfacial heat
transfer was derived with the assumption of linear dependence of the sodium density and
speed of sound on temperature, and without negligence of any terms containing (V. ¢/ Vs)?
and the resultant model is compared to what Dharmadurai (1983) predicted. In the model
produced here, the speed of sound in the solid is assumed to be temperature independent
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which is shown in Chapter 6.9.3 for U-Zr fuel and rVe << SVsis still valid for sodium
and U-Zr fuel.

4.1.2 Interfacial thermal conductance

Starting from Equation 4.3 and plugging in Equation 4.2 for the transmission coef cient
while using the condition (Vg << Vg, then Equation 4.3 can be written as:

z

2

Q=(CIVs A t(oos( Jsin( d @)
0

applying Snell's law to describe the relationship between the incidence angle and the
refraction angle on a boundary where waves are transferred from solid to liquid to get

Q—z(E)v AEVE (4.8)
20 AYA '
where | is the integral on the following form:
2 cos?( g)sin
. (gsin(s) 49)

o (1 (FE)2sin’( g)p=

Performing the integration of Equation 4.9 by parts to get the following expression for

p— 1 1
?+a(a2 1) In( az 1) In(a+1)+5a(a2 1)tanh l(5) (4.10)

where a = :,’—j It should be noted that Equation 4.10 is valid onlywhena > 1. The integration
was veri ed numerically using Matlab with an error on the order of 10 6

In thermal equilibrium conditions when  Tg=Tg there is no net energy ow from the
solid to the liquid, i.e., an equal amount of Q is transferred from the liquid to the solid.
Assuming the heat is driven out of the fuel due to a temperature difference T =TgsTg.
Assuming T << T then we get an expression for the net energy transfer from the fuel to
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the coolant.

Q —GnNAKBATd( VeT
eTT Mg dT* °°F

a’ 2 pP—— 1 2 1 1
?+a(a 1) In( a2z 1) In(a+1)+§a(a 1)tanh (5) (4.11)

Dening h=Q..:/(A T)we get

nN Kz d
h=6—-— —( VT
Mo dT(FF

a;+a(a2 1) In(pa2 1) In(a+1)+%a(a2 1)tanh 1(g) (4.12)

Incorporating the expressions for ¢ and Vg and performing the derivative over the
temperature, a nal expression of h is obtained. This expression was veri ed by performing
a numerical differentiation using Matlab, comparing it to the results from our calcula-
tions for a range of data points, and making sure that the error between the mathematical
computation and the numerical data is below an error tolerance. Once the mathematical
derivations were veri ed, the resulting terms were rearranged to get the following model
summarized in the equations below:

NN AKpg
h=6——— (T1+T2+T3+T4) (4.13)
Ms
where
Ti=(a’(F E) aF)ln(pm @3*F E) aF)in(a+1) (4.14)
1, 1
T2:§(a (F E) aF)tanh (g) (4.15)
Tz, 2 1 5 (4.16)
2@z 1) 2@+1) 4a@l (2))
T4=((F E) )a2=2 _E (4.17)
2° (@a+1) 41 (32
and
F= eVe+AVT (4.18)
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E=2C T (4.19)
r=AT+B (420)
Ve=CT+D (4.21)

where A, B, C, and D are the equation constants and

a= VeV (4.22)

4.2 Metal contact conductance model

In this section, the thermal contact conductance models reviewed in Chapter 3.5 are com-
pared to the experimental data by Hegazy (1985) for SS 304 and Nickel (Ni) for different
grades of roughness. The experimental program that was carried out was extensive and
employed various materials (More than 400 data points for Ni 200, SS 304, Zircaloy-4, and
Zirconium-2.5 wt %Nb). The stainless steel data were chosen because it is the base element
used for the metallic fuel cladding. Ni was chosen because of its high thermal conductivity
relative to the SS (4.7 times higher at room temperature) while having a macro-hardness
ratio of 0.7 at room temperature which presents a wide range of data validity.

The correlations are plotted as afunctionof P =H_. to compare the dimensionless thermal
conductance and evaluate the models. Figures 4.1 to 4.4 illustrates some of the investigated
correlations in the literature review (Section 3.5). The correlations by Cooper et al. (1969)
were de ned using microscopic hardness. They didnt indicate which hardness test they
used and their results cannot be compared directly to the experimental data provided. The
hardness in the equation was assumed to be equal to the macroscopic hardness which
cannot be veri ed. The correlation seems to give a good match with the experimental data
but it might be a false match. The correlation by Tien (1968) also seemed to tthe datain a
good manner, however, the correlation had the hardness de ned as three times the value
of the tensile strength which is known to be much lower than the macroscopic hardness. It
is therefore expected that the correlation will over-predict the results if the tensile strength
value is applied as the original correlation intended. The correlation by Mal'’kov deviates
from the experimental results which shed doubts on the predicted exponent value of 0.66.
The correlation by Shlykov (1965) under-predicts the theoretically derived correlation by
Yovanovich (1982) seems to t well with the experimental data at a relatively higher load
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