ABSTRACT

HARP, JASON MICHAEL. Examination of Noble Fission Gas Diffusion in Uranium
Dioxide Using Atomistic Simulation (Under the direction of Ayman 1. Hawari).

An approach is investigated for coupling the results of nuclear reactor fuel test
experiments with multi-scale atomistic simulations for the interpretation of the migration and
release of fission gas from nuclear reactor fuel. Of interest in this work are gas cooled High
temperature reactors that utilize Tri-Isotropic (TRISO) coated particle fuel as their
fundamental fuel form. TRISO fuel consists of a small sphere (kernel) of uranium dioxide
(UO») or uranium oxycarbide surrounded by several layers of coatings that serve as the
primary barrier to fission product release in high temperature reactor designs. If a
catastrophic failure occurs in a TRISO particle where the layers are breached, fission
products that have migrated through the kernel (especially Kr and Xe) will begin to escape
the failed TRISO particle.

In-reactor fuel qualification tests for TRISO fuel are currently on going, and their
performance is monitored through the use of gamma-ray spectrometry measurements of
escaping fission products such as Kr and Xe. The gamma-ray spectra are analyzed to
determine the release-to-birth (R/B) ratios of Kr and Xe. Empirical models of R/B for failed
TRISO particles have been developed based on previous experience. These models show
that the dominant release term, diffusion, in a R/B model is partially determined by a
diffusion coefficient that can be empirically extracted and compared to values derived from
atomistic simulations. Therefore, a link may be established between microscopic phenomena

that influence fission gas diffusion and macroscopic observations of release trends.
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In this work, the simulation approach was implemented in the form of multi-scale
Molecular Dynamics (MD) and Kinetic Monte Carlo (KMC) algorithms. The MD model
successfully reproduced several thermo-physical properties including thermal conductivity.
In addition, the model generated the basic input (i.e., migration energies and atomic vibration
frequencies) that are needed to describe the physics of diffusion in KMC. Using this
approach, the self-diffusion behavior of O and U, and the diffusion behavior of Kr and Xe in
UO, were examined for bulk and grain boundary conditions. In addition, the potential effect
of radiation, which could represent a burn-up state of the fuel, was considered.

The results show that the simulations are able to capture the vacancy driven bulk self-
diffusion of O and U atoms in UO,. In the case of Kr and Xe, the examined diffusion
mechanism, which assumes the incorporation of Kr and Xe atoms in neutral tri-vacancy
clusters of UO,, appears to underestimate the diffusivity as measured in relatively low burn-
up fuel. Given the agreement found for the self-diffusion data, the KMC simulation suggests
additional potential migration pathways, beyond the conventionally suggested tri-vacancy
mechanism, enhance the migration of Kr and Xe in low burn-up UO, fuel.

Furthermore, the resulting diffusion coefficients from the simulations were transformed
into R/B values for Kr and Xe escaping failed fuel and compared to models for failed TRISO
particles. Specific trends in the R/B values were identified as evidence of different release
phenomena such as elemental dependent diffusion coefficients, recoil release, and enhanced
diffusion due to long lived parent isotopes. The results reflected the same trends observed
for the diffusivity data, which implies that this macroscopic observable (that is explicitly
derived from experiments) may be utilized in the interpretation of the migration and release

phenomena.
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Chapter 1 Introduction and Background

The behavior and performance of nuclear reactor fuel especially TRISO fuel can be
monitored through the use of gamma-ray spectrometry measurements of escaping noble gas
fission products. By applying proper physics informed interpretation to the resulting spectra
it is possible to infer the condition of the fuel and information about how the fission products
are migrating out of the fuel. Experimental results coupled with simulations of the suspect
phenomena result in more accurate fuel behavior models that can lead to the design of
superior performing fuels. Thus, the focus of this research is to explore techniques that lead
to a deeper understanding of fission gas release from failed TRISO fuel.

In this work, the mechanisms of fission gas release have been observed from the
collection of the gamma-ray spectrum of radioactive Kr and Xe fission gas released from in-
pile TRISO irradiation experiments. Semi-empirical models exist that relate the amount of
gas produced in failed TRISO fuel (birth activity) to the amount of gas released (release
activity) from the fuel. These models are referred to as release to birth or R/B models. They
are based on the assumption that the gas is diffusing out of a sphere of some characteristic
radius and the spherical solution to the diffusion equation [1]. One of the most informative
techniques for observing trend and the physics of fission gas release occurs when the relative
R/B ratios of different isotopes are compared against their half lives. With these plots it is
easy to identify important trends in the fission gas release that arise from different physical
phenomena. From the relative R/B plots, it is possible to observe whether Kr and Xe diffuse

at different rates, if there is enhanced diffusion due to a long lived precursor to the observed
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isotope, or if there are important non-diffusive effects e.g. recoil present in the release. Many
R/B models account for recoil and enhanced diffusion due to a long lived precursor [2].
However, there may be other more subtle effects masked by the limits of experimental
conditions. Atomistic simulations can assist in further understanding fission gas release by
simulating fission gas diffusion in TRISO fuel kernel materials. These simulations are useful
in explaining the microscopic phenomena that effect fission gas diffusion on a macroscopic
level. Several different properties of TRISO fuel kernel material and their impact on
diffusion can be studied using atomistic simulation. The diffusion of Kr and Xe through the
polycrystalline UO, kernel is the primary release pathway for most radioactive fission gases.
Diffusion through bulk crystals, changes in diffusion due to grain boundaries, and changes
due to radiation damage can all be accounted for using atomistic simulations. Data flows in
both directions from the both experimental interpretation, which lead to insight into what
must be modeled in atomistic simulation, and the atomistic simulations, which enhance the
understanding of what phenomena can be expected to occur in the experiment. By
combining physics informed experimental analysis and the results of well defined atomistic

simulations it is possible to create an effective model for understanding fission gas release.

1.1 A Brief History of HTR’s and TRISO Fuel

The concept of high temperature gas reactors and coated particle fuel has been under
development for several decades [3]. Several different countries have had active gas reactor
programs including the United States, Germany (FRG), Japan, Russia (USSR), South Africa,

and the United Kingdom. There were several test reactors built in the 1960’s and 1970’s
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such as the DRAGON reactor in the UK, AVR in Germany, and Peach Bottom in the US.
Two prototype commercial reactors were also operated THTR in Germany and Ft. St. Vrain
in the US. Currently, Japan and China are operating test reactors called HTTR and HTR-10
respectively [4], [S]. The US DOE Generation IV program has designated the very high
temperature gas reactor (VHTR) as a target reactor design, and current US work on these
reactors is carried out through the Next Generation Nuclear Plant program (NGNP) [6]. The
VHTR in either its prismatic or pebble bed form is an attractive reactor design on account of
its ability to produce electricity at nearly 50% thermodynamic efficiency, and the high
temperature of its coolant that may be useful in the generation of Hydrogen or other process
heat applications [7]. The all modern HTR designs are fuelled with TRISO particles
contained in a graphite structure.

Several different generations of coated particle fuels were evaluated over the years. Most
notably in the AVR reactor which operated for over 20 years from 1967 to 1988. Initially a
two layer type called BISO fuel was introduced in the AVR. The BISO fuel had only the
porous carbon buffer layer surrounded by a pyrolytic carbon layer. Later this design was
replaced by the current concept TRISO type fuel particles. BISO fuel worked well to contain
gaseous fission products; however, the multi-layer coating strategy used in TRISO fuel
allows for retention of gaseous and metallic fission products within the fuel particle.
Although initial designs for HTR fuels used highly enriched Uranium, current designs and
fuel tests are performed with low enriched Uranium. The kernel fuel material is also not

limited to UO, or other Uranium ceramics. The THTR reactor used a mixed U-Th fuel
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kernel. Also, plutonium and other minor actinides have been proposed for use in the kernel
of a TRISO particle as a disposal mechanism [8].

Current TRISO fuel consists of an inner fuel kernel surrounded by a porous carbon layer
then an initial pyrolytic carbon layer followed by layers of silicon carbide and the second
pyrolytic carbon layer. This type of fuel is made into fuel elements by compacting TRISO
particles in a graphite over-pack into either cylinders or sphere depending on whether the
reactor is the prismatic or pebble bed type. The cylinders would then be loaded into large
hexagonal blocks of graphite in the prismatic type or straight into the reactor in the pebble
bed case. The layers of TRISO along with the creation of the fuel elements for prismatic
type reactors and a concept drawing of a prismatic High Temperature Reactor are shown in

Fig. 1.1.

1.1.1 Current Fuel Tests

There are two primary methods used to study fission gas release from different types of
nuclear reactor fuel. Post Irradiation Annealing exposes fuel to a radiation field at low
temperatures in order to build up fission gas without causing diffusion. The sample is then
transferred into a device where it is heated to high temperatures. The fission gas is then
observed as it leaves the fuel. The second major method is In-Pile Release. In this type of
experiment, the fuel is irradiated in core and sweep gas flows around the fuel carrying fission
products out of the core for analysis. The techniques under development in this work are
geared towards In-Pile Release experiments for failed TRISO fuel. In this case, fission gas
release from TRISO fuel is usually quantified by taking the ratio of the measured release

activity (R) of a specific Kr or Xe isotope to the predicted activity of the isotope in the fuel
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due to irradiation conditions (i.e. birth activity (B)). This ratio is termed the Release-to-Birth
Ratio (R/B). Several different semi-empirical models have been developed to predict the
R/B behavior of failed TRISO particles. The different physical phenomena that contribute to
the R/B ratios create distinct trends. Through proper analysis, trends in the models and
trends in the experimental data can lead to a better understanding of the physical phenomena

that control fission gas release from TRISO fuel.
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Fig. 1.1. TRISO Fuel Layers, its Configuration into Fuel Elements, and a High Temperature Reactor Concept
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The environment of HTR cores coupled with the desire for high burn-up fuel utilization
lead to significant engineering challenges. TRISO fuel will be subjected to high temperature
(peak around 1500 K), high radiation damage conditions (fast neutron fluence reaching
4x10*' n/ecm?), and high burn-up (15-20 % FIMA) [9]. Under these conditions, the silicon
carbide and pyrolytic carbon layers may fail due to manufacturing defects or pressure due to
fission gas build up inside the TRISO particle. If these layers fail, fission gas, most notably
the noble gases Kr and Xe, will escape via different release mechanisms into the core. A
series of fuel tests is currently underway at Idaho National Lab (INL) named the AGR or
Advanced Gas Reactor series. These tests will be irradiated in the Advanced Test Reactor at
INL in gas flow temperature controlled capsules. The first in-core irradiation test (AGR-1)
in this series was successfully completed on November 6, 2009. During this irradiation the
TRISO fuel in the capsules set a world record for TRISO fuel performance when they
achieved 19% FIMA burn-up with no failures [10]. This burn-up milestone far exceeds the
previous fuel performance marks set by the German program and light water reactor fuel.
There are seven other TRISO irradiations scheduled currently in the AGR program including

tests with designed to fail particles that can be used to validate fission gas release models

[11].

1.2 Using Atomistic Simulation to Interpret Fission Gas Release
Experiments

Atomistic Simulation can be used as an interpretation tool for elucidating data from
experimental measurements. For this work the most basic experimental data is gamma-ray

spectra collected in on-line monitoring of in-pile release TRISO fuel experiments. The
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analysis of gamma-ray spectra is coupled with other experimental conditions such as
temperatures, effluent flow rates, pre-irradiation fuel properties, and generation/depletion
calculations to create Release to Birth (R/B) Ratios for different isotopes of Kr and Xe. The
experimental R/B values are compared to R/B models whose variables can be either
theoretical or semi-empirical. A key factor in R/B models is the diffusion coefficient of the
Kr or Xe isotopes of interest. The diffusion coefficient is one of the many values that can be
derived from Atomistic simulation. Additionally, with atomistic simulation many of the
different phenomena that influence the behavior of the diffusion coefficient such as radiation
damage and grain boundaries can be explored using the proper simulation techniques. More
fundamental data about the atomic behavior of the system under investigation can also be
investigated, for example the migration energy (£,) of Kr and Xe through the crystal
structure of the fuel under investigation. Therefore, with atomistic simulation it is possible to
very diligently explore the many different factors that influence diffusion and identify how
they will impact R/B values. Given these properties of experimental release and atomistic
simulation, the diffusion coefficient and its relationship with the R/B values is the pivot point
where data from experimental results can transfer to atomistic simulation and in turn where
interpretations from atomistic simulations can be fed back to better analyze experimental
results. This point is illustrated by Fig. 1.2 where the relationship between experimental R/B
and simulated factors like the diffusion coefficient and the migration energy are shown.

In Fig. 1.2, k is Boltzmann’s constant and 7 is the temperature of the system under
investigation. The arrows in Fig. 1.2 demonstrate how data can flow between experimental

analysis to become inputs in simulations, and the results of simulations assist in the
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predicting the behavior and interpreting the analysis of experiments. Essentially by
performing this two way analysis, collected gamma spectra become a map of the fission gas

release from TRISO fuel that atomistic simulation helps you read.

Measurements of R/B are compared to E,, from simulation

In( &/, In(D)=In(D;) -2

Computational predictions of E,,, feed into models of release

Fig. 1.2. The key link between nuclear fuel tests and atomistic simulations for the diffusion behavior explored
in this work
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Chapter 2 Analysis of Data from TRISO Fuel Irradiation Tests

2.1 Fission Gas Release Models

Fission gas is released from the fuel when gas migrates through the crystal structure of
the fuel into the free volume between fuel grains then through the graphite matrix and into
the effluent stream. The release activity due to isotopes of Krypton and Xenon that have
reached equilibrium activity in the fuel can be described by R/B models. The R/B models
include terms for fission product release from catastrophic failure of the TRISO particle,
heavy metal contamination in the graphite matrix surrounding the fuel, and the direct recoil
of fission fragments.

The major pathway for fission gas to escape the fuel and enter the effluent stream is
through gaseous diffusion. Under steady state conditions, most R/B models use some form
of the Booth equivalent sphere model to predict R/B caused by diffusion [12]. The Booth
model can be best understood as the solution to the steady state diffusion equation for the
flux of gas atoms over a sphere of fixed radius [13]. Equation (2.1) contains the general form

of the Booth model

R D Aa’ D
(5)23 Fy [coth{ D J /Iazl’ (2.1)

where D is the diffusion coefficient, 4 is the decay constant, and ‘a’ is the radius of the
equivalent sphere which is the fuel kernel radius for TRISO fuel. Often the D and ‘a’ terms

are combined to create reduced diffusion coefficients.

www.manaraa.com



The application of the Booth model is relevant to both diffusion release by the kernel and
release coming from heavy metal contamination in the graphite matrix. A key feature of
such models is the temperature dependent diffusion coefficients. Some models show that
these coefficients may also depend on the element that is diffusing.

In this work, three different R/B models are examined. The German model (as presented
by [14]) uses the same form as Equation (2.1) to model both gas release from the failed
TRISO particle and heavy metal contamination. The JAERI model modifies this formulation
to include precursor effects, burn-up corrections, and accounts for the effect of fission gas
diffusion through the fuel compact matrix [15]. This model also can be used to predict R/B
ratios for heavy metal contamination. The General Atomics (GA) model follows a similar
approach to the other models [16], and adds terms that include recoil, thermal re-solution,
and diffusion. However, this model does not contain terms for calculating release from
contamination in the graphite matrix.

A major difference between the above models appears in the diffusion coefficients that
were derived from different experimental measurements. Contemporary fuel tests are
necessary to establish which (if any) of these models best describes the current generation of
TRISO fuel. In fact, it may be necessary to combine features from the different models

described above to accurately describe fission gas release.

2.2 Formulation of R/B indicators

In experimental implementation, the development of the R/B ratios involves the

measurement of the activities of the radionuclides of interest using gamma-ray spectrometry.
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An example of this work is the Advanced Gas Reactor (AGR) TRISO fuel experiments that
are currently taking place at the Advanced Test Reactor (ATR) of Idaho National Laboratory
[17]. In the first AGR experiment (AGR-1) experimental R/B ratios were calculated in a
multistep process. The effluent from 6 different TRISO fuel test capsules in the ATR were
monitored by 6 identical gamma-ray detection systems called Fission Product Monitoring
Systems (FPMS). High Purity Germanium Detectors in each FPMS continuously collected
Gamma-ray spectra in 8 hour intervals before, during, and after each reactor irradiation. In
Fig. 2.1, a typical gamma-ray spectrum for AGR-1 is shown. It contains many different
gamma-ray peaks corresponding to several different Kr and Xe fission products. Peak areas
for gamma-rays of interest were analyzed to determine the activity of each Kr and Xe isotope
of interest at the detector. The activities of each isotope were then corrected for decay during
transport to derive the release activity at the fuel. These values were then divided by birth
activity values obtained from a coupled neutron transport / generation and depletion program.
The final results of these calculations were experimental R/B values for each Kr and Xe
isotope of interest throughout the entire course of the AGR-1 experiment that can now be
compared to the previously developed R/B models detailed in the previous section [18].
Predicted R/B ratios for the various radionuclides can be calculated using the R/B models
described above and the known experimental conditions. Subsequent comparisons between
model predictions and measurements can be made to infer the validity of a particular model

for describing the physics of the gas release process from the fuel.
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Fig. 2.1. Typical Experimental Spectrum from the AGR-1 Experiment

Typically, the comparison between measured R/B values and model predictions are made
on an absolute basis. However, this type of comparison will include uncertainties that are
contributed by both components of the ratio (release (R) and birth (B)). The measured value
of R (for a given radionuclide) represents the release activity and will include uncertainties
due to statistical and instrumentation calibration factors. B is usually obtained from a
neutronic model that includes a specific description of the anticipated experimental
conditions. In this case, uncertainties associated with power levels (and corresponding
thermal neutron fluxes) and spectral averaged cross section (e.g., for fission or for the
production and loss of a given radionuclide) can be significant.

Consequently, a relative approach was proposed that could be less susceptible to such

uncertainties. Specifically, a relative R/B indicator is defined below [1], [19].

J BB 22
B\ R, ) (2.2)
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In this case, ‘I’ (the relative indicator) is established based on the ratio of R/B values for a
given radionuclide (subscript 1) relative to the R/B value for a reference nuclide (subscript
2). The radionuclides of interest are the various Kr and Xe isotopes that range in half-life
from minutes up to hours.

The uncertainty in ‘I’ will be caused by the uncertainties in RI1/R2 and B2/BI.
Formulating a ratio for the release rates will allow minimizing the impact of effects such as
gas travel time and detector efficiency calibration [20]. The ratio of birth rates is expected to
be fairly resistant to variations in irradiation conditions. This will be especially true for short-

lived radionuclides that have negligible absorption cross sections [1].

2.3 Gas Release Trends Using Relative R/B Indicators
2.3.1 Physical Interpretation of Indicator Trends

To test the approach presented above, the experimental conditions of the latest in-core
TRISO fuel test (AGR-1) at the ATR were used to calculate R/B ratios for the various
models. Simulations of the AGR-1 experiment were performed to predict the birth activities
and expected gamma ray spectrum due to failed particles and heavy metal contamination
release [21]. Estimates of the birth activities of the Kr and Xe isotopes were obtained using
ORIGEN [22] depletion calculations. Once the predicted R/B values were established, a
reference radionuclide was chosen to create predicted relative Release-to-Birth indicators.

Figure 2.2 shows the predicted relative indicators (I) for failed TRISO particles using Kr-
85m as the reference radionuclide versus half-life. Kr-85m was chosen as the reference

isotope based on its physical properties. It has a half-life (4.48 hours) that is sufficiently
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short to allow reaching an equilibrium concentration in the fuel, but is long enough that
decay during transport from the irradiation position to the detector is not significant. The
transport time is on the order of 2 to 3 minutes [23] which poses a significant challenge for
the detection of the shorter lived radionuclides of interest like Kr-90, Kr-91, and Xe-139. Kr-
85m also has a distinct 75.4% yield gamma-ray at 151.2 keV that occurs in a section of the
gamma ray spectrum that is relatively free of any other full energy peaks.

By recognizing the physics of a given R/B model, it is possible to observe several key
trends in Fig. 2.2. For example, the German model is known to use a single expression to
describe the diffusion coefficients of Kr and Xe for failed TRISO particles. In this case, half-
life becomes the important factor in the R/B estimations showing a clear trend for the ratios

to decrease as the half-life decreases.
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= v German (Petti et al., 2004) [14]
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Fig. 2.2. Indicator values for different failure models as a function of half-life for failed TRISO particles. Kr-
85m is used as the reference radionuclide and a temperature of 1448K is assumed [25]. The solid line
is used as an illustration guide to assist in the visual interpretation of the trends.
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This trend stems directly from the Booth model which is proportional to the square root of
half-life for the nuclides of interest. However, in the GA model this trend is not observed.
The GA model uses different empirical relationships for Kr and Xe to determine the diffusion
coefficients. The result is that this model has two separate Xe and Kr indicator trends. The
JAERI model also appears to follow the same half-life trend as the German model, which is
expected since the JAERI model uses only a single diffusion coefficient relationship for
kernel diffusion of Kr and Xe. However, deviations from this trend are observed when
examining the data for Xe-135m (T;, = 15.3 min) and Xe-138 (T}, = 14.1 min). This is
attributed to the fact that the JAERI model accounts for the half-life of the precursor of a
given isotope. In this model, the R/B for a particular nuclide is enhanced if it has a long
lived precursor. Consequently, the long lived precursor of Xe-135m (I-135 T;, = 6.57 h)
increases its R/B when compared to a nuclide with a similar half-life like Xe-138 with a short
lived precursor (I-138 T, = 6.5 s).

Figure 2.2 also demonstrates the trends that are indicative of the second major pathway
for fission gas release, i.e. direct recoil. This pathway enhances fission gas release from
shorter lived isotopes that tend to decay before they can diffuse out of the fuel. Notice that
the German model displays a linear relationship with half-life on the log-log plot. This is a
result of ignoring recoil release. The GA and JAERI models account for recoil and do not
have the strictly linear response that indicates diffusion only release mechanisms. This effect
is most clearly illustrated by the indicator values of Kr-91, Kr-90, and Xe-139 for the GA

model.
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As seen above, i