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ABSTRACT

The health of a nuclear reactor’s fuel is essential to the operational longevity of the
reactor. The health of the fuel in the Annular Core Research Reactor (ACRR) is a topic of
increased interest due to both a proposed new facility that would include the ACRR and
the recent resurfacing of contradictory reports regarding thermal stresses in its fuel pellets.
Unlike other reactor fuels, which are widely used and well-characterized, the fuel in the
ACRR is unique. The ACRR’s fuel elements consist of UO2-BeO fuel pellets, fluted
niobium refractory liners, and stainless-steel cladding. The purpose of this thesis is to
examine the thermal stresses in the ACRR’s peak fuel pellets under maximum pulse
conditions. Because the properties are not well-characterized, the material properties of
the fresh fuel pellets were first determined using approximations including the rule of

mixtures and the Voigt-Reuss-Hill approximation. Then the material properties were

iv



adjusted to account for the effects of burnup and radiation. Next a transient thermal analysis
was performed using the commercial finite element code ANSYS Mechanical 19.2. The
temperature gradients calculated in the transient thermal analysis were used to calculate
the thermal stresses in the fuel pellets. The thermal stresses were also calculated using
ANSYS Mechanical 19.2. Using the same process, a material sensitivity study was
performed to examine the sensitivity of the thermal stresses to the material properties.
Finally, the effects of the thermal stresses were examined from a fracture mechanics
perspective. The analyses showed that the fuel pellets experience large thermal stresses
that are caused by the fuel element’s unique geometry. Despite the large thermal stresses,

it was concluded that the thermal stresses are unlikely to cause fracture.
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1 INTRODUCTION

The purpose of this thesis was to calculate the thermal stresses in the Annular Core
Research Reactor’s (ACRR) fuel pellets. This work was initiated due to a recent proposal
for a new facility that would include the ACRR and the resurfacing of contradicting reports
regarding the thermal stresses in the ACRR’s fuel. A nuclear reactor’s longevity is highly
dependent on the fuel’s ability to withstand the induced thermal stresses without fracturing
excessively. If the fuel does experience repeated fracture, the fuel’s ability to dissipate heat
can be affected causing excessive heating of the fuel. Exceeding the temperature limits for
the fuel can have an impact on the structural integrity of the fuel elements.

Thermal stresses are dependent on a material’s properties and the temperature gradients
within the material. Because the properties of the fuel used in the ACRR are not well
documented and the fuel used in the ACRR is unique, Chapters 3 and 4 are dedicated to
approximating the current material properties of the fuel pellets. The temperature gradients
and resultant thermal stresses are documented in Chapter 5. Because the material properties
are uncertain, a property sensitivity study was performed and documented in Chapter 6 to
better understand how much each property affects the thermal stresses. Finally, Chapter 7
documents the implications of the thermal stresses from a fracture mechanics perspective.

This thesis documents the approximate material properties of the fresh fuel at its current
level of burnup. Also, this thesis documents the most detailed thermal and structural
analysis ever performed on the ACRR’s fuel. Finally, this thesis presents how material

properties impact the thermal stresses in the ACRR’s fuel pellets.



1.1 Annular Core Research Reactor

The Annular Core Research Reactor (ACRR) was developed in the 1970’s and
became operational in 1978. It was originally designed as part of a fast reactor safety
program; however, it is now primarily used to perform radiation effects testing on
electronic components. The ACRR is a TRIGA type reactor that consists of 236 fuel
elements with UO>-BeO fuel pellets [1]-[4]. The fuel elements are arranged in an annulus
around a 9” dry central cavity. The ACRR can be coupled with the Fuel Ringed External
Cavity-11 (FREC-II) which is a subcritical neutron multiplier with its own 20” dry cavity.
The dry cavities enable experiments to be placed at the reactor centerline.

The ACRR is operated by adjusting its 11 moveable elements to control the reactivity
of the reactor. The 11 moveable rods consist of six control rods, three transient rods, and
two safety rods. The moveable rods all contain a boron carbide upper portion that absorbs
neutrons and both the safety and control rods have fuel in the lower half. To operate the
reactor, the safety rods are moved to the up position, and the control rods are adjusted
depending on the desired steady-state power or pulse size. In pulse operations, the transient
rods are ejected using pressurized nitrogen causing the ACRR to go prompt supercritical.
During pulses, the ACRR shuts itself down due to doppler broadening effects in the fuel.
The ACRR is capable of operating at 4 MW steady-state and reaching pulse powers up to
50,000 MW with total energy yields over 300 MJ. The maximum pulse operations cause

the maximum stresses that are experienced by the fuel. Figure 1.1 shows the ACRR during



a pulse operation with a blue glow caused by Cherenkov radiation. Figure 1.2 shows the

ACRR’s dry central cavity where experiments are placed [5].

9” Dry Central
Cavity

20” Dry External
Cavity

ACRR Core

Figure 1.2: The ACRR’s dry central cavity.
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1.2 Fuel Elements

The most unique feature of the ACRR is its UO2-BeO fuel pellets. The BeO allows
the fuel to have a large thermal conductivity. The large thermal conductivity reduces
stresses during transient operations, allowing for large pulses. The fuel pellets contain 6.9
volume percent (v/0) UO; that is enriched to 35% 23°U. The fuel pellets were manufactured
to have UO; dispersions no larger than 1 um [6]. Each fuel pellet was manufactured by
being cold pressed and sintered to 99% of the material’s theoretical density.

The fuel elements in the ACRR consist of 304 stainless-steel (SS) cladding, five
niobium (Nb) cans which contain 16 fuel pellets per can. A fuel element is shown in Figure
1.3. Each fuel pellet consists of a split inner annulus and a split outer annulus totaling four
pieces per pellet. The fuel elements were evacuated and then backfilled with helium (He)
to a pressure of 2 atm [7]. The Nb cans were included in the fuel elements to provide a
refractory metal barrier between the fuel and the cladding. The Nb cans are also designed
to contain the fuel if excessive fracture does occur [6], [8]. The Nb cans are fluted to
maintain proper spacing between the fuel pellets and the SS cladding. The fuel elements
are 2.5 feet tall and 1.5 inches in diameter. Each fuel element has approximately 101 g of
235, Figure 1.4 shows a cross-section of a fuel element with the fuel element split along a
horizontal plane. In Figure 1.4 the SS cladding, fluted Nb can, and split fuel pellet are all

shown.
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Figure 1.4: Cross-sectional view of the ACRR’s fuel element.



1.3 Heating in a Nuclear Reactor

Heat is generated in a nuclear reactor when fission occurs. A fission occurs when a
neutron is absorbed by a fissile atom making the atom unstable. The unstable atom splits
emitting gamma-rays, neutrons, and fission fragments. Although the neutrons and gamma-
rays can leave the site of fission, the fission fragments deposit their energy in the material
within several microns of the fission site. It is the deposition of fission fragment, neutron,
and gamma-ray energy that heats the materials in the reactor core. The heating of a specific
volume of fuel is directly related to the number of fissions that occur within that volume.
Due to the neutronics of nuclear reactors, more fissions occur towards the reactor’s center
and around its axial centerline. The increased amount of fissions leads to regionally
dependent heating of the fuel. The location where the most fissions occur is called the peak
location.

The number of fissions also vary locally within fuel pellets. More fissions occur near
the outer surface of the fuel than in the inner region. Neutron self-shielding effects cause
this phenomenon. The radial fission profile within the peak fuel pellet within the ACRR is
shown in Figure 1.5. Figure 1.5 shows that ~1.2 times more fission occur towards the outer
edge of a pellet than occur on average within the pellet. This leads to radially dependent
heating in the fuel pellets. The radially dependent heating produces temperature gradients

that induce stresses in the fuel.
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Figure 1.5: Fission distribution in a fuel pellet.

1.4 Burnup and Radiation Effects

The fission of an atom comes at a cost to the materials within the reactor. Both the
interaction of the energetic particles with materials and the buildup of impurities can impact
the material properties within a reactor. The amount of damage accrued by the fuel is
directly related to the amount of burnup in the fuel. Burnup is a measure of how much
energy has been extracted from the fuel and is proportional to the number of atoms that
have fissioned. Sections 1.4.1 and 1.4.2 discuss the mechanics of damage in the fuel in

more detail.



1.4.1 Buildup of Impurities

Impurities are introduced to the fuel through the transmutation and fission of atoms.
Transmutation occurs when an energetic particle interacts with the nucleus of a non-fissile
atom in a way that causes it to become another atom. One way that transmutations occur is
when an atom absorbs a neutron which makes it unstable. The unstable isotope
radioactively decays and becomes a new atom. Another way that transmutation occurs in
nuclear fuel is through the transformation of a stable, non-fissile isotope into a fissile
isotope. This does not change the mechanical properties of the fuel; however, it does
increase the amount of fissile material in the fuel. Some of the common transmutations that
occur in the ACRR are listed below. As the number of transmutations accrue, the material
properties of the fuel change [10]. Equations 1.1-1.3 show common transmutations that
occur in the BeO. The transmutation of Be into He creates interstitial impurities that both

weaken the fuel and decrease the thermal conductivity.

n+3Be—['3Be]—2n+23He Egn. 1.1
6

n+3Be — [19Be] — ,He+3He Eqn. 1.2

y+3Be > [3Be] —24He Eqn. 1.3

The common transmutation that results in fissile material is shown in Eqn. 1.4 where 238U
absorbs a neutron and then betta decays into 2°Np, which undergoes another betta decay

into 233Pu which is fissile.
238

i i)
55U+n—23U > 239Np - 233Pu Eqn. 1.4

8



The other prominent source of impurities in the fuel is fission products. When an
atom undergoes fission, it splits into at least two resultant atoms. These resultant atoms are
called fission products. Common fission products of a 23°U fission are Xe, I, and Zr [11].
Common fission products of 23Pu include Ba and Xe. As a nuclear reactor operates,
fission products accumulate in the fuel. These fission products can affect the fuel’s thermal

conductivity, strength, and can cause swelling of the fuel.

1.4.2 Lattice Defects

Lattice defects occur when an energetic particle interacts with the lattice of a
material. If the energetic particle has enough energy, the atom in the lattice can be knocked
out its position in the lattice creating a Frenkel pair [12]. The first atom hit by the energetic
partial is referred to as a primary knock-on atom (PKA). The PKA can also cause a cascade
of defects when it interacts with other atoms in the lattice. The atoms that are part of the
cascade are called secondary knock-on atoms (SKA). The accumulation of dislocations can
cause dislocation loops, depletion zones and other defects. The accumulation of these
defects can have significant impacts on a materials porosity, stiffness, strength, and thermal

conductivity.



2 PREVIOUS WORK

There have been several attempts to examine whether the fuel pellets in the ACRR are
capable of withstanding the stresses they experience during operation. The first attempt is
documented in the “ACPR Upgrade Quarterly Reports” which were written from 1974-
1977 [8], [13]-[23]. The second attempt was performed by Jack Tills and was completed
in 1982 [24]. And finally, the most recent attempt was made in the mid-1990’s by Steve

Wright [25]. These three attempts are summarized in the following sections.

2.1 Quarterly Reports

The ACRR began as a project to upgrade the Annular Core Pulse Reactor (ACPR),
which was the predecessor to the ACRR. The design process of the ACRR is thoroughly
documented in the Experimental Fast Reactor Safety Research Program quarterly reports
and later in the Annular Core Pulse Reactor Upgrade Quarterly Report [8], [13]-[23].
These reports provided programmatic updates on the progress being made in the Annular
Core Pulse Reactor upgrade. Overall there are 12 reports that span from 1974-1977.

To determine whether the fuel pellets could survive pulses in the ACRR, the
engineers who designed the ACRR placed the proposed fuel pellets in the central cavity of
the ACPR and pulsed it. When the fuel was placed in the core and the reactor was pulsed,
the neutrons from the pulse caused fission of the 23°U in the fuel pellet producing a fission
distribution like the one shown in Figure 1.5. The fuel pellets tested in these experiments

were enriched to 93% 2%U. Because the pellets were enriched to 93% 2%U, the fission
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distribution was much more severe compared to the fission profile in a pellet enriched to
35% 2%°U. These experiments sought to examine both the single pulse and multi-pulse
survivability of the fuel. In the set of experiments aimed at testing the single-pulse
survivability of the fuel, the ACPR was pulsed at increasing power levels until the fuel
pellets began to fracture. In the multi-pulse survivability tests, the ACPR was pulsed
multiple times at the same power level to determine if repeated pulses would fracture the
fuel. From these experiments, the engineers determined that the UO,-BeO fuel was the best
candidate for the new reactor.

The results of the experiments for the UO2-BeO fuel are displayed in Table 2.1-2.3.
Table 2.1 shows the results of the single-pulse survivability tests. The first column is the
approximate maximum surface temperature of the experimental fuel during the pulse. The
second column is the number of fuel pellets tested and the third column is the number of
pellets that fractured. As Table 2.1 shows, the fuel did not begin to fracture until the outer

surface reached a temperature of 1410°C.
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Table 2.1: Results of single-pulse experiments found in the ACPR upgrade quarterly reports

[16],[17].

Maximum Surface Number of Outer Number of Outer
Temperature (°C) Samples Tested Samples Fractured

650 26 0

760 12 0

890 14 0

860 12 0

960 26 0

1000 12 0

1155 18 0

1200 10 0

1320 10 0

1410 10 1

Table 2.2 shows the results of the multi-pulse survivability experiments. The pulses
induced a maximum temperature of 1150°C. The table shows that although no pellets failed
initially, after 51 pulses one out of ten pellets failed and after 101 pulses two out of ten

pellets failed.
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Table 2.2: Results of multi-pulse experiment at 1150°C found in the ACPR upgrade quarterly
reports [16],[17].

Number of Pulses Number of Outer Number of Samples
Samples Tested Outer Failed

1 8 0

11 8 0

31 8 0

51 8 1

71 8 2
101 8 2

Table 2.3 shows the results of multi-pulse experiment with the maximum fuel
temperature reaching 1400°C. The table shows that from the first pulse, one out of ten
pellets failed and by 71 pulses six out of the ten pellets failed. A higher failure rate was

expected because the pulses were larger.

Table 2.3: Results of multi-pulse experiments at 1400°C found in the ACPR upgrade quarterly
reports [16],[17].

Number of Pulses Number of Outer Number of Outer
Samples Tested Samples Failed
1 10 1
11 10 1
31 10 1
51 10 3
71 10 6
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2.2 Tills’ Report

The second attempt to examine thermal stresses in the fuel came from Jack Tills of
Science and Engineering Associates Inc. in 1982 [24]. The goal of Tills” work was to
compare the thermal stresses of in-pile experiments, which were performed in the ACRR
in 1978, to thermal stresses experienced by the fuel pellets during actual operations. Tills
did this by first calculating the thermal stresses experienced by the fuel during in-pile
experiments using the finite element method. Tills then performed a transient thermal
analysis of maximum pulse operations in the ACRR and determined that the stresses are
1.5 times what he determined to be the fracture stress of the fuel. At the time Tills
performed his analysis, the ACRR had only 226 elements. Because the ACRR only had
fuel 226 elements, each fuel element produced more power to reach the same power levels
currently available with 236 fuel elements. The difference in core configuration could have
resulted in Tills conclusion that the size of the pulses should be limited. Unlike the
experiments documented in the quarterly reports, the pellets used in the experiments had
UO; enriched to 35% 2*°U. A summary of the results is shown in Table 2.4. Tills found

that about 25% of the pellets fail at calculated stresses of 88 MPa (12.8 ksi).

Table 2.4: Results of 1978 in-pile experiments found in Tills’ report [24].

Maximum Surface Number of Number of C;:(r:gslgggd
Temperature (°C) Samples Tested Samples Failed
(MPa)
1182 24 0 74
1340 24 8 88
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2.3 Wright’s Report

Steven A. Wright of Sandia National Laboratories also performed analyses that
sought to determine the health of the fuel [25]. Wright’s work was initiated due to concerns
that the burnup caused by production of **Mo in the ACRR would compromise the
performance of the fuel. Producing **Mo requires steady-state operations which cause more
burnup than pulse operations. Wright’s report covered the peaking factors in the ACRR,
the effects of burnup on heat transfer, the effects of burnup on material properties, and the
thermal stresses experienced by the fuel during maximum pulse operations. Wright took a
similar approach to Tills in that he used in-pile ACPR experiments to estimate the fracture
strength of the fuel. The in-pile experiments that he used were those that had been
performed as part of the ACPR upgrade program found in Section 2.1 [17]. Rather than
use a finite element code to calculate the stresses, Wright used an analytical solution for
calculating thermal stresses in circular square beam that is found in reference [26]. Using
the calculated thermal stresses and the strength of BeO he found in other literature, Wright
fit a Weibull distribution to the fracture strengths to estimate the fracture strength of the
fuel. He estimated that the fracture strength of the UO»-BeO fuel is around 179 MPa (26
ksi). Wright then used the analytical solution of thermal stresses in a circular-square beam
to calculate the maximum thermal stresses caused by the fission profile in the ACRR’s
peak fuel element. He calculated that the maximum thermal stress caused by the maximum

fission profile during normal ACRR operations is 56.7 MPa (8.23 ksi). Wright concluded
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in his report that it is highly unlikely that the pellets will fracture during normal pulse

operations.

2.4 Summary

Although the effects of thermal stresses in the ACRR fuel have been studied three
times, the studies yielded different conclusions. Tills concluded that fuel could fracture
under pulse operations, whereas Wright and the ACPR upgrade study found that the fuel
could adequately withstand the thermal stresses experienced by the fuel pellets during pulse
operations. Also, the tools used to calculate the thermal stresses were insufficient to
accurately calculate the thermal stresses. Tills used a finite element code; however, his
model did not include the true geometry of the Nb and did not account for the locally
dependent material properties caused by the temperature gradient. Wright’s analysis did
not include a thermal analysis, because he assumed maximum stresses were a result of the
fission profile. Also, Wright’s analysis did not account for the variation of material
properties across the fuel pellets due to the temperature gradient. The contradictory

conclusions and deficiencies necessitated further work.
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3 ESTIMATION OF BURNUP AND RADIATION EFFECTS

Section 1.4 discussed the mechanisms of property change in reactor fuel, this chapter
addresses the approximate change in material properties due to the burnup. The exact
effects of burnup and radiation on fuel are dependent on the fuel’s composition,
microstructure, and the energy spectrum of the radiation environment. Because burnup and
radiation effects testing has not been performed on the ACRR’s fuel, literature published
on radiation effects in other BeO fuels was used to estimate the effects. Though this is not
ideal, it is enough to provide an approximate change in material properties due to burnup.

Section 3.1 gives the estimated burnup in the ACRR fuel as of 2017.

3.1 Estimated Burnup

As discussed in Section 1.4, the change in material properties of nuclear fuel is
directly related to the burnup. Burnup calculations were not performed as part of this work,
however preliminary results from work performed by Krista Kaiser of SNL were used. She
calculated the estimated core-wide burnup by calculating the total mass fissioned of each

fissile isotope using MCNP. Her results are shown in Table 3.1 [27].
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Table 3.1:

Approximate core-wide burnup in the ACRR [27].

Element Mass (g)
238y 10.00
235y 150.0
23%py 15.57

The results found in Table 3.1 were converted into other commonly used units of
burnup which are reported in Table 3.2. The first column of Table 3.2 is simply the total
mass in grams of 23U that has under gone fission from Table 3.1. The second column is
the average mass of 2*°U that has undergone fission per fuel element. The third column is
the percent of the total 23°U that has undergone fission compared to the amount of 2°U that
was originally in the reactor. The fourth column is the average total number of atoms that
have fissioned per cubic centimeter of fuel. This number includes the fission of 2°U, 238U,
and 2%Pu. The fifth column is the percentage of heavy atoms that have undergone fission
in the reactor. This is the total number of fissions compared to the total number of heavy
atoms of any isotope that were originally in the reactor. The last column is the amount of

energy in MW-days that has been extracted from the fuel.

Table 3.2: Approximate burnup in the ACRR in units of % 23U, fissions/cm?, % heavy atom, and

MW-day [27].
Total Mass(g) % Heavy
Mass(g) | 2Uper | % 25U | Fissions/cm3 Atom MW-Day
25U Element Burnup
150 0.64 0.63 4.4E18 0.16 167
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The following sections report the best estimate of the percent change in the material
properties due to burnup. Also, the following sections provide approximately how long the
ACRR can operate before reaching the largest burnup reported in the cited literature. The
tables in each of the following sections report the burnup associated with the property
change using the same units as the original literature. They also include the burnup in units

of fissions/cm? which is helpful in relating damage in different fuels.

3.2 Effect on Strength

As fission products build up and lattice damage occurs, materials tend to experience
a reduction in strength. It is postulated that the reduction in strength, in fuels with fine fuel
particles (<5 um), is due to the damage caused by fission fragment bombardment [28].
Reference [28] documents the reduction in strength in a UO2-BeO-ThO: fuel. Although
this is not a perfect comparison, it is similar enough to give an estimate of the change in
strength due to burnup in the ACRR fuel. In these experiments, ThO. and UO., fuel particles
were dispersed in a BeO matrix and irradiated in a thermal flux in the High Flux Australian
Reactor (HIFAR) which was operated by the Australian Atomic Energy Commission at
Lucas Heights, Sydney Australia. There were 1.7 v/o fuel dispersions in the fuel. These
experiments tested the pre and post irradiation modulus of rupture for coarse (150-200 pum),
medium (30-50 pm) and fine dispersions (<5 um). Because the ACRR’s fuel contains 1
pm particles, the results for the fine dispersion fuel were used to make the comparison.

Table 3.3 summarizes the change in strength with respect to burnup for the fine dispersion
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fuel reported in reference [28]. As Table 3.3 shows, the strength of the fuel decreases as

the burnup increases.

Table 3.3: The change in strength with respect to burnup in BeO-UO2-ThO: fuel [28].

% Heavy Atom — 3 Fast Neutron Dose Strer_lth
Fissions/cm » Remaining
Burnup (neutrons/cm?)
(%0)
4.7 2.06E19 3.6E20 93
5 2.19E19 4.0e20 86
5.4 2.36E19 4.5e20 84

With the estimated burnup in the ACRR being 4.4E18 fissions/cm?®, the current
burnup is ~20% of the lowest burnup reported in reference [28]. By linearly interpolating
to determine the change in strength due to burnup, it can be estimated that there has been
a 1.5% decrease in strength. At the current rate of burnup in the ACRR, the reactor will be

able to operate for another ~150 years before it reaches a 7% reduction in strength.

3.3 Effect on Modulus of Elasticity

The only study found relating burnup to the modulus of elasticity is found in
reference [29]. The fuel that was tested was hot-pressed to densities of 2.7 g/cm? and 2.9
g/cm?® and each density had specimens with 2 w/o and 10 w/o UOz. The UO; particles
ranged from 6 um-12 pm. The UO, was enriched to 30% 2*°U. The fuel samples were

irradiated in sealed aluminum cans at Hanford Engineering Works (HEW). The higher
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density fuel was used for the comparison. Table 3.4 reports the change in the modulus of

elasticity with respect to burnup.

Table 3.4: Change of modulus of elasticity with respect to burnup [29].

Change in
% Heavy _— Modulus of
0/ 235 3]
R Atom Burnup AESREE Elasticity
(%)
1.77 0.53 3.45E18 Not reported
3.61 1.08 7.03E18 -23.3
6.22 1.81 1.2E19 -30.7

Reference [29] documents that the elastic modulus actually decreased as the burnup
increased. The document gives no explanation for why this could be the case. Typically,
materials become more brittle in radiation environments. The burnup in the ACRR is ~60%
of the first reported change in burnup reported in

Table 3.4. Again, by linearly interpolating, it can be estimated that the ACRR fuel
has experienced a 14% reduction in modulus of elasticity. At the current rate of burnup in
the ACRR the reactor will be able to operate for another 70 years before it experiences a

31% reduction in the modulus.

3.4 Effect on Thermal Conductivity

Reference [29] also documents the change in thermal resistivity with respect to
burnup. Thermal resistivity is defined as the inverse of thermal conductivity. Table 3.5

reports the resistivity change with respect to burnup and shows that the resistivity increases
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by a factor of 5 by 7.03E18 fissions/cm® which means that the thermal conductivity
decreased by a factor of 5. This increase in resistivity of the fuel is likely due to the
introduction of fission products and impurities due to transmutation into the matrix of the
fuel. Fission products such as Kr and Xe have significantly lower thermal conductivities

than the BeO matrix so their introduction would increase the thermal resistance of the fuel.

Table 3.5: Change of resistivity with respect to burnup [29].

Burnup Resistivity Ratio
(Fissions/cm3) (Rirradiated/Runirradiated)

3.45E18 Not reported

7.03E18 5.54

1.2E19 6.16

Using the information in Table 3.5, at the current burnup, it is estimated that the
thermal conductivity has decreased by a factor of 3.5. The reactor will be able to operate

for another 70 years before the thermal conductivity is reduced by a factor of 6.16.

3.5 Gaseous Fission Products Produced

Most of the fission products are retained by the BeO matrix. However, some of the
fission products, such as Kr and Xe, escape the matrix and enter the He filled gaps of the
fuel elements [30]. The introduction of Kr and Xe into the gap would lower the thermal
conductivity of the gaps and impede heat transfer. The birth rates of the stable isotopes in
units of percent per fission of Kr and Xe are shown in Table 3.6. The unstable radioactive

isotopes are assumed to decay therefore having no negative impact on the thermal
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conductivity of the fuel elements. As Table 3.6 shows, Xe is produced at a significantly

higher rate than the Kr.

Table 3.6: Probability of fission gas atom per fission.

U235 U238 Pu239
Kr83 0.531 0.406 0.295
Kr84 0.986 0.751 0.478
Kr85 0.288 0.231 0.13
Kr86 1.951 1.194 0.758
Xel3l 2.835 3.295 3.745
Xel32 4.217 5.096 5.275
Xel34 7.681 7.092 7.448
Xel36 6.273 6.183 6.627

Because Xe is produced at a much higher rate than Kr, it was assumed that the
contributions due to Kr are negligible. Under this assumption Eqgn. 3.1 was used to calculate
the thermal conductivity of the two-gas mixture of Xe and He in the gaps of the fuel
element [12]. The constants kne and kxe, in Egn. 3.1 are the thermal conductivities of He

and Xe respectively. The constant Xne is the molar ratio of He.

kzkme*k%m Egn. 3.1
Figure 3.1 shows the thermal conductivities of the gas gaps in the ACRR assuming that all
of the Xe is released into the gaps of the fuel elements and is diffused equally throughout
the elements. It shows the thermal conductivity of the gaps at the current burnup and at
double the current burnup. As Figure 3.1 shows, the release of the fission gasses into the

gap would reduce the thermal conductivity of the gap by nearly 33%.
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Figure 3.1: Effect of fission gas release on the thermal conductivity of gaps.

3.6 Gaseous Fission Products Released

If the fission products are totally released into the gap the thermal conductivity
would be significantly impacted, however fine particle BeO fuels have been found to have
excellent gas retention. A study on fission gas release in UO>-BeO fuel was performed in
Australia’s HIFAR reactor where the fuel was irradiated in a thermal flux at temperatures
ranging from 600°C-800°C for 3550 hours resulting in a burnup of 1.4E20 fissions/cm?®
[30]. The study found that the BeO fuel has a fission gas release rate of approximately
0.5%. A study performed at Oak Ridge corroborated the findings when 30 v/o UO: cold

pressed and sintered fuel was irradiated at temperatures ranging from 1000°C-1200°C for
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120 days resulting in a burnup 3E20 fissions/cm3[31]. A release rate of 0.5% would result

in a negligible change in gap conduction.

3.7 Swelling

The buildup of fission products, transmutations, and destruction of lattice structures
in the fuel pellets causes a volumetric change in the material called swelling. Swelling with
respect to burnup was documented in reference [28] and is displayed in Table 3.7. See
Section 3.2 for a summary of the experiment. The percent changes in volume, which are
reported in Table 3.7, were interpreted as being the change in volume compared to the

previous measurement.

Table 3.7: Swelling caused by the burnup.

Mean Percent
Burnup Fast Neutron Dose Volume Change
(fissions/ cm?d) (neutrons/cm?) Observed
(%)
2.06E19 3.6E20 1.77
2.19E19 4.0e20 1.18
2.37E19 4.5e20 0.97

By linearly interpolating, it can be assumed that there has been a volume increase of 0.37%.

After another 150 years of operation, the change in volume would approximately be 3.92%.
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3.8 Summary

The effects of burnup and radiation damage are dependent on the microstructure of
the fuel pellets. Because the burnup effects were never quantified for the ACRR fuel,
property changes were estimated using literature on the effects of burnup in similar fuels.
These are estimations and are subject to a high degree of uncertainty. These estimations do
not account for the fact that many of the radiation and burnup effects can be annealed out
at high temperatures, at which the ACRR regularly operates. Because the effects of
annealing are not accounted for, these estimations are conservative. Table 3.8 summarizes

the estimated effects of burnup on the properties of the fuel in the ACRR. These effects

were estimated assuming a burnup of 4.4E18 fissions/cm?.

Table 3.8: Summary of burnup and radiation effects.

Percent Change in Property

Property (%)
Strength -1.5
Modulus of Elasticity -14
Thermal Conductivity -70
Gap Thermal Conductivity Negligible
Change in Volume 0.37
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4 FUEL ELEMENT PROPERTIES

No documents have been found that show that traditional materials testing was ever
performed on the ACRR’s fuel pellets. Along with the absence of documentation, there
was no consistency in the material properties used in the previous work. Because of the
inconsistency of the properties used for the fuel pellets, the properties were derived using
material models for this analysis. The following sections document the material properties
of the fuel pellets that were derived along with the material properties that were used in
both Tills’ and Wright’s work. Also, the material properties of the He, SS, and Nb are
documented. Finally, the change in material properties due to burnup are accounted for in
this chapter. The properties for the He assumed that the He is at a pressure of 2 atm. Also,

all the data is valid from 296 K to 1673 K.

4.1 Density

4.1.1 UO2-BeO
The density of fresh UO,-BeO fuel is approximately 3550 kg/m? and is thoroughly
documented in quality assurance documentation that can be found the TAV technical

library. Table 4.1 compares the densities that were used in Tills” and Wright’s reports.

Table 4.1: Density of the ACRR’s fuel pellets [6], [22] .

Pelfrey Tills Wright
(kg/m®) (kg/m®) (kg/m®)
3550 kg/m® Not Documented 3500 kg/m?®

27



4.1.2 Other Materials
The densities of the He, Nb and SS are included in Table 4.2. The densities are at

room temperature.

Table 4.2: Densities of He, Nb, and SS and their sources.

Material (I?(Zr;rs;]?; Source
He 0.3206 [32]
Nb 8590 [33]
SS 7750 [33]

4.2 Modulus of Elasticity

4.2.1 UO2-BeO

The modulus of elasticity of the UO2-BeO fuel was estimated using a Voigt-Reuss-
Hill approximation. This approximation averages the Voigt approximation which is the
upper bound of a composite’s elastic modulus and the Reuss approximation which is the
lower bound [34]. The moduli of elasticity for the UO, and BeO were documented in
references [35] and [36] respectively. A power series model was fit to the modulus of

elasticity with T being the temperature in K. The equation is given in Eqn. 4.1.

E(T)=-41.38*T?%7°+3.396E11 (Pa) Eqn. 4.1

Table 4.3 compares the approximate elastic modulus to the elastic moduli that were used

in Tills” and Wright’s work at temperatures of 23°C and 1000°C.
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Table 4.3: Modulus of elasticity at 23°C and 1000°C of the ACRR’s fuel pellet [6], [24], [25].

Temperature Pelfrey Tills Wright
(°C) (GPa) (GPa) (GPa)
23 339.3 338.9 378
1000 303.6 317.5 341

4.3 Thermal Conductivity

4.3.1 UO2-BeO

Maxwell’s analytical solution for effective conductivity of a heterogenic medium
was used to calculate the effective thermal conductivity of the composite. Maxwell’s
solution assumes there is no thermal interaction between the particles so it is only valid for
composites with small dispersion volume fractions [37]. The UO,-BeO fuel has a volume
fraction of 6.9% and 1 um particles so the model is valid for the fuel. The thermal
conductivity for UO, and BeO were selected from references [35] and [38] respectively.
Maxwell’s solution is shown in Egn. 4.2 and a power law fit for the data is shown in Eqn.
4.3, where ke is the effective thermal conductivity of the composite, k; is the thermal
conductivity of the particulate, km is the thermal conductivity of the matrix, Vp is the

volume fraction of the particulate, and T is the temperature in K.

| w, |

- p )

Kefr=Km [1"' kp+2km N ‘ (W/m-K) Eqgn. 4.2
2(kp'km) P

k(T)=2.902E6*T 193¢ (W/m-K) Eqn. 4.3
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Table 4.4 compares the thermal conductivities of the fresh fuel cited in this report, and the

thermal conductivities documented in both Tills” and Wright’s reports.

Table 4.4: Thermal conductivity at 23°C and 1000°C of the ACRR’s fuel pellets [6], [24], [25].

Temperature Pelfrey Tills Wright
(°C) (W/m-K) (W/m-K) (W/m-K)
23 250.6 ~221.9 ~65
1000 35.47 ~73.269 ~10

4.3.2 Other Materials

The thermal conductivities of the other materials are shown in Table 4.5 The data
for He and Nb were tabulated so a curve was fit to the data. The variable T is temperature
in K.

Table 4.5: Thermal conductivities of He, Nb, and SS and their sources.

Material Thermg}v(/::fgl;ctivity Source
He k(T)=0.002913*T%6977 [32]
Nb k(T) = 0.0001531*T + 0.4909 [39]
SS 15.1 [33]

4.4 Coefficient of Thermal Expansion

4.4.1 UO,-BeO
The coefficient of thermal expansion (CTE) for the UO.-BeO was approximated
using a “refined” rule of mixtures [40]. The rule of mixtures is refined by accounting for

the thermal stresses that occur between the matrix and the particles. The formula is shown
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in Eqn. 4.4 and 4.5. A polynomial fit to the derived CTE of the UO,-BeO with respect to
temperature is shown in Eqgn. 4.6. The temperature dependent thermal expansion of the
BeO and UO; were from references [41] and [35], respectively. The Poisson’s ratio of
BeO and UO. were from references [42] and [12], respectively. The variables in the
equations are as follows: a,f is the effective CTE of the composite, a,, is the CTE of the
matrix, a, is the CTE of the particle, Vy is the volume fraction of the particle, Vi is the
volume fraction of the matrix, 6 is the refinement factor, v,, is the Poisson’s ration of the

matrix, and T is the temperature in K.

=0 -V 0 (etm-0tp ) (1/K) Eqn. 4.4
3E,(1-vi)
0= P T Eqn. 4.5
[(L+vi)+2V, (1-2v) |Ep+2V i Em (1-Vin)
a(T)=-1.01E-12*T2+5.15E-9*T+5.192E-6 (1/K) Eqn. 4.6

Table 4.6 is a comparison of the coefficient of thermal expansion from the other analyses.

Table 4.6: Coefficients of thermal expansion at 23°C and 1000°C of the ACRR’s fuel pellets [6], [24],

[25].
Temperature Pelfrey Tills Wright
(°C) (1E-6/K) (1E-6/K) (1E-6/K)
23 6.66 6.4557 8
1000 9.33 9.67 8
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4.4.2 Other Materials
The CTE of the other materials are shown in Table 4.7. The original Nb data was
originally tabulated so a curve was fit to the data. The variable T is temperature in K. The

CTE of He is not documented because it is a gas.

Table 4.7: Coefficients of thermal expansion of Nb and SS and their sources.

. Thermal Expansion
Material (1/K) Source
Nb (T)=-8.284E-8T%+7.761E-7T+8.476E-6 [39]
SS o= 1.7E-5 [33]

4.5 Specific Heat

4.5.1 UO2-BeO

The specific heat of the UO»-BeO was calculated using the rule of mixtures as is
shown in Eqgn. 4.7. The temperature dependent specific heat of the UO>-BeO is represented
by the sixth order polynomial shown in Eqn. 4.8. The specific heats of BeO and UO, were
found in references [41] and [35] respectively. The variables are as follows: Cess is the
effective specific heat of the composite, Vm is the volume fraction of the matrix, Cn is the
specific heat of the matrix, V; is the volume fraction of the particulate, Cp is the specific

heat of the particulate, and T is the temperature in K.

J
Ceff:VmCm+VpCp (kg_-K) Eqn. 4.7

Cer(T)=1.11e-15*T°6+8.84e-12*T°-2.75¢-08*T*+

J
4.31e-05*T3-0.036*T%+16.68*T-1706 (kg—K

Eqgn. 4.8
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4.5.2 Other Materials

The specific heats of the other materials are shown in Table 4.8. The specific heat
of Nb was originally tabulated so a curve was fit to the data. The variable T is temperature
in K. The specific heat of the He at a constant volume was used because the volume of the

fuel element is constant.

Table 4.8: Specific heat of He, Nb and SS and their sources.

. Specific Heat
Material (J/kg-K) Source
He 3116 [32]
Nb C,p(T)=9.813T%+0.0711T+260.9 [39]
SS 480 [33]

4.6 Fracture Strength

The fracture strength of many ceramics, and brittle materials in general, is a
stochastic property that depends on the specimen’s porosity, density, grain size, constituent
materials, and flaw size. Even specimens with identical manufacturing processes can have
a large degree of variability in the fracture strength. For these reasons, declaring the fracture
strength of the UO,-BeO fuel, without properly performing tests to determine it, is
improper. Only very qualitative estimates can be made without proper testing.

Because the fracture strength of the fuel pellets was never tested, previous work
resorted to calculating the stresses that the fuel experienced during in-pile experiments.

This method had the fundamental assumption that the fracture during the in-pile
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experiments was a result of the temperature profile caused by the fission distribution.
Wright calculated the thermal stresses by using temperature profiles that can be found in
the ACPR quarterly reports and using them to calculate the thermal stresses of the in-pile
experiments using an analytical solution. Tills’ used the energy deposition profile to
calculate the temperature profile in the peak fuel pellet during a pulse and then used the
finite element method to calculate the thermal stresses. The same approach that was used
by both Tills and Wright was used in this work to approximate the thermal stresses
experienced by the pellets during the in-pile testing. Both Tills and Wright provided
enough information in their reports to recreate the estimated temperature profiles from the
fission distribution experienced by the fuel during the in-pile experiments. Sections 4.6.1-
4.6.3 describe the geometry, thermal loads, and structural constraints used as inputs to

calculate the thermal stresses of the in-pile experiments.

4.6.1 Thermal Loads
4.6.1.1 Tills

The details of the experiments and the analyses are included in Chapter 2. In Tills’
report, he provides the energy deposition per mass of the fuel pellet and the radial energy
deposition profile of the two experiments. For the smaller of the two pulses, which no
pellets fractured, it was estimated that the average energy deposition was 364 cal/g. For the
larger pulse, which 25% of the pellets did fracture, it was estimated that the average energy
deposition was 429.4 cal/g. For both pulses the peak to average radial energy deposition is

shown in Eqgn. 4.9.
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Peak/Avg= 0.79985971 + .34048928r - 1.2141774r
+1.939536r3 - 1.2757009r* +.32146363r°

Eqgn. 4.9
The in-pile experiment was simulated by first determining how much energy was
deposited into each fuel pellet. The mass of the one half of an outer annulus is 5.64 g so
the amount of energy deposited during the small and large pulse was 8590 J and 10133 J,
respectively. It was assumed that the energy was deposited over a 6 ms period, which is a
typical full-width half-max in the ACRR. The energy was deposited in the fuel pellet in
accordance with the fission distribution profile in Eqn. 4.9. It was assumed that there was

no heat loss from the fuel pellet, so no other thermal loads or boundary conditions were

applied.

4.6.1.2 Wright

In Wright’s report, he recorded the approximate maximum radial temperature
profile in the outer annulus of a fuel pellet for both the small and larger pulse [43]. The
temperature profile for the 1150°C and 1410°C experiments are shown in Eqn. 4.10 and
Eqgn. 4.11, respectively, where r is the radial distance in cm. No thermal simulation was
necessary because temperature profiles can be applied directly to structural analyses in

ANSYS Mechanical 19.2.

T()=1150 0.5004+0.0187 exp ( Eqgn. 4.10

r
0.4997)]
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T(r)=1410 |0.4928+0.008058* exp ( Eqn. 4.11

r
0.3962)]

4.6.2 Model and Constraints

The model was simply constrained using a weak-spring condition available in
ANSYS Mechanical [44]. The weak-spring condition applies spring-like loads to each
surface of the geometry which resists movement of the model without causing non-physical
stresses. The weak-spring condition made it so the only stresses the fuel pellet experienced

were those from the temperature gradient. Figure 4.1 and 4.2 show the top and side views

of the meshed geometry used to calculate the thermal stresses.

Figure 4.1: Top view of the meshed geometry used to estimate the stresses of the fuel pellets during
in-pile experiments.
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Figure 4.2: Side view of the meshed geometry used to estimate the stresses of the fuel pellets during
in-pile experiments.

4.6.3 Results

Figure 4.3 and 4.4 show representative temperature and stress contour plots for
these analyses. Although the magnitude of the temperatures varied between the analyses,
similar temperature profiles were present. Each experiment had the highest temperature at
the outer surface of the fuel and the lowest temperature on the inner surface. These results
are consistent with what would be expected seeing more energy is generated in the outer
region than in the inner region. Figure 4.4 shows the stress profile induced by the
temperature profile shown in Figure 4.3. The stress contours were also similar in each
analysis except the magnitudes of the stresses varied. Figure 4.4 shows that the maximum
stresses occur near the radial center of the fuel pellet. This is because the outer region of
the fuel is hotter thus it experiences larger thermal expansions that compete with the lesser
thermal expansions of the middle region. The competition of stresses results in tensile

stresses in the middle region and compressive stresses in the outer region.
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Figure 4.3: Temperature (°C) contour plot for 429.4 cal/g experiment in Tills’ report.

Figure 4.4: Stress (Pa) contour plot for 429.4 cal/g experiment in Tills’ report.

Table 4.9 summarizes the experiments, the findings of both Tills and Wright, and
the findings of this analysis. The first row of Table 4.9 shows the different experiments
performed. The second row shows the approximate maximum temperature of fuel in the
experiments. The third row shows the thermal stresses that were calculated by Tills’” and

Wright. The fourth row reports the thermal stresses calculated in this analysis. Finally, the
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last row shows how many pellets fractured in each experiment. The stresses calculated in
this work varied by as much as 85% from the original calculations in Tills” and Wright’s
work. This is likely because this analysis included different material properties, a
temperature dependent modulus of elasticity, and a temperature dependent CTE. From this
analysis it can be estimated that 75% of fresh pellets survive stresses of 153.5 MPa while
40% can survive stresses over 271.4 MPa. This demonstrates the variability of fracture
strength previously discussed. Stresses below 134.7 MPa should not cause fracture in the

fresh fuel pellets.

Table 4.9: Summary of the in-pile fuel pellet experiments, analyses, and results.

Tills Wright
Experiment 364 cal/g | 429.4 callg 1150°C 1410°C
Max Experimental
Temperature 1182.9 1340 1189.8 1491.7
(C)
Reported Thermal | 74 MPa 88 MPa 68 MPa 108.9 MPa
Stresses (10.8 ksi) (12.8 ksi) (9.98 ksi) (15.8 ksi)
Pelfrey’s Thermal | 134.7 MPa | 153.5 MPa 174.0 MPa 271.4 MPa
Stresses (19.53 ksi) | (22.2 ksi) (25.2 ksi) (39.4 ksi)
# of Pellets 2/8 6/10
Fractured 0/40 10740 @ 101 Pulses @ 71 Pulses

4.7 Accounting for Burnup

The material properties documented in Sections 4.1-4.6 are those of the fresh fuel,
however, the ACRR has experienced burnup so the material properties were adjusted to
account for the damage induced by burnup and radiation effects. The material properties

were adjusted by scaling them using the percent change discussed in Chapter 3.
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4.7.1 Density

Section 3.7 documents the swelling of the fuel due to burnup. The swelling results
in an increase in volume and a decrease in density. It was estimated that the volume has
increased by 0.37% which would result in a density of 3537 kg/m?®. Although the density
was adjusted to account for swelling, the effects swelling had on the dimensions of the

pellet were neglected. Equation 4.12 shows the equation used to calculate the density.

pburnup:pfresh*(1+AV) (kg/m®) Eqgn. 4.12

4.7.2 Modulus of Elasticity

The modulus of elasticity has decreased by approximately 14%. The 14% change
was accounted for in the modulus of elasticity by simply scaling the fresh modulus.
Equation 4.13 shows the power fit representing the modulus of elasticity of the fuel with

burnup.

E(T)=-34.76*T>%87°+2.853E11 (Pa) Eqn. 4.13
4.7.3 Thermal Conductivity
The effect of the burnup on thermal conductivity was accounted for by scaling the

thermal conductivity to represent the 70% decrease in thermal conductivity. Equation 4.14

represents the current thermal conductivity of the ACRR fuel.
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k(T)=8.5353E6+T 1% (W/m-K) Eqn. 4.14
4.7.4 Fracture Strength
Applying the modest decrease of 1.5% that the burnup has on the fuel strength, the
25% of the ACRR fuel could fracture at stresses as low as 150.1 MPa and 60% could

fracture at stresses as low as 266.9 MPa.
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5 THERMAL STRESSES DURING A MAXIMUM PULSE
OPERATION

5.1 Process

Using the material properties documented in Chapters 3 and 4, both transient
thermal and transient structural analyses were performed to simulate a maximum pulse in
the ACRR. The power profile and outer cladding temperature used in the transient thermal
analysis were calculated using a SNL code named RAZORBACK. The results of the
transient thermal calculation were imported into a transient structural simulation and the
gradient induced thermal stresses were calculated. Both the transient thermal and transient

structural simulations were performed using ANSYS Workbench 19.2.

5.2 RAZORBACK Simulation

Although the boundary conditions of the transient thermal analysis could have been
derived from reactor diagnostics, calculating them using RAZORBACK was a more direct
method with less uncertainties. RAZORBACK is a code developed at SNL by Darren
Talley that simulates research reactors by coupling reactor kinetics, conductive heat
transfer, and thermal hydraulics [38]-[41]. The code has undergone extensive verification
and validation and has demonstrated the ability to accurately simulate pulses in the ACRR.
When using RAZORBACK to simulate pulse operations in the ACRR, the user is able to
specify the various transient rod related parameters such as the transient rod start position

and rod hold up time. These parameters control the reactivity insertion of the ACRR which
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determines the pulse parameters. By adjusting the transient rod start position and transient
rod hold up time, a maximum pulse was simulated using RAZORBACK. Operation 11330,
which had the largest calculated peak system reactivity since 2003, was modeled [49].
When simulating a pulse, RAZORBACK calculates the reactor power and outer cladding
temperature. The reactor power and cladding temperatures were used in the transient
thermal analysis. Figure 5.1 shows the reactor power and total energy generated with
respect to time. As Figure 5.1 shows, the reactor power reached 52,000 MW and a total
energy deposition of 388 MJ. The calculated maximum power of the reactor was higher
than the power that was recorded by the ACRR’s plant protection system, so this analysis
represents a very conservative case for a maximum pulse operation in the ACRR. Figure
5.2 shows the calculated outer cladding temperature for this operation. From the
simulation, it was calculated that the cladding would reach a maximum temperature of
135°C. Atatime of ~2.7 seconds, Figure 5.2 shows a dip in the cladding temperature which

is the result of increased heat transfer due to boiling.
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Figure 5.2: Temperature of the outer surface of the cladding during a $3.16 pulse.
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5.3 Transient Thermal Analysis

5.3.1 Geometry and Finite Element Model

Ideally, simulations would be performed on the entire fuel element, however the
computational cost would be extremely large. The geometry used to perform the FEA
analysis was reduced to the height of one fuel pellet (0.25 in). The model was also split,
and a planar symmetry condition was applied to the fuel to reduce the computational cost
further. Figure 5.3 shows the geometry used for the analysis from the top plane and Figure
5.4 shows the geometry from the front plane where the symmetry condition was applied.
Reducing the model to one pellet assumes that the effects of axial heat transfer are
negligible. Although this is not strictly true, the rate of axial heat transfer is dwarfed by the
radial heat transfer because the temperature difference produced by the axial fission profile

is small compared to the temperature difference between the fuel and the water.

Figure 5.3: Computational geometry from the top plane for the transient thermal analysis.
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Figure 5.4: Computational geometry from the front plane for the transient thermal analysis.

The top and side views of the meshed geometries can be found in Figure 5.5 and Figure

5.6, respectively. The mesh convergence study can be found in Appendix A.

Figure 5.5: Top view of the meshed geometry used for the transient thermal analysis.

Figure 5.6: Side view of the meshed geometry used for the transient thermal analysis.
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5.3.2 Simulation
Sections 5.3.2.1-5.3.2.6 document the loads and boundary conditions used to
simulate a maximum pulse in the ACRR. These loads and boundary conditions directly

affect heat transfer in the fuel pellet and thus the thermal stresses.

5.3.2.1 Internal Heat Generation

Internal heat generation is a body load available in ANSYS Mechanical 19.2 that
allows users to apply a volumetric heating load to a body. In this analysis, the internal heat
generation load was used to model the heat generated in the fuel pellets and energy
deposited in the Nb can. The transient reactor power, calculated using RAZORBACK, was
used to determine the average amount of energy generated per cubic centimeter of fuel in
the ACRR. To do this, the reactor power was simply divided by the total volume of the
fuel in the ACRR to determine the average heat generation per unit volume. The average
heat generation was scaled to represent the peak volumetric heat generation that occurs at
the axial centerline in the peak element in the ACRR. The heat generation was then made
radially dependent by scaling it using the peak radial fission profile determined using
MCNP6. The MCNP calculation was performed by Curtis Peters of SNL. The heat
generation was scaled to model a fuel element in the second row of the reactor, next to one
of the transient rods, which is where the peak heat generation occurs (See Appendix B for
a layout of the reactor). The amount of energy deposited in the Nb can was also calculated
by Curtis Peters of SNL. He calculated that 1.45e4 rad/MJ of reactor energy is deposited

in the Nb. Using the energy deposition ratio, the reactor power was scaled to model the
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time dependent energy deposition in the Nb can. Table 5.1 shows the axial and core peaking
factors that are documented in reference [50] and the fission profile calculated by Curtis

Peters. The variable r in the fission profile is the radial position in the fuel pellet in units of

cm.
Table 5.1: Peaking factors and pellet radial fission profile in the ACRR.
Axial Peaking Factor (peak/average) 1.24
Core Peaking Factor (peak/average) 1.52

Peak Fission Profile Fpeak (1) =0.7962¢0-12997+0,0570e 382"

The internal heat generation condition was applied to both the inner and outer
annuli of the fuel pellets. The ANSYS Workbench graphical user interface currently does
not support spatially varying internal heat generation so a command snippet was used to

impose the condition.

5.3.2.2 Gap Radiation

Because the temperature of the fuel reaches high temperatures (>1000°C), thermal
radiation becomes a dominant means of heat transfer. A wall to wall radiation condition
was applied to the inner walls of the fuel element to account for thermal radiation. The

thermal emissivity of the materials in the fuel elements are shown in Table 5.2.
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Table 5.2: Thermal emissivity of SS, UO2-BeO and Nb and their sources.

Material Emissivity Source
SS 0.67 [51]

UO2-BeO 0.37 [6]
Nb 0.22 [52]

5.3.2.3 Gap Conduction

The effect of convection in the gap was assumed to be negligible in this analysis.
This is the standard assumption when performing heat transfer analyses on fuel elements
with small gaps [12]. Because the effects of convection were assumed to be negligible,

only conduction through the He is considered.

5.3.2.4 Outer Cladding Temperature

When the ACRR is pulsed, the heat generated in the fuel is ultimately transferred
into the water of the pool. The outer cladding temperature is dependent not only on the heat
produced in the fuel pellets, but also the rate of convection to the pool. RAZORBACK
simulates the heat transfer and convection thus its results for outer cladding temperature
were used in this analysis. The outer cladding temperature, plotted with respect to time, is

shown in Figure 5.2.
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5.3.2.5 Time Stepping

The Fourier Number is commonly used to determine the minimum time-step
necessary to accurately capture the physics of a transient thermal simulation [53]. It
represents the ratio of heat conduction versus energy storage in a finite element. Fourier’s
Number is shown in Eqgn. 5.1 where K is the thermal conductivity, At is the time step, p is

the density, C is the specific heat and Ax is the thickness of the smallest element.

4KkAt

Fo=——
° pC(Ax)2

Eqgn. 5.1

Equation 5.1, when solved for At, shows that the minimum time step is proportional to the
thickness of the element, the density of the material, and specific heat of the material.
Equation 5.1 also shows that At is inversely proportional to the thermal conductivity of the
material. The He contained in the gaps of the fuel element has the smallest density, specific
heat, and thickness thus the He elements were used to determine the time steps. Solving
Eqgn. 5.1 for At, the minimum time step is 1 ps. Using the 1 pus minimum time-step,
ANSYS was allowed to automatically adjust the time-step depending on the rate of

convergence.

5.3.2.6 Boundary Condition Placement
The boundary conditions incorporated in the analysis were meant to accurately
model heat transfer within the fuel elements. The accurate modeling of heat transfer is

essential in determining the temperature gradients and thus the thermal stresses in the fuel
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pellet. The energy generated by fission and deposited by radiation and fission fragments
were modeled as internal heat generation loads. These loads were applied to the fuel pellets
to model the energy deposited by neutrons, gamma-rays, and fission fragments. An internal
heat generation condition is also applied to the Nb can to model the energy deposited
through gamma-rays and neutrons. Thermal radiation conditions were applied in the gaps
of the fuel element to model the thermal radiation. The outer cladding temperature was
calculated using RAZORBACK and specified for each time step in the simulation. A
symmetry boundary condition was applied to reduce the computation time of the

simulation. The applied conditions are depicted Figure 5.7.

Volumetric

Symmetry heat
generation

Radiation

Cladding
temperature

Figure 5.7: Transient thermal simulation boundary conditions.
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5.3.3 Results

The results of the transient thermal analysis are shown in Figure 5.8-5.23. Figure
5.8 shows the peak temperature in the fuel element with respect to time. Plotted along with
the peak temperature is the reactor power to give context to the temperature at different
points in the pulse. Figure 5.8 shows that the maximum temperature occurs immediately
after the knee of the pulse. Figure 5.9 shows the peak heat flux in the element with respect
to time. Again, reactor power is plotted to give context to heat flux graph. Figure 5.9 shows
that the maximum heat flux occurs during the pulse. This makes sense because most of the
energy is being introduced into the system during the pulse. The heat flux decreases after

the pulse, as the temperature of the fuel and its surroundings begin to equilibrate.
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Figure 5.8: Maximum temperature and reactor power vs time.
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Figure 5.9: Maximum heat flux and reactor power vs time.

Contour plots of the temperature and heat flux in the fuel element are shown at
different points in the simulation. The time steps in which these are shown are depicted by
the vertical dashed lines in Figure 5.8. Figure 5.10-5.12 show temperature and flux contour
plots at the peak of the pulse. Figure 5.10 shows the temperature contour plot of the model
at 0.1617 s. It shows that at 0.1617 s some heat has been transferred out of the pellet into
the surrounding He, however the outer annulus of the fuel pellet does not show any local
cooling. The temperature gradients in the pellet are due to the fission distribution. The
highest temperatures occur at the outer edge of the fuel pellet and lowest at the inner edge.
This can also clearly be seen in Figure 5.11 which only shows the temperature contour plot
of the outer annulus of the fuel pellet. Figure 5.12 shows the heat flux contour plot. This
again shows that very little heat is leaving the pellet at this stage.
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Figure 5.10: Temperature (°C) contour plot at the peak of the pulse (~0.1617 s).
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Figure 5.11: Temperature (°C) contour plot of the outer annulus of the fuel pellet at the peak of the
pulse (~0.1617 s).
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Figure 5.12: Heat flux (W/m?) contour plot at the knee of the pulse (~0.1617 s).

Figure 5.13-5.15 show the contour plots at 0.18 s. Figure 5.13 shows that the pellet
has increased in temperature by over 500°C in the ~0.02 s since the previous set of plots.
The temperature distribution shows that heat, at this stage, is beginning to be transferred
from the outer annulus of the pellet to the surrounding He with some of it reaching the Nb.
Figure 5.14 shows that local cooling of the areas nearest to the Nb fluting is beginning to
occur, however the temperature gradient still largely resembles the fission profile. The heat
flux contour plot, shown in Figure 5.15, shows the highest heat flux occurs between the Nb
fluting and the fuel pellet where the fluting is located. This is because the least He is in

these locations.
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Figure 5.13: Temperature (°C) contour plot at the peak of the pulse (~0.18 s).
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Figure 5.14: Temperature (°C) contour plot of the outer annulus of the fuel pellet at the peak of the
pulse (~0.18 s).
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Figure 5.15: Heat flux (W/m?) contour plot at the peak of the pulse (~0.18 s).

Figure 5.16-5.18 show that the contour plots at 0.8 s which is right after the knee
of the pulse. Figure 5.16 shows both the He and Nb increased in temperature significantly
from the last pulse. The temperature of the Nb has increased ~500°C. Also, the localized
cooling due to the Nb fluting is much more evident. Figure 5.17 shows this localized
cooling. It shows that the area near the Nb fluting is around ~200°C cooler than the hottest
part of the pellet. Also, the outer surface of the fuel pellet is cooler than the inner region
making the temperature profile no longer consistent with the fission profile. Figure 5.18
shows increased and more distributed heat fluxes in the fuel element. Rather than the
largest heat flux occurring in the gaps between the Nb fluting and the fuel pellets, there is
increased heat flux in the Nb itself. Because the thermal conductivity of the Nb is ~100
times greater than the thermal conductivity of He, it acts as a heat highway where heat can

be transferred at a much higher rate than through the He. As the outer surface of the fuel
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pellet decreases in temperature, the temperature difference within the fuel pellet increases,

increasing the heat flux within the fuel pellet.

Figure 5.16: Temperature (°C) contour plot at the knee of the pulse (~0.80 s).
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Figure 5.17: Temperature (°C) contour plot of the outer annulus of the fuel pellet at the knee of the
pulse (~0.80 s).
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Figure 5.18: Heat flux (W/m?) contour plot at the knee of the pulse (~0.80 s).

Figure 5.19-5.21 show the contour plots at the end of the simulation. Figure 5.19
shows an equilibrating of the fuel temperature. At his point the outer and inner annuli are
nearly the same temperature. Also, the effects of the Nb fluting on the outer annulus’
temperature are even more evident. The temperature gradients due to the fluting are no
longer local, but instead are influencing the whole outer annulus. Figure 5.20 shows this
even more clearly. The outer region of the outer annulus is ~110°C cooler than the inner
region and the temperature contour clearly shows influence by the Nb fluting. The heat

flux, shown in Figure 5.21, is now at its peak in the Nb.
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Figure 5.19: Temperature (°C) contour plot at the end of the simulation (5 s).
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Figure 5.20: Temperature (°C) contour plot of the outer annulus of the fuel pellet at the end of the
simulation (5 s).
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Figure 5.21: Heat flux (W/m?) contour plot at the end of the pulse (5 s).

The heat flow in the fuel element is most clearly shown in Figure 5.22 and Figure
5.23. Both figures are vector plots of the heat fluxes at the end of the simulation. The figures
show increased heat fluxes where the Nb can is closest to the SS and outer annulus fuel
pellet. Figure 5.23 shows that the heat flux is higher in areas where the Nb can is closest to
outer annulus of the fuel pellet and the SS cladding. This kind of heat flow causes localized
heating of the SS cladding. This heat flow pattern is corroborated by the photograph of the
cladding shown in Figure 5.24. The cladding has increased oxidation in a pattern that
appears to correlate with the pattern of the Nb fluting. The increased oxidation indicates

larger heat fluxes near the Nb fluting.
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Figure 5.22: Heat flux (W/m?) vector plot at the end of the simulation (5 s).

Figure 5.23: Heat flux (W/m?) vector plot with close up of the gap at the end of the simulation (5 s).
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Figure 5.24: Photograph of the outer surface of the cladding of a fuel element in the ACRR.

The temperature gradients calculated in this section are significantly different from
the gradients induced by the fission profiles alone. The Nb fluting has a cooling effect on
the outer annulus of the fuel pellet resulting in temperature differences up to 200°C. The

stresses caused by these temperature gradients are discussed in Section 5.4.

5.4 Transient Structural Analysis

Only the outer annulus of the fuel pellet was modeled for the transient structural

analysis. The outer annulus of the fuel pellets, as discussed previously, experiences the
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largest thermal stresses and thus are most prone to fracture. The transient structural analysis
was performed by applying the temperature gradients, which were calculated in the
transient thermal analysis, to calculate the thermal stresses. Because the fuel pellet was
assumed to be in the axial centerline of the fuel element, it was assumed that 8 fuel pellets
were above, and 7 pellets were below the modeled fuel pellet. The weight of the pellets
above and the resultant force were applied as forces on the upper and lower surfaces of the
pellets. The force applied had a magnitude of 0.4431 N. Also, weak spring boundary
conditions were applied to the whole model. Weak springs provide numerical stability for
the analysis and provide a load to prevent motion normal to the force loads. Figure 5.25
shows the force loads that were applied as part of the structural analysis. The weak springs
are applied to all the surfaces. The force loads, depicted by the red arrows in Figure 5.25,

are distributed across the whole surface. Figure 5.26 and 5.27 show the meshed geometry

Figure 5.25: Transient structural constraints.

used in this analysis.
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Figure 5.26: Top view of meshed geometry used for the structural analysis.

Figure 5.27: Side view of the meshed geometry used for the structural analysis.

5.4.1 Results

The results of the transient structural analysis are shown in Figure 5.28-5.39. Figure
5.28 shows the maximum principal stress in the outer annulus of the fuel pellet plotted
along with the reactor power. It shows that the maximum principal stress occurs at ~0.5 s

and has a magnitude of 700 MPa. As the temperatures equilibrate, the stresses decrease.
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The vertical dashed lines show the times steps that are displayed in Figure 5.29-5.40. At

each time step a top view, sectional view, and side view of the fuel pellet are shown.
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Figure 5.28: Principal stresses for a maximum pulse at current burnup.

Figure 5.29-5.31 show the contour plots of the stresses at 0.1617 s. Figure 5.29
shows the outer annulus of the fuel pellet from the top view. This view shows that there
are no large stresses on the top or bottom surface of the fuel pellet. The solid black line,
shown in the figure, is the shape of the undeformed fuel pellet. Not only has the pellet
expanded radially at this time step, but outer edge has expanded more than the inner edge
causing the ends of the fuel pellet to angle downward. Figure 5.30 shows the sectional view
at this same time step. It shows that the maximum stresses, at this time step, occur in the
radial center of the fuel pellet. This indicates that the fission profile causes the stresses.
Figure 5.31 shows the thermal stresses on the outer surface of the fuel. The plot shows
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large thermal stresses exactly where Nb can causes cooling. These stresses show that the
cooling, that is caused by the fluting of the Nb can, does cause thermal stresses. The section
view shows the stresses at the axial centerline of the pellet as if the upper half of the pellet

was invisible.
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Figure 5.29: Top view of maximum principal stresses at ~0.1617 s.
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Figure 5.30: Section view of maximum principal stresses at ~0.1617 s.
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Figure 5.31: Side view of maximum principal stresses at ~0.1617 s.

Figure 5.32-5.34 show the thermal stresses at 0.18 s. Figure 5.32 shows the thermal
stresses from the top. The stress profile is very similar to that of the previous time step
except an order of magnitude higher in very localized regions. The strains also appear to
be larger than the previous step. Figure 5.33 shows the stress contour of the section view.
The thermal stresses from the fission profile are still visible, however the fission profile is
no longer the source of the maximum stresses. Figure 5.34 shows the thermal stresses of
the outer surface of the fuel pellet. The figure shows large thermal stresses where the fuel
pellet experiences cooling due to the Nb fluting. The stresses are very superficial as they

can barely be seen from the section view.
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Figure 5.32: Top view of maximum principal stresses at ~0.18 s.
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Figure 5.33: Section view of maximum principal stresses at ~0.18 s.
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Figure 5.34: Side view of maximum principal stresses at ~0.18 s.

Figure 5.35-5.37 show the thermal stresses at 0.8 s. Figure 5.35 shows the thermal
stress from the top view. The thermal stresses are no longer only seen close to the outer
surface. The middle section of the fuel is also experiencing the thermal stresses. The
deformation of the fuel pellet is more relaxed at this time step with less deformation caused
by the heating of the outer surface. Figure 5.36 shows the section view. The thermal stresses
caused by the fission profile are no longer dominant at this time step. The maximum
thermal stresses occur on the outer surface of the fuel where the Nb can causes cooling.
Figure 5.37 gives a clearer view of the maximum thermal stresses. Although the whole
height of the fuel pellet is not being affected, the stresses are double those of the last step.

The maximum stresses at this time step are 657 MPa.
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Figure 5.35: Top view of maximum principal stresses at ~0.8 s.
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Figure 5.36: Section view of maximum principal stresses at ~0.8 s.
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Figure 5.37: Side view of maximum principal stresses at ~0.8 s.

The thermal stresses of the last time step are shown in Figure 5.38-5.40. Figure 5.38
shows that the thermal stresses affect a much larger volume than 0.8 s. Also, the strain is
much more uniform with the ends of the fuel pellet nearly parallel to their starting position.
The largest stresses in this view occur at the outer surface of the fuel pellet. Figure 5.39
shows a section view of the fuel pellet at this time step. The center portion of the fuel pellet
is in a state of compression while the outer surface of the fuel pellet is in tension. The
maximum principal stresses are due to the cooling of caused by the Nb can. Figure 5.40
shows that the stresses on the outer surface are much more distributed, however the peak

stresses occur due to the cooling induced by the Nb can.
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Figure 5.38: Top view of maximum principal stresses at ~4.4 s.
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Figure 5.39: Section view of maximum principal stresses at ~4.4 s.
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Figure 5.40: Side view of maximum principal stresses at ~4.4 s.

Unlike what was observed when calculating the thermal stresses induced by the
fission profiles, the largest stresses experienced by the fuel pellets in transient operations
occur at the outer surface. The Nb can has a clear impact on the stresses in the fuel due to
the localized cooling it causes. The maximum calculated thermal stresses are shown in
Figure 5.41-5.43. They all clearly show that the cooling caused by the Nb can causes the
peak stresses. Figure 5.41 shows the maximum principal stress state in the fuel pellet from
the top view. The maximum stresses cannot be seen from this view, but thermal stresses
are present on the upper surface of the fuel. These stresses are highest were the local
cooling due to the Nb can occurs. Figure 5.42 shows the section view of the stress state. It
shows that although the stresses caused by the cooling due to the Nb can are very large,
they are very localized and influence a very small volume of the fuel pellet. Figure 5.43
shows that the thermal stresses do not span the height of the fuel pellet. Aside from the

thermal stresses caused by localized cooling, the outer surface experiences thermal stresses
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caused by the cooling of the fuel pellet. These stresses are nearly half of the peak stresses.
The contraction caused by the cooling of the outer surface of the fuel pellet causes

compressive stresses inside the fuel pellet.
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Figure 5.41: Top view of the peak stresses in the outer annulus of the fuel pellet over the 5 s
simulation.
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Figure 5.42: Section view of the peak stresses in the outer annulus of the fuel pellet over the 5 s
simulation.
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Figure 5.43: Side view of the peak stresses in the outer annulus of the fuel pellet over the 5 s
simulation.

5.5 Discussion

The contour plots shown in Figure 5.29-5.43 show the progression of the thermal
stresses in a peak fuel pellet over the first 5 s of a pulse operation. From the initiation of
the pulse, at 0.08 s, to 0.1633 s the thermal stresses in the fuel pellet are dominated by the
fission profile. After 0.1633 s, the thermal stresses are caused by the temperature gradients
towards the outer surface of the fuel pellet caused by the Nb fluting. Figure 5.44 shows
the maximum principal stresses during the transient thermal analysis along with the
maximum principal stresses from an adiabatic analysis. The adiabatic analysis was
performed in the same way as the transient thermal analysis except it was assumed that
there was no heat loss from the pellet. This assumption allowed for the calculation of the

thermal stresses strictly caused by the fission profile. Figure 5.44 shows that the maximum
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principal stresses diverge at 0.1633 s which is when the thermal stresses become dominated

by the stresses induced by heat loss.
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Figure 5.44: Adiabatic and transient thermal stresses in the peak fuel pellet.

The purpose of the in-pile testing, discussed in Chapter 2, was to determine whether
the fuel pellets were able to survive the fission profile induced thermal stresses. If the
stresses caused by heat loss are neglected, the stresses that the fuel pellets experience are
well below the range that pellets began to fracture during the in-pile experiments (76 MPa
vs 150 MPa). The stresses caused by localized cooling, however, were 10 times larger than
the maximum principal stresses caused by the fission profile alone. These stresses, when
examined alongside neutron radiography of the peak fuel element that was performed in

1989, do not seem to have any impact on the structural integrity of the fuel. Figure 5.45
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shows a radiograph of the center Nb cup of a peak fuel element. There is no obvious

cracking shown by the neutron radiograph and all the fuel pellets appear to be intact.

Figure 5.45: Neutron radiography of the peak fuel element in the ACRR.

Since the radiography was performed, the ACRR has been in operation for 30 years
and accrued burnup. To ensure that the large thermal stresses were not a result of changes
in material properties due to burnup, a transient thermal and transient structural analysis
was performed on the fuel with properties of the fresh fuel. Figure 5.46 shows the
maximum thermal stresses in the outer annulus of the fuel pellet with respect to time. It

shows that, although the thermal stresses are less than those calculated in the current fuel,
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they still are at levels nearly double those the pellets survived in the in-pile experiments
discussed in Section 4.6. The calculated stresses, even for the fresh fuel, would indicate

fuel is fracturing.
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Figure 5.46: Maximum principal stress for a maximum pulse with no burnup.

There are several possible explanations for the discrepancy between conclusions
drawn from neutron radiographs and the calculated stresses during the transient thermal
simulation. The first of these explanations is that the calculated stresses could be artificially
high due to incorrect material properties. The thermal stresses of fuel are directly related
to the fuel’s material properties; however, the material properties of the fuel are very poorly
characterized. Without proper materials testing this possibility cannot be ruled out,

however a material property sensitivity study was performed to examine how sensitive the
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stresses are to the material properties of the fuel. The sensitivity study can be found in
Chapter 6. Another possible reason for discrepancy is that the neutron radiography
performed was not of high enough resolution to detect cracking. Without performing
further neutron radiography, this explanation cannot be further investigated. Even if the
radiography performed was too low in resolution to detect cracks, it is clear that the pellets
are still intact, and the overall structure of the fuel pellets was not affected by the stresses.
The final possible reason for the disagreement between the simulation and the radiography
is that peak stresses occupy such a small volume of fuel that either they do not encounter a
critical flaw, or they cause localized cracking but not complete fracture. This possibility is

examined further in Chapter 7.
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6 PARAMETRIC STUDY ON THE EFFECTS OF MATERIAL

PROPERTIES ON THERMAL STRESSES

To better understand the thermal stresses sensitivity to the material properties, the
material properties directly related to thermal stresses where varied by 25%. These
properties include the thermal conductivity, CTE, and modulus of elasticity. For the sake
of brevity, only the maximum stresses of the simulation will be compared in each analysis.
These analyses were performed in the same manner described in Chapter 5. The material

properties varied were those of the fuel with burnup.

6.1 Thermal Conductivity

The thermal stresses within a material are directly related to the materials thermal
conductivity [54]. Materials with higher thermal conductivities have less severe
temperature gradients and lower thermal stresses because the heat can be more uniformly
distributed through the material. The simulation shows that a 25% increase in thermal
conductivity will result in thermal stresses of 614 MPa which is a 12% decrease.
Conversely a 25% decrease in thermal conductivity will result in a 18% increase in the

thermal stresses. Table 6.1 documents the effects.
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Table 6.1: Thermal conductivity sensitivity.

. Maximum Principal Stress Percent Change
Thermal Conductivity (MPa) (%)
25% 1 614 -12
- 700 -
25% | 823 +18

6.2 Modulus of Elasticity

Stress, in any material, is proportional to the modulus of elasticity multiplied by the
strain of the material. This relation is shown in Hooke’s Law. The analysis showed a 25%
decrease in the modulus of elasticity results in thermal stresses of 525 MPa which is a 25%
decrease. A 25% increase in the modulus of elasticity would result in a 25% increase in

stress. These results are shown in Table 6.2.

Table 6.2: Modulus of elasticity sensitivity.

Modulus of Elasticity

Maximum Principal Stress

Percent Change

(MPa) (%)

25% 1 875 +25
- 700 -

25% | 525 -25

6.3 Coefficient of Thermal Expansion

As mentioned in Section 6.2, the stresses in a material are proportional to the strain.
Thermal stresses are induced when materials expand when heated so they are related to the
CTE. The analysis showed a 25% decrease in CTE would result in thermal stresses of 525
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MPa which is a 25% decrease in thermal stresses. A 25% increase would result in a 25%

increase in thermal stresses. These results are shown in Table 6.3.

Table 6.3: Coefficient of thermal expansion sensitivity.

Coefficient of Thermal Maximum Principal Stress Percent Change
Expansion (MPa) (%)
25% 1 875 +25
- 700 -
25% | 525 -25

6.4 Discussion

Because there is a high level of uncertainty in the material properties, it is helpful
to know how sensitive the thermal stresses are to changes in the properties. This analysis
showed that the thermal stresses are most sensitive to the both the modulus of elasticity

and CTE and a 25% change can affect the stresses by as much as 25%.
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7 EFFECTS OF THE STRESSES FROM A FRACTURE

MECHANICS PERSPECTIVE

Rather than treat the fracture stress as a material property, fracture mechanics
acknowledges that the fracture stress of a material is dependent on a materials
microstructure and the presence of flaws [54]. The flaws in a material act as stress
concentrators which are where cracks initiate. Alan Griffith, one of the forefathers of
fracture mechanics, examined fracture from an energy standpoint [55]. He hypothesized
that cracks will only propagate in an unsteady manner when it is energetically favorable to
do so i.e. when the potential energy of the system decreased. From his work, the fracture
toughness was derived. Fracture toughness is the critical stress concentration factor that is
required for crack propagation. The equation of fracture toughness is shown in Egn. 7.1
where Kic is the fracture toughness, oo is the fracture strength, Y is a geometric constant,
and a is the crack length. When solved for the fracture stress, Eqn. 7.1 shows that the

fracture stress is a function of crack size and fracture toughness.

K|C:Y*Go\la*ﬂ3 Eqn 7.1

Equation 7.1 can be used to find the maximum possible strength of the fuel in the
ACRR. Because the mechanical and microstructural properties of the fuel are poorly
characterized, several assumptions were made to calculate the maximum strength. The first
of the assumptions was that the fracture toughness of the fuel is approximately the fracture
toughness of BeO. This assumption is made since 93 v/o of the fuel is BeO. The second

assumption was that the minimum crack size of the fuel is no larger than the largest grain
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size of UO2 (~1um). This assumption treats the UO- particles as voids in the BeO matrix.
The final assumption is that the pellet satisfies the plane strain condition meaning the width
of the pellet is much greater than the length of the crack. Under these assumptions, the
fracture toughness, Kic, can be calculated from the fracture energy of BeO, which is 32.3
JIm? [56]. Equation 7.2 demonstrates the fracture toughness of a material as a function of

fracture energy, Gc, and modulus of elasticity.

Kic=vG*E Eqgn. 7.2

Using the current value of elastic modulus at 1200°C, which is 310 GPa, the fracture
toughness is approximately 3.16 MPavm. Using the fracture toughness and Eqn. 7.1, the
maximum strength of the fuel can be estimated to be 782 MPa. When examined along with
the results shown in Table 4.9 of Section 4.8 it can be inferred that the reason that some
pellets begin to fracture at much lower thermal stresses than others is due to the presence
of internal flaws in the pellets. Inversely, it is likely that the pellets that were able to
withstand larger stresses had smaller internal flaws.

Because of the large variability of strength in brittle materials, it is common to use
Weibull statistics to determine the probability of failure at a given stress level. To use
Weibull statistics however, it is essential to use identical test specimens with a similar stress
distribution to that in which the material will be used [57]. The requirement for similar
stress distributions acknowledges the fact that a larger volume has a larger probability of a
critical flaw. In other words, if two specimens have a uniform stress applied, but one has a

larger volume to which the stress is applied, the specimen with the larger volume has a
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higher likelihood of having a critical flaw and thus a higher likelihood of fracturing. It is
possible for this reason that no fracturing was observed in the neutron radiography shown
in Section 5.4. The thermal stresses that are caused by the local cooling near the fluting is
over a small volume compared to the stresses caused by the fission profile thus they have
a lesser likelihood of interacting with a flaw large enough to cause fracture. Also, it is
possible that some cracking did occur, but it did not propagate through the pellet. This

possibility is further discussed in Section 7.1.

7.1 Effect of Cracks on Stress

As mentioned in Section 7, Griffith proposed that cracks will not propagate unless
it is energetically favorable to do so. Based on the principal of minimum potential energy,
it is energetically favorable for the crack to propagate when the total energy of the system
decreases. It is possible, however, that cracks do occur near those peak stresses on the outer
surface of the fuel, but they do not propagate through the entire pellet to cause fracture. To
examine this idea, ‘cracks’ were introduced to the outer surface of the fuel pellet using
ANSYS Workbench’s element death feature. This feature removes the selected elements
from the analysis by giving it a very small stiffness [44]. The cracks were introduced where
the thermal stresses were highest in the fuel pellet, and the transient structural analysis was
performed from 0.18 s to 0.8 s which is the time frame where the peak stresses occur. The

introduction of cracks in the fuel caused stress singularities at the corners of the crack.
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Figure 7.1 shows the singularities at one of the cracks. It was assumed that the singularities

were only an artifact of the simulation, so they were neglected.

Figure 7.1: Stress singularity at crack corners.

Because the stress singularities due to the cracks were neglected, the scales of
Figure 7.2 and 7.3 were adjusted so that the maximum stress displayed is 700 MPa. With
the adjusted scale, neither Figure 7.2 nor Figure 7.3 showed stresses of 700 MPa. The
maximum principal stress with cracks introduced was 555 MPa which was a reduction
from the 700 MPa in uncracked fuel. The competition between the thermal stresses on the
outer surface of the fuel is reduced when a crack is introduced thus reducing the thermal
stresses. If cracks in the fuel did nucleate and did not propagate through the pellet, the

stresses could be reduced in the fuel pellet.
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Figure 7.2: Side view of maximum principal stresses in the model with cracks.
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Figure 7.3: Section view of maximum principal stresses in the model with cracks.

7.2 Effect of Fracture on Stress

Another analysis was performed to examine whether the stresses in a fuel pellet
would be affected if the pellet fractured. The purpose of this study was to determine if
initial fracture did occur, whether the thermal stresses in the resultant pieces would be
reduced as a result of the fracture. This analysis examined the average thermal stresses in
a fuel pellet if the pellet cracked 0, 2, 4 or 8 times. A full transient thermal analysis was

not performed for this portion of the analysis. Instead, it was assumed that the thermal
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stresses from the fission profile were the cause of fracture. Figure 7.4 shows a plot of the
maximum thermal stresses with respect to the number of fractures that occurred. It shows
that fracture does reduce the stresses caused by the fission profile in the fuel pellet and that
the more the fuel fractures, the more the stresses are reduced. If the pellets do fracture, it

will require larger temperature gradients to cause them to fracture again.
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Figure 7.4: Maximum principal stress vs number of times the pellet cracked.

7.3 Discussion

Chapter 7 discussed the thermal stresses from a fracture mechanics perspective by
examining the maximum strength of the fuel as a function of flaw size and by examining
how cracking and fracturing affect the stress field. Using Eqn. 7.1, the maximum fracture
strength of the fuel at 1200°C was calculated to be 782 MPa. The transient thermal analyses

showed that the maximum thermal stresses experienced by the fuel is 700 MPa which is
89



82 MPa less than the estimated maximum fracture strength. Because the peak stresses do
not occupy a large volume of the fuel, it is possible that the stresses do not encounter a flaw
large enough to cause fracture. Section 7.1 examined how the introduction of a crack would
affect the stress field in a fuel pellet. The analyses showed that a crack would lower the
stresses. Finally, in Section 7.2, the pellet was assumed to fracture multiple times and the
maximum stress of the pellet was examined. The analysis showed that fracturing the fuel

reduces the stresses making it less likely for the pellet to continue to fracture.
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8 CONCLUSION AND FUTURE WORK

8.1 Conclusion

The purpose of this work was to calculate the maximum thermal stresses
experienced by the fuel pellets during a maximum pulse operation. To accomplish this
purpose, the material properties of the fuel were first derived. Next the material properties
were adjusted to account for radiation effects. A transient thermal analysis of a maximum
pulse in the ACRR was then performed. The temperature profiles from the transient
thermal analysis were then used to calculate the thermal stresses in the fuel. A property
sensitivity study was then performed to examine the effect of the material properties on the
thermal stresses. Finally, the impact of thermal stresses on the fuel were approached from
a fracture mechanics perspective.

Results from the analyses showed that maximum thermal stresses in the fuel are
caused by heat loss rather than the fission profile. The fluting of the Nb can causes localized
cooling in the outer region of the fuel pellet. The localized cooling causes very large
localized thermal stresses. Because the thermal stresses influence such a small volume,
they are unlikely to cause fracture. This conclusion is supported by neutron radiography
that was performed in 1989 that showed healthy fuel. The analyses also showed that the
thermal stresses in the fuel are most sensitive to changes in the modulus of elasticity and
CTE. Finally, the analyses showed that if fracture did occur in the fuel, it is unlikely that it

would continue to fracture because stresses are relieved when the fuel fractures. Because
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the actual material properties of the fuel are uncertain, neutron radiography would need to
be performed to know the state of the fuel with certainty.

Within this analysis there were several sources of uncertainty. The first of these
involved the material properties of the fresh fuel. The material properties of the fresh fuel
were never measured, so they were instead derived. Although the derivations provide
approximations to the material properties, they are not exact. Secondly the burnup effects
were approximated. Burnup studies have never been performed on the ACRR’s fuel, thus
approximations were made from literature. Recent studies found that the effect of burnup
on the fuel’s thermal conductivity is likely not as severe as was implied by literature.
Increased thermal conductivity would result in lower thermal stresses. The approximated
effect of burnup adds another layer of uncertainty to the material properties. Because the
current properties of the fuel are only approximate, the exact magnitude of the thermal
stress in the fuel is subject to uncertainty. Although the material properties add uncertainty,
the trends found in this study are not dependent on material properties, so they can be

assumed to be true.

8.2 Proposal for Future Work

One of the shortcomings of this work was that the material properties were derived
thus there is inherent uncertainty in the properties. Accurate material properties would
reduce the level of uncertainty in the calculations. In the future, the material properties

should be determined experimentally. Also, the simulations assumed that the fuel pellets
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were perfectly centered within the cladding and Nb can which is not always the case.
Further analyses should be performed to examine the effects of different pellet orientations.
Finally, a directly coupled thermal-structural analysis should be performed to examine how
the physical interaction of the different components of the fuel elements have on the

thermal stresses.
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APPENDIX A - MESH CONVERGENCE STUDIES

Thermal Mesh Convergence

Mesh convergence studies are used to determine what mesh is small enough to
properly capture the physics and geometry of a problem when performing a finite element
analysis. Convergence can be determined by progressively decreasing the size of a mesh
until the desired quantity has converged. The mesh can also be refined locally to save
computational time while still capturing the physics. Figure 0.1 shows the meshes used to
perform the mesh convergence study. In subfigures a.-c. the mesh was globally refined
using the mesh resolution slider in ANSY'S Workbench. Subfigure d. was refined to capture
the heat transfer of the small gaps between the Nb fluting and the outer annulus of the fuel
pellet. Subfigure e. was the finest mesh used and showed that the refined mesh was
converged. The mesh shown in subfigure d. was used to perform the thermal analyses

shown in this report.
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a. Course mesh b. Medium mesh

¢. Fine mesh d. Fine refined mesh e. Very fine mesh
Figure A.1: This figure shows the meshes used in the mesh thermal convergence study.
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Table A.1 shows the results of the mesh convergence study. The table shows the
number of elements, and the maximum and minimum temperature of the outer surface of
the outer annulus of the fuel pellet. The convergence of these values was measured because

the temperature differences on the outer surface were the causes of maximum stresses.

Table A.1: Thermal mesh convergence.

Coarse Medium Fine Very Fine | Refined
Elements 8114 38288 166443 1750515 252705
Maximum
Temperature 979.13 979.8 980.18 980.39 980.1
CC)
Minimum
Temperature 956.36 956.63 957.38 957.26 957.34
O

Structural Mesh Convergence

Another mesh convergence study was performed for the structural analysis. Figure
0.2 shows the meshes used for the convergence study. Subfigure d. was the mesh used in

the structural analyses.
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a. Coarse b. Medium c. Fine

d. Very Fine e. Ultra-Fine

Figure A.2: This figure shows the meshes used in the mesh structural convergence study.
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Table A.2: Structural mesh convergence.

Coarse Medium Fine Very Fine | Ultra-Fine
Elements 48 4104 21840 95200 2120000
Stress 222 634 688 700 700
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APPENDIX B - ACRR CORE LAYOUT

Figure B.1 shows map of the ACRR core. The six purple elements represent the

elements in the peak locations of the ACRR.
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Figure B.1: ACRR core layout.
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