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Abstract

The theory and process behind evaluating the lifetime of a key reactor
component in the Pebble-Bed Fluoride Salt-Cooled High Temperature Reactor (PB-
FHR) is detailed. Development of a large-scale, commercial PB-FHR design is
currently being spearheaded by the University of California-Berkeley (UCB) as a
part of the FHR-Integrated Research Project (FHR-IRP), a joint collaboration
between UCB, the University of Wisconsin-Madison, and MIT. The design developed
at UCB involves an annular PB-FHR core with a graphite central reflector that will be
utilized for reactivity control and coolant insertion. Examining the time limitation of
the geometric integrity of the central reflector is key in evaluating the feasibility of
such a design.

A study using the FEM program COMSOL multiphysics was used to ultimately
determine the lifetime of this central reflector. The damage rate and fluence
deposition were first calculated using MCNP5. Using experimental data, a
dimensional change was imposed on the differential volumes within the mesh given
their fluences. This dimensional change then induced stresses in the model, which
were quantified with COMSOL. This was done using a pseudo-temperature
distribution, as COMSOL is not readily adaptable to a direct approach neutron
damage analysis. As such, the model does not calculate the volume changes based on
the actual mechanisms of radiation damage, but instead uses the experimental data
to impose the dimensional changes. This method was used to determine a lifetime
for a test case, a large monolithic central reflector, and a central reflector assembled
from smaller graphite blocks with a more complex geometry.

This method could be used as a first-order estimate of component lifetime for
any material where the dimensional changes as a function of neutron fluence are
known. Most data is also temperature dependent, so choosing experimental data
relevant to one’s system is extremely important for a meaningful result. Other
physics, including, but not limited to creep, thermal stress, structural loading, and
bending may also be relevant to other studies, but were not examined for this
project.
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1. Introduction

Fluoride salt cooled, high temperature reactors (FHRs) provide a potentially
attractive technology to deliver safe, high-temperature nuclear power. The FHR
Integrated Research Project (FHR-IRP) is a joint collaboration between UCB, the
University of Wisconsin-Madison, and MIT to investigate FHRs as a reactor concept.
Each university has a separate and distinct role on the project; UCB specifically
focuses on neutronics and thermal hydraulics studies for FHRs. To perform this
work UCB also developed a preconceptual design for pebble bed FHR. A series of
white papers have been published outlining the progress of the FHR-IRP [1,2, 15,
16].

The variant of the FHR currently under development at UCB is a 236 MWth
Mark 1 Pebble Bed FHR (Mk1 PB-FHR) [21]. The pebbles in this design are
positively buoyant in the Flibe, a fluoride lithium beryllium eutectic salt. The flibe is
enriched in Li-7, as Li-6 is a significant neutron absorber and will adversely affect
the burnup optimization in the core. The flibe absorbs heat from the pebbles, which
are continuously recirculated through the core. Some pebbles include fuel, but
others are inert graphite pebbles used to shield the outer reflector from radiation
damage. This PB-FHR design is also an annular core—meaning that there is an
inner, central reflector. This reflector not only minimizes power peaking in the core
by spreading the power over a larger cross-sectional area, but it also provides
reactivity control, which is extremely important for the reliability and control of the
FHR during operation. The central reflector houses the control rod channels, which
will be used for reactivity control. As such, it is not a viable option to add an inert
graphite pebble blanket to protect this reflector, as the graphite pebbles will reduce
the effectiveness of the control rods by increasing the distance between the strongly
neutron absorbing control rods and the active, neutron-producing fuel. However,
the central reflector will see extremely high neutron fluences over the lifetime of the
core. All materials change over time under neutron irradiation conditions, and
graphite is not excluded. It is extremely important, then, to determine at which point
in the reactor lifetime that the structural and physical integrity of the central
reflector will be compromised, which may include breakage, excessive physical
deformation, or by blocking the control rod channels.

This report documents the background, methodology, and theory used to
evaluate the PB-FHR central reflector neutron damage rates and lifetime. It should
be noted that this is a first-order approach to the problem, and further into the PB-
FHR design process a more comprehensive analysis that includes full core lifetime
physics should also be performed.

2. Background

Several previous studies have investigated the design optimization of fuel
and core of the Mk1 PB-FHR [12]. However, these analyses were optimized for
thermal-hydraulic, neutronic, and some economic feedback; a more refined analysis
of key reactor components will be required for a more detailed look at component
replacement frequency. The inner central reflector of the PB-FHR will see some of



the highest neutron fluxes in the core, which will expose the central reflector to high
damage rates and place a limitation on the lifetime of this key component. The
central reflector is integral to the safe and controlled operation of the PB-FHR
because it provides coolant flow paths to create cross flow in the core and it houses
the control rod channels, which are required for reactivity control during full-power
operation, as well as reactivity control for startup and shutdown. The geometric
integrity of these channels is required for control rod insertion, and determining a
central reflector lifetime based on material limitations and core conditions that will
compromise the central reflector’s integrity is essential for the evaluation of the
feasibility of a PB-FHR reactor design.

2.1 Nuclear Grade Graphite

The PB-FHR central reflector serves the neutronic purpose of reflecting
neutrons back into the pebble-filled core. This is accomplished with a solid material
with low atomic mass, low probability of neutron absorption, and with low chemical
reactivity in the salt. Graphite, due to its extensive use in high temperature gas
cooled reactors (HTGRs) [10, 14, 18, 19, 24, 25, 31] is an attractive choice for use in
FHRs as well. Nuclear grade graphite (NGG) is a variant form of graphite with very
low impurity levels. For the purposes of the central reflector, an isotropic graphite is
also important. Isotropic graphite is characterized by having similar material
properties in the parallel and perpendicular planes (usually an isotropy ratio is
defined as the ratio between thermal expansion coefficients), where the parallel and
perpendicular planes are measured in reference to the forming axis [10].

To create a NGG, usually the manufacturer starts with coke. Coke is a heat-
treated byproduct of either petroleum or coal processes (petroleum coke or pitch
coke), which, at high enough temperatures, separates the high Z impurities from the
low Z carbonaceous solid. The coke is crushed and then formed with either
extrusion, molding, vibrational molding, or isostatic pressing [24, 25, 27]. This solid
is then baked at a high temperature for graphitization, and the material forms a
more stable lattice structure. Depending on the molding method, the graphite
crystals will preferentially align, which will lead to anisotropic material properties.
This anisotropy can be minimized by having very medium to fine grain size from the
coke, and the processing methods can also influence this outcome. Fine grained
graphites formed with isostatic pressing can produce near-isotropic NGGs [4].

Depending on the purity of the NGG, applications of the material might be
limited to certain areas of the core. Very high purity NGGs are optimal for high
fluence regions in the core, as they will have very low neutron absorption and
activation. Pitch coke formed NGGs are often candidates for high-fluence regions of
the core as they are produced in a gaseous phase, and so have lower impurity levels
than the petroleum coke blended graphites [7].

It is important to note that while all NGGs are graphite, their formation
methods and source material ultimately will influence their material properties. The
material properties of different NGGs range significantly. Density ranges from
1.7g/cm?3 to 1.9g/cm3. The thermal expansion coefficient and Young’s modulus vary



up to 10%, and their strengths (tensile, bending and compression) vary orders of
magnitude. For reference, see Table 3.1.1

Ultimately, IG-110 NGG was chosen as the preliminary graphite with which to
analyze the radiation-induced stresses in the central reflector. This choice was
primarily based on the availability of data on the material properties of IG-110 at
the temperature regimes that the PB-FHR will have, as well as the breadth of data of
material properties over a large range of fluences. With data that potentially spans
fluence levels not seen in the central reflector for several years, the amount of data
extrapolation will be minimized.

2.2 Heavy-lon and Neutron Damage in Materials

Understanding the mechanisms and theory behind radiation damage is a
large and well-explored subfield of materials science. The Kinchin-Pease model was
one of the first to illustrate damage propagation instigated by neutron damage in
materials. An energetic neutron will travel into a material and interact with a lattice
atom. If the neutron energy is larger than the displacement energy (Ep) of the
material, it will knock the atom out of its lattice site, creating a lattice vacancy. This
atom is then called the primary knockon atom (PKA), and if it does not move to
another vacant lattice site it will become an interstitial defect. The displacement
energy is the energy required to knock an atom out of a lattice site. It should be
noted that this energy is different and not equal to the binding energy of the atom in
the lattice. For Graphite Ep is ~24eV to 60eV [ 4], and Eg is ~7eV. The PKA will then
have a kinetic energy that was imparted from the interacting particle, in this case a
neutron. Due to its much larger size, and that it has been knocked out of its
energetically stable lattice site, it will interact almost immediately with other atoms
in the surrounding lattice, creating other atomic displacement atoms, or secondary
knockon atoms (SKAs). This continual passing of kinetic energy to lattice atoms and
knocking them out of lattice sites is called a displacement cascade. Displacement
cascades create large amounts of vacancy and interstitial defects, as well as
multidimensional material defects. In this process, there will be a wake of
displacements created as the incident particle, PKA, and SKAs continue through the
material from the initial interaction. Early on in this process, one can imagine a large
cluster of vacancies bounded by a layer of lattice atoms with a large population of
interstitial defects. The first model of this “displacement spike” can be found in Fig.
2.2.1 After some time, diffusion will move both of these defects and the material will
return to a more energetically favorable state. However, this process begins almost
instantaneously, and so Fig 2.2.1 was revised to a more realistic FIGURE 2.2.2 [29].
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Figure 2.2.1: Original displacement cascade model [29]
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Figure 2.2.2: Later model for displacement spike [29]

Radiation damage is usually expressed in units of displacements per atom, or
DPA. This is a numerical expression of the displacement cascade described in the
previous paragraphs. The total number of displacements created for an atom of
kinetic energy T can be found by:

T

- 2E,
where Ep is the displacement energy of the atom in the lattice material. Note that the
displacement energy has a significant range, and so the calculated Nq4 can vary
significantly (in the case of graphite, almost 50%). However, in a reactor system it is
more useful to consider the damage imparted by the neutron flux in the reactor.
First consider the total scattering reaction rate per unit volume of neutrons in the
material:

Np

Rscatters = dsN¢



which gives the total scatters in the material per second. Multiplying this by the
displacements created per neutron scattered, Np, we have the total number of
displacements created per cm3 per second:

Rdisplacements = Rscatters * ND

Integrating this over time and dividing by the number density of the material,
we have an expression for DPA, or the average number of times each atom in the
material has been displaced:

DPA = fRdiSPlaC;lmentsdt

Assuming that the cross section, number density and flux are constant with

time:
Rdisplacements *

N

DPA =

Bringing everything together:

o, NptN
DPA = # = g,¢tN,

In terms of fluence, or the multiple of flux and time:
DPA = o,®N,

And in an energy dependent form:

DPA = ﬂ os(E, t)¢p(E, t)Np(E, t) dtdE

Integrating over time, the DPA can be written in terms of an energy-
dependent fluence (This assumes that Np and o, do not change with t):

DPA = f ®(E)a,(E)Np (E) dtdE

For a reactor system, the energy-dependent integral form of DPA is
necessary, as the neutron flux is varies significantly with neutron energy. DPA is
more often used as a damage measurement for ion beam irradiation, as the beam is
monoenergetic and the variables are approximated as time-independent. While
literature may express experimental results for ion-beam irradiation as a function of
DPA, it is also common to express damage results as a function of fast fluence for
reactor systems. The fast fluence is defined as:



P = foo ftgb(E,t) dt dE
E 0

fast

Where Efast is the lower limit of “fast” neutrons. This value ranges throughout
the literature, but is usually in the range of 0.1 MeV to 0.5 MeV. For this study,
choosing to represent damage as a function of fast fluence instead of DPA was
chosen because it had less variation in the literature for its calculation. Note that
DPA and fluence are expressed in different units: displacements/atom and
particles/cm?, respectively. Relations between the two have been correlated [10, 27,
31], but are dependent on the reactor system in question, as well as on the
arbitrarily chosen displacement energy.

2.3 Response of Graphite to Neutron Damage

While the previous section described the generic treatment of radiation
damage in materials, the reaction of different materials to radiation damage varies
significantly. In a material, once an atom is knocked out of its lattice site, the atom’s
fate can either be that it finds a vacancy or grain boundary and “heals” out, or it will
be an interstitial defect—an atom not bound in the lattice, but still in the crystal.
Because the nature of graphite, bonds are in “sheets”, with strong bonds along the
sheet and a weaker bond between the sheets. The interstitial defects will
preferentially move along sheets, but not across them. Of those that do not heal out,
many coalesce to form a new “sheet” of graphite, creating a dislocation loop. The
mobility of the interstitial graphite atoms is highly dependent on the neutron energy
spectrum, the temperature of irradiation, and the number of defects in the material.
At high temperatures, interstitials are highly mobile and a large proportion of them
will heal out. In general, the formation of interstitial defects will swell the graphite
perpendicular to the planar sheets, and the production of vacancies in the sheets
will tend to shrink the graphite in the parallel direction [4, 7, 19].

The planar structure of the graphite bonds make it such that graphite is
unique among reactor structural materials in its response to radiation damage. Most
materials begin to swell under neutron irradiation due to the production of defects
in the material. Graphite responds to neutron irradiation by first shrinking, and then
swelling. The nature of this response has been studied thoroughly [7], but is still not
completely understood. The foregoing theory is that the interstitials cause cross-
linking of the planes, which caused the planes to bend, fragment, and then tilt [7].
The magnitude of this effect increases with temperature, but also occurs at greater
fluences. The response of a particular grade of nuclear graphite to fast neutron
damage is illustrated in Fig 2.3.1. Because this particular grade of graphite is
relatively isotropic, with no long-range sheet structure, the dimensional change is
equal in all three directions.
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Figure 2.3.1: Dimensional Change of IG-110 Graphite at Various Irradiation Temperatures [31]

The presence of atomic impurities in materials also influences how likely it
will be for a defect to heal out of the system. This is because the atomic impurities
create energetic discontinuities in the lattice, which hinders defect migration. With
hindered dislocation motion, the shrinkage and swelling of graphite is likely to be
magnified, creating a stress profile with larger magnitudes, and a shorter lifetime in
the reactor system.

Future design iterations of the central reflector of the PB-FHR ultimately will
be designed to minimize the radiation-induced stresses while maintaining control
rod and coolant channel functionality. However, starting the analysis with a baseline
design will inform the design process and quantify the relative effect of various
design iterations on minimizing radiation-induced stresses. As such, the baseline
design will be the most simplified version of the central reflector, with as much
geometric simplicity as possible.

3. Methodology

The objective of this project is to quantify radiation-induced stresses in the
Mk1 PB-FHR graphite central reflector using readily available structural mechanics
codes. The following section will outline the methodology by which this was
achieved, and what potential limitations this analysis might have. This project
primarily used two code systems: MCNP5 and COMSOL multiphysics. COMSOL
multiphysics has a vast range of applicability in structural mechanics, but also has
heat transfer and fluid mechanics modules. Previous modeling has been performed
by the Thermal-Hydraulics (TH) group at UC Berkeley using COMSOL'’s heat transfer
and fluid mechanics modules. An analysis using the physics of all three phenomena
can be readily implemented in the future by continuing analysis in COMSOL.



Utilizing the experience base of COMSOL in the TH group also aided in a faster and
more thorough analysis of this problem.

While COMSOL is the primary tool used in directly calculating the radiation-
induced stresses of the central graphite reflector, it requires input on the state of the
central reflector while it is in the core. In short, it requires some information on the
quantity of neutron damage that the central reflector has received. MCNP5 has an
extensive experience base worldwide, and previous analyses of the PB-FHR [10]
have been performed with it, so continuing to perform neutron transport
calculations with its use was a logical step. As outlined in Section 2, the neutron
damage of the central reflector is dependent on the fast neutron fluence. The fast
flux is readily calculated with an f4 mesh tally in MCNPS5, and then the stress state at
different points in the reactor lifetime can be evaluated by multiplying the flux by
the residence time of the central reflector in the core.

With a known fast fluence distribution over the central reflector, data from
the literature on the dimensional change response of graphite as a function of fast
fluence can be incorporated into the COMSOL model. This distribution of
dimensional changes on a large component then induces a stress distribution, which
at some point will limit the reflector’s lifetime. The stress distribution can be
calculated by incorporating the dimensional change data in COMSOL, as well as
various material properties required to perform the calculation. The following
sections outline the data required and methodology used to perform these steps and
evaluate the central reflector lifetime.

3.1 Material Properties
In its most basic form, stress is related to strain by the following equation:
o =Ee
where o is the stress, E is young’s modulus, or the elastic modulus, and € is the
strain. Material properties of unirradiated graphite are in Tables 3.1.1-3.1.3, from

various sources.

Table 2
Physical and mechanical properties of some common nuclear graphites (Burchell 1999).

Strength® (MPa)

Forming  Bulk density  Elastic modulus" T'hermal conductivity"
Grade Source method* (gem™®) (GPa) Tensile Bend Compression (Wm'K™") CTE" (10 °K™")
PGA UK E 1.74 12/5 17/11 19/12 27/27 200/109 0.9/2.8
SM2-24 UK M 1.7 8/8.5 12 19 47
Pitch-coke UK /France E 1.8 13/10 25/17 32/26 70/63 130/135 4/3.8
IM1-24 UK M 1.81 11 21.5 23 70 131 4.3
AGOT USA E 1.7 10/8 10/9 16/13 41/41 227/138 2.2/38
H-451 USA E 1.75 11/9.6 15/13 20/24 60/60 150/135 3.5/4.5
ASR-1RS Germany M 1.78 9.9/9.2 15/14  26/232 67/63 125 4.7/49
1G-110 Japan | 1.75 10 25 34 7 124/138 4/3.6
I'SX USA E 1.7 14/3.8 25/7 1/4
GR-280 Russia E 1.72 6.5/5 7.6/6 34/24 103/89 3.2/49
GR2-125 Russia E 1.85 12/8.5 15/8 59/59 160/100 3.9/5.2
a E, extruded; M, molded; 1, isostatic pressing. b Parallel/perpendicular to the forming axis

Table 3.1.1: Material Properties of Common NGGs [4]



Typical virgin material property for isotropic graphite

Material property of isotropic graphite Values
Density (gicm®) 1.81

Mecan coefficient of thermal expansion (CTE) (*C) 435x 107
Poisson’s ratio 0.2

Dynamic Young's modulus (GPa) 10

Table 3.1.2: Typical virgin material properties for Isotropic Graphite [32]

Table 2 Typical properties of several well-known grades of nuclear graphite

Property PGA CSF Gilsocarbon IG-110 H451

Production method Extruded Extruded Press-molded Iso-molded Extruded

Direction WG AG WG AG WG AG WG AG WG AG

Density (gcm 3 1.74 1.66 1.81 1.77 1.76

Thermal conductivity 200 108 165 97 131 116 158 137
Wm'K)

CTE, 20-120°C (10 ®K ) 0.9 28 1.2 3.1 43

CTE, 350-450°C (10 °K ™) 45

CTE, 500°C (10 °K ™) 1.5 35 3.6 40 4.4 5.1

Young's modulus (GPa) 1.7 54 8.0 4.8 10.9 9.8 8.51 7.38

Poisson’s ratio ~0.07 0.21 0.14 0.15

Strength, tensile (MPa) 17 1 17.5 245 15.2 13.7

Strength, flexural (MPa) 19 12 23.0 39.2

Strength, compressive (MPa) 27 27 70.0 78.5 55.3 52.7

Table 3.1.3: Properties of NGGs [25]

Note the significant variation in material properties for various NGGs, and
also the significant variation in densities for different (and even the same) NGGs.
The choice of [G-110 graphite for this analysis was elaborated upon in previous
sections. The availability of fluence-dependent properties was a limiting factor for
these analyses, but H-451 also had a substantial dataset on fluence-dependent
properties [10]. Note the difference in tensile strengths between the two materials,
however. IG-110 has a greater tensile and a greater compressive strength than H-
451 graphite, but a comparable elastic modulus. Given that the tensile strength,
which is the limiting factor for failure (see section 3.5), is 40% greater for [G-110, it
appears to be a more attractive candidate for our first analysis. However, with
further iterations on this research it may be revealed that H-451 graphite performs
the best overall when other factors, like creep (which reduces stresses over time),
are also accounted for.

It has been evident throughout the previous sections of this paper that the
graphite will undergo dimensional changes as a result of neutron irradiation.
However, several material properties are also fluence-dependent [10,31], and were
accounted for in the model.

Of primary importance, the elastic modulus, or Young’s modulus (stated in
the previous equation) relates stress and strain, and varies as a function of radiation
damage [31], as illustrated in Figure 3.1.1.
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Other material properties that vary as a function of fluence were the thermal
conductivity (Fig 3.1.2), the ultimate tensile strength of the material (Fig 3.1.4) , and
the thermal expansion coefficient (Fig 3.1.3).
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Figure 3.1.2: Change in Thermal Conductivity as a Function of Fast Neutron Fluence [31]
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Figure 3.1.4: Change in Tensile Strength as a Function of Fast Neutron Fluence [31]

Though the thermal conductivity and coefficient of thermal expansion are
fluence-dependent properties, they were not accounted for in the COMSOL model.
The reason for their exclusion was primarily due to the fact that a temperature
distribution was imposed on the model to simulate radiation-induced stress. As a
result, adding the fluence-dependent thermal conductivity would be useful for heat-
transfer calculations, but the nonphysical temperature distribution would imply



that the user would be performing a heat transfer calculation on a non-existent
temperature state in the central reflector. Should a user want to perform a heat-
transfer calculation with perturbed thermal conductivity properties, implementing
a fluence-dependency following the methodology in this paper would be beneficial,
but the pseudo-temperature distribution to impose radiation-induced stresses
would have to be excluded from the analysis. The fluence-dependent thermal
expansion coefficient was also excluded from the model. This is because the pseudo-
temperature distribution required a pseudo-thermal expansion coefficient to
simulate radiation-induced stresses. The thermal expansion coefficient used in this
analysis, then, did not match actual thermal expansion coefficient of IG-110
graphite, but was chosen instead to satisfy physical requirements for the irridation-
induced stress model. The choice of this value is elaborated upon in section 3.4.

Lastly, the tensile strength of the material changes as a function of fast
neutron fluence. This was not accounted for in the model as we aimed for a
conservative estimate for the central reflector lifetime. The addition of fluence-
dependent strength would add a factor of ~2 to the UTS of the material post-
irradiation. By not accounting for this mechanism, the lifetime estimate will be
shorter and also be more representative of the UTS of the entire component: the
heavily irradiated edges and the low-fluence center.

3.2 The Pseudo-Temperature Distribution

Code packages such as COMSOL do not come readily equipped to perform a
radiation-induced stress calculation, provided some fluence distribution in a reactor
component. In projects like the HTGR and HTR-10, codes were developed in-house
to analyze these types of stresses [5,19,28]. Throughout its lifetime, the inner
central reflector will see a strain composed of a number of different sources [11]:

€tot = Ethermal + 6-creep + €radation + Epressure + Eother

Because the strains are additive, they can be evaluated separately and
compared to one another throughout the lifetime of the reflector. That said, they are
not mutually exclusive, as radiation damage does influence material properties, and
can influence the magnitude of strains not obviously attributed to radiation (such as
thermal stresses). With this in mind, evaluating the stresses (or strains) of
radiation-induced swelling was the primary objective, and other stresses could help
determine the overall relative effect of radiation-induced swelling.

Graphite is a historically used reactor material, so a significant amount of
data exists on the amount of swelling that will occur in a reactor environment. For
radiation-induced swelling, measurements to specific types of NGG are available in
the literature [24,27,31]. Below is the correlation for IG-110 that was used for this
project, taken as a quadratic fit from the data for Fig 3.2.1.
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Figure 3.2.1: Dimensional Change of IG-110 Graphite at Various Irradiation Temperatures [31]

By fitting a curve to this data, a function for the dimensional change of
graphite (strain) as a function of fluence can be determined from a quadratic fit,
which would approximately resemble:

— 2
€radiation swelling — xxx * @ + xxx x O+ P

where @ is the reported fluence measured in 1022 n/cm?, or 1026 n/m?2.

Knowing that for a particular fluence under zero stress an unrestrained
strain is induced, it is then possible to think of other strain-inducing mechanisms
that occur in nature. In particular, in extreme temperature environments, with high
thermal gradients, one can observe significant thermally-induced strains. The end
product of such a thermal environment and the radiation environment for this case
is the same: a resultant strain that, under restrained conditions, induces stress. It is
then possible to consider an alternative approach to simulate the radiation-induced
stresses in COMSOL, where the user uses the thermal expansion physics to reflect
radiation damage physics instead. Consider, for example, the equation for thermal
stress:

Ethermal = a(T - Tref)

where a is the coefficient of linear thermal expansion (if the volumetric expansion
coefficient is given, it must be converted to the linear expansion coefficient), and Tref
is the unstrained reference temperature. Consider also the strain resulting from
radiation-induced swelling, which can be fit to the data with a polynomial equation:



— 2
€radiation swelling — xxx * O + xxx x O+ P

Consider, then, if one were to use a temperature distribution that gave the
same strain:

€radiation swelling = €thermal

the radiation swelling can then be imposed with an arbitrarily chosen thermal
expansion coefficient and temperature difference:

Eradiation swelling = a(Tfluence - TO)

where Ty is an arbitrarily chosen unstrained reference temperature, and alpha is an
arbitrarily chosen thermal expansion coefficient. The thermal expansion coefficient
can be any number, but the criteria used for the purpose of this study was limited
by: ensuring that the quantity Tpuence-To never got too ‘extreme’, such as a 10000K
temperature difference, and also making sure that at the maximum contraction
Tfuence never could be below 0K—a nonphysical simulation. Rearranging, the above
equation, and replacing:

Eradiation swelling

Tfluence = a + TO
xxx * P2 + xxx x« ® + P
Tfluence = a + TO

Consequently we now have an equation for the fluence-dependent
temperature profile in a reactor component. For this particular project, the
correlation used (with fluence in terms of 10*22 n/cm?) was:

Triuence = 229.9 * ®% — 617.4 * ® + 546.24

A temperature distribution can then be imposed in COMSOL or any other
multiphysics package that reflects the distribution of radiation-induced swelling
from the fluence profile within the central reflector. This will enable a more
thorough analysis of the stress profiles that the component will see, and the
limitations of this key component throughout its lifetime can be evaluated.

[t is because there is a distribution of radiation damage within the reflector
that this methodology is required. Should a key component be small enough that no
gradient of fluence is imposed across the component, this calculation could be
performed without the assistance of a finite element package such as COMSOL. The
geometry of the central reflector is also limiting. In cases with simple geometry—a
cylinder or sphere, for example—it is possible to calculate the stress distribution
without the aid of a computer. Because a more complex geometry is anticipated in
future iterations of the central reflector, it was necessary to develop a
computational approach to this problem.



3.3 MCNP5

The MCNP5 model was constructed to reflect the same dimensional and
material composition as the CAD model to be discussed in the subsequent section.
The precise core configuration of the PB-FHR is described in previous publications
[12], so this discussion will be limited to the central reflector and the basic core
configuration.

Control Blade Channel
Control Rod Channel
Outer Reflector

Graphite Pebble Blanket

LEU Pebble Core

Central reflector

Figure 3.3.1: CAD Model Cutaway of PB-FHR Core

The fueled pebbles are represented in the above image by the green shaded
region in the core. The pebbles enter the reactor core from the bottom and flow
upwards through the core, as they are neutrally buoyant in the coolant, which
moves upwards due to natural circulation. The pebbles surround the graphite
central reflector, making this an annular core design. The central reflector houses
the control rod channels, as well as guide channels for control blades that insert
directly into the bed. The outer reflector is protected from a fast neutron flux by an
inert graphite pebble blanket, displayed in yellow in the figure above. The inert
graphite blanket also moves through the core as the fueled pebbles do, and so can be
replaced during operation. The inner reflector cannot have an inert graphite pebble
blanket as a shield, as the pebble blanket would have adverse effects on the
reactivity worth of control rods, rendering them less effective for reactivity control.



MCNP Model = CAD Model

Figure 3.3.2: MCNP vs CAD model of PB-FHR Core, [12]

The MCNP model and the CAD model have been matched as closely as
possible, but limitations between the two methods prevent them from being
identical. To ensure that the results obtained from MCNP were placed in the correct
locations on the CAD model, the results were scaled to the central reflector axial
centerline, which is the region of the highest fast flux, and thus the region of highest
importance. Below a central reflector specific image of the CAD rendered central
reflector with regions and dimensions labeled can be found.
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Figure 3.3.3: Relevant Central Reflector Dimensions and Labeled Axial Segmentation



The fuel composition of the MCNP5 model represents the equilibrium state,
and was determined using the method detailed by Cisneros [12]. The equilibrium
state of the core was used to determine the fast fluence, and thus the radiation-
induced stresses, for a number of reasons: (1) the central reflector is likely to be in
the core for several pebble lifetimes, and so will see an equilibrium core for the
majority of its lifetime, and (2) a precise approach to equilibrium will be determined
based on future analyses. Depending on the approach to equilibrium used, the
neutron energy spectrum may vary, which would affect the dose rate differently in
the inner central reflector. Performing an analysis that reflects the startup of the
core would be contingent upon the evaluation and choice of a startup method, and
so cannot be done at this time. Additionally, a detailed, time-varying analysis of the
core—including the aforementioned startup and approach to equilibrium—would
only be necessary after the PB-FHR can be considered a viable reactor concept, as it
will involve a significant investment in computational resources and methods
development. This analysis is one aspect of the proof of viability, and so will inform
the choice whether to pursue those analyses.

With the geometry of the PB-FHR defined from previous studies, MCNP5 [6]
was used to determine the fast fluence distribution in the graphite central reflector.
This was done with a series of F4 mesh tallies. A sample of one of these mesh tallies
is shown below.

- defueling chute and converging region

] iints=10 10
§ jints=1 5

kints=1

Figure 3.3.4: Example Mesh Tally Used to Tally Fast Flux In Central Reflector

The first line geom = cyl denotes the mesh tally’s coordinate system to be
cylindrical. Emesh specifies the energy meshing that the user wishes to bin. The first
bin is from 1e-11 MeV to 0.1MeV, and the second bin is from 0.1 MeV to 20 MeV.
Recall that the literature values for the radiation-induced swelling was measured in
terms of the fast fluence, where the fast fluence was specified to be all neutrons with
an energy greater than 0.1 MeV. The three intermediate lines specify the geometry
of the mesh tally for the i j and k coordinates, respectively. Here i represents the
radial coordinate, j represents the axial coordinate, and k is the azimuthal
coordinate. The first line, imesh specifies two intervals of mesh, the first from 0.0 to
50.0cm with 10 bins in that interval and the second from 50.0cm to 71.0cm with 10
bins in that interval. Each interval can have different amounts of bins, which is
exemplified in the proceeding line in jmesh. Note that this is only one of the tallies
used for this calculation. Each axial region in Fig 3.3.3 had a separate mesh tally. The
most important region of the central reflector, the main shaft, has a much finer
meshing with 0.5cm radial zoning in the outer 10cm of the shaft.

The f4 binning of fast flux could have been done with a single f4 mesh tally
running the entire length and width of the central reflector, however it would not be
an efficient way to obtain results. The edges of the central reflector see the highest



fast flux, and so are very important for stress analysis. The inner portions see a
much softer energy spectrum, and so will not be as affected by the fast flux. Thus the
edges of the central reflector require a finer meshing, but at some axial locations the
edge of the reflector lies at a different radius than others. Performing this
calculation with a single mesh tally would require a fine mesh over areas of the
central reflector with low fast fluence, and to achieve statistical significance in the
results, the calculation would take much longer. As a result, five different mesh
tallies formed a composite overall meshing of the central reflector, with each mesh
tally segmenting axial regions of the central reflector: the entrance region, the
diverging region, the main shaft, the converging region, and the exit region.

The results from the f4 tally are units of neutrons/cm?2-source neutron, which
is a time independent result. In particular, an f4 mesh tally is defaulted to the track-
length estimate of the flux, averaged over the mesh cell [6]. To obtain a flux, this
quantity must be scaled to the source neutron emission rate. By using the total
thermal power of the core, the energy per fission, and neutrons emitted per fission?,
the source neutron emission rate was calculated?. Multiplying the result of the f4
mesh tally and the calculated source neutron emission rate, the flux in each mesh
cell volume was calculated (units of neutrons/cm?-second). The fluence in each
mesh cell volume was then calculated by multiplying flux by the time of irradiation,
returning units in neutrons/cm?.

Each calculated fluence corresponded to a geometric volume that was
defined in the mesh tally previously. To import this into COMSOL, every fluence
value was assigned to a corresponding data point at the center of each mesh cell.
Then COMSOL read each fluence value at the R,Z midpoint location and interpolated
linearly to the next mesh location. The plotted fluence distribution on the COMSOL
volume is displayed in Fig 3.3.5. Additionally, the fluence distribution at a 275cm cut
plane is displayed in Fig 3.3.6.

It is of importance to note the very different mesh cell size between 0-0.25
cm and 0.25 to 0.35m in fig 3.3.6. This is due to the differing mesh cell size in MCNP,
which was limited by computational time and statistics. This inner mesh was not
refined to a further extent because the region is less important than the higher
fluence rate outer region of the central shaft, which dominated the limiting tensile
loading in the central reflector. Therefore a coarser mesh to see the trend of fluence
distribution sufficed for this inner region. While this fluence data is taken from
COMSOL, it reflects directly what was outputted from MCNP5. However, COMSOL
does interpolate between values taken from the coarser MCNP5 mesh to reflect the
mesh that COMSOL will use to perform the stress analysis. Therefore the data in
Figure 3.3.6 represents the flux that COMSOL is using to perform the stress analysis,
which was taken (and interpolated) from MCNP5. The fluence data for 0.25 to 0.35m
had errors of less than 1%.

1236 MWth was used as the nominal thermal power of the PB-FHR core, 200 MeV per fission was
used for the energy per fission, and 2.564 as the value for neutrons emitted per fission.
2 The resultant source neutron emission rate was 1.88e19 source neutrons/second.
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Figure 3.3.5: Fluence Distribution in the Central Reflector After 2 Effective Full Power Years. Model
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3.4 COMSOL

As previously mentioned, the structural mechanics module was used in
COMSOL [13] to perform the stress analysis. The core geometry was readily
imported into COMSOL using previous CAD drawings done in SolidWorks detailed in
previous publications [21,22]. The COMSOL model used 2-D axisymmetric
geometry, as the central reflector has azimuthal symmetry without control rod
channels. However, in future iterations with control rod channels and added
complexity to the central reflector structure, a model using 3D cylindrical geometry
will be required. COMSOL has a multitude of physics package extensions available to
the user, but the structural mechanics and heat transfer modules were the two
primarily utilized for this project. In the anticipation of a continuation of this work,
this section will attempt to step through the creation of the COMSOL model used for
this project.

First the geometry was imported with the CAD import module as exemplified

in Fig 3.4.1a and 3.4.1b.
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Figure 3.4.1a: Adding the Import Module to Import Geometry to a COMSOL model
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Figure 3.4.1b: Browse appropriate files for CAD model to import

The user then needs to add the appropriate physics packages to the model
(Fig 4.3.2a). In this case, the solid mechanics module is chosen (Fig 4.3.2b).
However, multiple modules can be used so long as the user defines variables
adequately for a solution to be found.
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Figure 3.4.2a: Add Physics to COMSOL Model
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With the geometry imported and the module choice finalized, one can begin
with defining the variables and parameters required for the calculation. In the
immediate proceeding paragraphs, this paper will attempt to step through the
pertinent portions of the model for calculating radiation-induced stress so future
users can easily replicate this work.

First, this model specifically used several fluence-dependent properties. In
the global definitions drop-down menu, the functions that correlate various material
properties with fluence are defined. Interpolation 1 in the figure below interpolated
the fluence data and the data from MCNPS5.
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Figure 3.4.3: Global Definitions



Expanding this tab, one can see Interpolation 1 has four different data sets
each with the same two independent variables. Data set 1 is the “Thermal Fluence”,
Data set 2 is the “Fast Fluence”, Data Set 3 is the “Total Fluence” and Data Set 4 is the
“DPA”. All four data sets are imported from a document entitled Importlyr.csv. The
“position in file” corresponds to what column they lie in in the .csv file. Because
these data sets correspond to various axial and radial positions of the central
reflector, the two independent variables are the radius, R, and the axial height, Z,
which are given in arguments of cm.
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Figure 3.4.4: Globally Defined Data for COMSOL Model Applications.

If either the Interpolation 3 (Y_Y01) or Interpolation 4 (S_So) tab is
expanded, one can see that the data is directly inputted into the COMSOL model,
rather than being imported from a .csv file. The function depends on t, which is, in
this case, the fast fluence, and outputs the relative change in the young’s modulus
(giving Y_YO01(t) )or the strength change (S_So(t)) in the material. The interpolation
type chosen for all of these global definitions was nearest neighbor interpolation, as
not enough information exists on the behavior of these functions to warrant a
polynomial interpolation or higher order fit.
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Figure 3.4.5: Imported Data for Interpolation

The global definitions define how young’s modulus, the strength, and the
fluence vary with r and z. However, the model-dependent variables are in the drop-
down menu inside Model-> Definitions—> Variables.
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Figure 3.4.4: Model-Specific Variables

FFluence normalizes the Fast_Fluence value from the global definition
Interpolation 1 to 1022 n/cm?2. The “units” in this fluence are not strictly a fluence, as



they have been normalized to fluence per year. YearT takes the FFluence value and
projects it in time, which is a function of the variable “Year”, outputting units of
fluence at year T. This is valid because the fluence value will increase in a
differential volume linearly with time. However, should the fast fluence vary as a
function of time—due to spectral shifts during the core’s lifetime, for example—this
particular treatment of the fast fluence would require modification. The variable
“Year” can be changed by the user to perform a stress analysis at a particular point
in the reactor’s lifetime. Because the purpose of this study is to determine the
lifetime of the central reflector, this variable is extremely important.

T800 takes the 800K line for dimensional change in Figure 3.4.4 and returns
the pseudo-temperature distribution as a function of YearT with the method
expanded upon in section 3.2. It is the function that takes a fluence as an input and
outputs a temperature value. This is the most important function in this section,
because it transforms the spatially fluctuating fluence to a spatially distributed
temperature. Y800 does the same, but instead uses Interpolation3 to determine the
change in young’s modulus as a function of the total fluence. UTS and UCS also use
the correlation from Interpolation 4 to determine the change in strength of the
material as a function of fluence. Y0, Tensile, and Compressive are the unirradiated
values for the young’s modulus, the tensile strength and compressive strength of the
material. Note that these are both material properties of the material, but are not
required to perform any of the stress analysis calculations in this model, so they
have been included in the “Variables” section.

If, instead, the properties were required for the stress analysis calculation,
they would be defined in the Model>Materials=>1G-110 drop down tab. The
variables with green check marks are “required” to performing requested
calculations, and so this particular model can be solved because all variables are
defined properly.
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Figure 3.4.5: Material Properties Specification



Note that all of the material properties are listed as numbers, with the
exception of Young’'s modulus, which calls to Y800, calculated and defined in the
Model-> Definitions—> Variables tab. This is becauseY800 is a fluence-dependent
material property, but all other material properties are assumed to remain constant
with time. Unless significant mass loss occurs in the graphite, density should remain
relatively constant with time. Because radiation creep is not being simulated in this
particular analysis, it is assumed that poisson’s ratio will remain constant. It should
be noted that poisson’s ratio does not remain constant with time under irradiation
conditions, but its changes are accounted for in radiation-induced creep. Radiation-
induced creep was not in the scope of work for this study, so it was not
incorporated. All non fluence-dependent material properties in this tab were chosen
to match the [G-110 values acquired from the literature, summarized in section 3.1.

Up to this point, the model variables and material properties have been
defined, but the defined parameters have not been projected onto the model
geometry. This is done in the solid mechanics tab.
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Figure 3.4.6: Definitions in the Solid Mechanics Physics Package

Under the solid mechanics module tab, several objects are listed. The body
load is the condition that puts the material in space under a gravity load. The Axial
Symmetry definition chooses a surface to rotate the shape about. In this case, it is
the centerline. “Freel” selects the surfaces that are free to expand in space. Because
the central reflector is in a gravity load, the top and outer edges are selected.
Conversely, “Fixed Constraint 1” notes which surfaces cannot freely expand in space,
which is the bottoms surface. “Initial Values 1” defines no important parameters, but
was automatically included with the Solid Mechanics module selection. The icon to
the left of each item’s description denotes what type of variable the item is. A purple
edge indicates that a surface must be selected, while a white oval indicates that the
item is a volume selection.
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Figure 3.4.7: Adding Thermal Expansion to the Solid Mechanics Physics Module for the Simulation.

The Linear Elastic Material item has an expansion option, which in this case
has been to include thermal expansion. As elaborated upon in section 3.2, thermal
expansion in this project is used to “simulate” radiation-induced expansion. By right
clicking on the Linear Elastic Material, a number of alternate physics options can
also be chosen for the simulation.

Looking in the “Thermal Expansion 1” tab to the right of the Model Builder,
one can see that this is the location where the temperature distribution is finally
imposed on the volume. Under the “Model Inputs” tab, the temperature is user
defined, and T800 has been entered. Recall from the previous paragraphs that T800
is the calculated temperature distribution that correlates to the fluence distribution
over the volume. Trer in the thermal expansion tab is the unstrained reference
temperature. Here it has been chosen to be 540K. Like the thermal expansion
coefficient, this number is arbitrarily chosen by the user. Here it was chosen with
the criteria that at maximum contraction, the material’s pseudo-temperature could
never go below OK. If the user chooses a different thermal expansion coefficient, a
different Trer could also be chosen for the simulation.

To run the simulation, the user must right-click on the study tab, and click
compute. Depending on the calculations that the user would like to be performed,
this can take from a few seconds to a few minutes. By adding different plot groups to
the results tab, the user will need to rerun the computation accordingly.



Figure 3.4.8: Executing th!:e COMSOL simulation. Compute will recomputed all numbers, which is
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required if any of the variables mentioned in earlier figures are changed.

As a sanity check, one should expect that at early-life fluences that the

pseudo-temperature distribution should first trend towards cooler temperatures,
and then at higher fluences trend towards hotter temperatures. Earlier the “Year”
variable was specified at .5, indicating that the central reflector has been irradiated
for 6 months. This is early in the irradiation period, so the outermost edges of the

central reflector should be lower in temperature than the unstrained reference

temperature, Trer. Plotting the temperature distribution at a cut plane halfway up the
central reflector, it is evident that the center of the central reflector has relatively
little temperature perturbation (and, consequently, has seen very little fast fluence),

and the edges are “cooler”, as shown in Fig 3.4.11
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Figure 3.4.9: Plotting Temperature at a cut plane with COMSOL



The user is free to explore the plethora of options that one may choose to
plot in the results section. However, it is outside the scope of this paper to describe
in detail each of these options, so the author leaves it up to the reader for this
exploration.

3.5 Failure Criterion:

An important limitation for any reactor component is its time to failure.
Because the central reflector is a key component for safety and stability of the
reactor system, it is essential to determine how long it will last in the core. A
common rule of thumb used for graphite component lifetime evaluations is the
“turnaround point”. However, this is a rather arbitrary rule, and one can imagine
several scenarios where a component might be at the “turnaround point”. Is it when
a small segment of the component reaches the turnaround point? What defines
“small”? How small could a segment be? How different is the lifetime estimate if one
considers the average fluence seen by the component? It is evident that a more
rigorous approach to evaluating the lifetime is required for large components of
critical importance to the reactor system. Should this study provide the same result
as the “turnaround point” rule, then any confidence in the applicability of this rule
for this system can be justified.

The next iteration of failure, then, is to determine at which point the graphite
will exceed its material limitations: the ultimate tensile strength or the ultimate
compressive stress. Because the central reflector is in a static load, we will neither
consider the bending strength nor the twisting strength. For this study, the ultimate
tensile strength was chosen. It has been shown that materials can withstand
conditions beyond their compressive stress, but beyond the UTS will result in
significant cracking and crack propagation. Additionally, the UTS is a lower total
stress (Table 3.1.1) and so will be more limiting. Additionally, the central reflector
will not see an environment where bending moments, twisting moments, or other
similar situations in normal operation. These would occur in beyond design basis
events (BDBEs), and so the lifetime of the reflector will not take into account these
limitations.

Tensile and Compressive stress limits are determined by applying a load on a
single axis of a sample. However, stresses in real systems are often multidirectional.
The Von Mises criterion[11] is used in the latter cases. It can be summarized as a
method to determine the overall stress in a differential volume, which is a sum of
the root mean square of the principal stresses:

ouses = |(5)[(0 = 0)" + (03— )" + (02— 0]

The time at which the material’s Von Mises stress exceeds the UTS is the
absolute maximum amount of time at which it can be in the radiation environment.
However, the actual lifetime of the component will realistically be when portions of



the central reflector reach some fraction of the UTS; when an engineering safety
factor is incorporated. For the purposes of this study, lifetime evaluations were done
for the point at which the central reflector reached the UTS, and did not include a
safety factor. It should be emphasized here that the purpose of this study is for
scoping and giving a point of reference for central reflector design. For design
optimization for the central reflector and in future iterations of the reflector design,
an engineering factor should undoubtedly be incorporated.

4. Analysis of The Solid Graphite Central Reflector

After the MCNPS5 fluence distribution with sufficient statistics was obtained
and ported to a COMSOL model with the aforementioned specifications, stress
distributions at various stages in the core lifetime could be obtained. A substantial
amount of data can be acquired from each of these time steps, so a snapshot at t=2
years (Figs 4.2-4.9) will be described in full here. Results for other time steps are
available upon request from the author.

As a point of reference, the reflector loading at t=0 (Fig 4.1) is the
unirradiated stress loading of the central reflector. For this particular analysis, a
buoyant load was applied, as if the central reflector were placed in a bath of flibe at
the average temperature of the coolant (650C). As indicated in previous sections,
the ultimate tensile strength of IG-110 graphite is 25MPa. Also recall that the Von
Mises stress is an indication of the tensile stress a macrobody loaded in three
dimensions will experience. As such, the axis of the colorbar ranges from 0 MPa to
just over 25 MPa, where any red coloring indicates that the component is beyond
the ultimate strength. COMSOL defaults to showing the lowest and the highest data
points’ values on the extreme ends of the colorbar legend. It is evident from the
coloring and the loading that the central reflector is well below its ultimate stress
loading, and reaches a local maximum at the rigid boundary at the top. Important
regions of the central reflector, like the axial midplane, are well below an MPa of
loading.

At t=2 years, the Von Mises loading (Fig 4.2) has changed significantly. The
maximum Von Mises stress seen by the central reflector is just over 130 MPa. The
entire surface of the central reflector in the active region of the core has exceeded its
ultimate tensile strength. It does not appear that a solid central reflector of this
design will last even 2 effective full power years in the core, so some design
modification will be necessary to make a central reflector of this type last longer in
the core. Itis not immediately evident from the figure below, but the maximum
tensile stress (noted at the extreme end of the colorbar legend) is located at the
corners where the central shaft meets the expansion and contraction portions of the
central reflector. Note again that this t=2 years cut plane is a sampling of the several
timesteps analyzed.



Von Mises Stress (N/m?) at t = 0 months
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Figure 4.1: Von Mises Stress of Central Reflector Pre-Irradiation. Model Maximum and Minimum Stress
Values are Labeled at Extreme Ends of Colorbar Legend.

As discussed in previous sections, the turnaround point was a time-limiting
metric for reactor components of this type. The pseudo-temperature distribution
can be used to find the turnaround point of this component. If the reflector
temperature distribution reaches its original unstrained reference temperature
(540K), then the reflector has reached the turnaround point. At the axial midplane
(where the flux will be the highest, and so the turnaround point will be reached
earlier in the components lifetime), the outer edges of the central reflector are still
“cooling”, reaching a low temperature of 263.4K (Fig 4.3). As such, it has not even
reached the point of maximum contraction, and is well below the time at which it
will reach the turnaround point. Therefore the turnaround point metric will tend to
overestimate the central reflectors lifetime, and is not suitable for a large
component of this type. A further exploration of this assertion is explored later in
this section.



Von Mises Stress (N/m?) at t = 2 years
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Figure 4.2: Characteristic Von Mises Stress for Cut Plane of Central Reflector After Two Effective Full
Power Years. Model Maximum and Minimum Stress Values are Labeled at Extreme Ends of Colorbar
Legend.
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Figure 4.3: Characteristic Pseudo Temperature Distribution for the Central Reflector at 2 Effective Full

Power Years. Model Maximum and Minimum Temperature Values are Labeled at Extreme Ends of
Colorbar Legend. Treris 540K.



The Von Mises stress is a sum of the squares of each of the resolved stress
dimensional coordinates in space. Resolving each component of the stress reveals
not only which stresses dominate the Von Mises stress, but also help to inform
future design iterations. Note that these axes range from -7.1*107 to 2.5 *107 Pa,
which are the UCS and UTS, respectively.

The stress tensor in r exhibits compressive behavior. The outer regions have
contracted from shrinkage, adding a pressure stress on the inner region of the
reflector, which has seen relatively little fluence, comparatively. Note that the UTS is
exceeded only slightly (as noted on the upper end of the colorbar legend), at what
appears to be the contraction and expansion regions, while the UCS is not exceeded

at all.
Stress tensor, r component (N/m?), t = 2 years
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Figure 4.4: R stress component for XZ cut plane

The z component of stress has enormous tensile stresses. The shrinkage of
the central region elements has created large tensile stresses farther up and down
the central reflector shaft. As a result, this also creates a pressure stress on the
shielded core of the reflector. This component of the stress has by far the largest
range in stress and also exceeds the UTS by the greatest amount.



Stress tensor, z component (N/mz), t =2 years
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Figure 4.5: Z stress component for XZ cut plane

The phi component (or hoop stress) of the stress also exceeds the UTS, but
not by as much as the z component of stress. However, the UTS is exceeded farther
radially into the central reflector material. Both the azimuthal and axial stresses
dominate the Von Mises stress, and will be the limiting factors in determining a
lifetime estimate for the central reflector region.

Stress tensor, phi component (N/m?), t = 2 years

A 8.1618x10’
x10’

2

1

-7
V¥ -2.7451x10’
Figure 4.6: Phi stress component for XZ cut plane

While the vertical cuts of the central reflector reveals the stress distribution
over the entire central reflector, a cut at the axial midplane (z = 275cm) of the



reflector will more readily reveal information in the highest fluence-rate region of
the central reflector while not including the stress-concentrating corners where the
converging and expansion regions begin and end, respectively. Figures 4.7-4.9
include the resolved stresses in R, Z and Phi plotted on this cutaway plane. The
extreme ends of the colorbars on each figure reveal that, indeed, the peak tensile
and compressive stresses on the XZ cutplane (Figs 4.4-4.6) are different than at the
XY cutplane at z=275cm. In particular, both the Z and Phi components of stress have
comparable maximum tensile stresses, but the phi component does not reach as
great of a compressive stress. While the tensile stress is more limiting, a larger
gradient of the stress over a linear distance will add to the Von Mises stress and
tend towards shortening the lifetime of the central reflector.

Stress tensor, phi component (N/m?), t =2 years
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Figure 4.7: Phi stress component for cut plane atz = 275cm

Stress tensor, r component (N/m?), t = 2 years
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Figure 4.8: r stress component for cut plane atz = 275cm



Stress tensor, z component (N/m?), t = 2 years
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Figure 4.9: Z stress component for cut plane atz = 275cm
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Figure 100: Pseudo Temperature Distribution Evolution at Z=275cm.

Looking at Figure 4.10, the surface plot of pseudo-temperature distribution
over radius and time, it is evident that the innermost region of the central reflector



is heavily shielded from this type of fast neutron damage. Even at 240 months the
innermost region has not reached maximum contraction, whereas at r=35cm,
maximum contraction occurs at 55.8 months. The turnaround point occurs when the
central reflector has passed the maximum cooling mark and returns to its original
540K, which occurs at 111.6 months at r=35cm. The turnaround point and point of
maximum contraction are first reached at r=35 cm, so this radial location will be the
most limiting for estimating the lifetime. Note also the distinct change in data
resolution at the r = 25cm mark. This is where the MCNP5 mesh changed from a fine
mesh (r = 25cm to r=35cm) to a coarse mesh. While this data is undoubtedly
coarser, and thus less attractive for this analysis, it is also evident that the outermost
10cm of the central reflector at this location will be the most important for
estimating the lifetime.

Pseudo-Temperature of the Central Reflector R,Z = 35cm ,275cm
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Figure 4.11: Plot of Pseudo Temperature evolution at a specific location on the central reflector. Vertical
lines added to show intersection time of the point of maximum shrinkage and the turnaround point.

Recall that the Von Mises Stress sums the squares of the stress in each
coordinate direction, and provides information on what tensile stress—compared to
the one dimensional materials test—the material is undergoing. Accordingly,
exceeding the ultimate tensile stress is the limiting factor in determining a lifetime
estimate for the central reflector. Figure 4.12 illustrates the very evident
deterioration of the central reflector, where the entire radial span from 0 to 35cm
exceeds the UTS at t=50 months. As the UTS is around 25 MPa, the time at which the
2.5e7 contour line starts is the limited lifetime. From figure 4.13, this occurs at
approximately 6.5 months.
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Figure 4.12: Von Mises Stress at z=275cm for the first 20 EFPY
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Figure 4.13: Von Mises Stress at z=275cm for the first 12 EFPM

The subsequent six surface plots (figs. 4.14-4.19) resolve the stress into each
coordinate: R, Z and Phi. The colormap’s extreme ends are close to the UTS of 25
MPA and UCS of 71MPA. Contour lines have been added to make this data more
accessible. Solid lines indicate tensile stresses and dashed lines indicate
compressive stresses. The earliest point at which the UCS or UTS occurs is the
lifetime limiting time for the central reflector. The data was acquired from COMSOL



for the finest radial mesh at z=275cm, or the axial midplane of the central reflector.
This is roughly the point with the highest fluence deposition rate, and thus the
location at which the stress propagation will occur the fastest while not including
the stress concentrating intersection points for the expansion and contraction
regions of the core. The lifetimes estimates using only each resolved stress is

summarized in Table 4.1.
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Figure 4.14: Resolved stress in Z coordinate only, at z=275 and for the first 20 EFPY.
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Figure 4.15: Resolved stress in Z coordinate only, at z=275 and for the first 12 EFPM.



Stress in Phi Direction, N/m”
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Figure 4.16: Resolved stress in Phi coordinate only, at z=275 and for the first 20 EFPY.
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Figure 4.17: Resolved stress in Phi coordinate only, at z=275 and for the first 12 EFPM.
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Figure 4.18: Resolved stress in R coordinate only, at z=275 and for the first 20 EFPY.
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Figure 4.19: Resolved stress in R coordinate only, at z=275 and for the first 12 EFPM.



5 O@@gnponents of Central Reflector Stress at R,Z = 35cm ,275cm
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Figure 4.20: Z and Phi Resolved stresses at axial centerline and r=35cm. Ultimate tensile and
compressive strengths are included with dashed and dotted red lines.

Lifetime Estimates With Different Failure Criteria

Limiting Factor Time (months) Failure Type

Von Mises (Total Body) 4.2 --
Von Mises (R, Z = 35, 275) 6.5 --

Stress Phi 6.6 Tensile

Stress Z 6.7 Tensile

Stress R 142.2 Tensile
Turnaround Point 111.6 --
Maximum Contraction 55.8 --

Table 4.1: A comparison of different lifetime estimates with various limiting factors. Failure type of Von
Mises is implicitly tensile, while failure types of turnaround and maximum contraction points are
neither UTS nor UCS.

Table 4.1 condenses the data from section 4 into a table with various lifetime
estimates for each marker described in the previous paragraphs. The Von Mises
(Total Body) stress has the shortest lifetime estimate, which is expected, as stress
buildup at the corners of the nonuniform geometry will shorten the lifetime. The
subsequent Von Mises evaluation and the resolved stresses of Z and Phi are
evaluated at the R = 35cm, Z=275cm location, as it is the point with the highest
fluence in the central reflector that does not include the stress buildup at the




corners. This should give some indication of the lifetime of a large component
central reflector with a uniform geometry, which may be representative of a central
reflector constructed of large blocks of graphite. The lifetime estimates increase by a
few months using the Von Mises criterion at this particular location rather than the
full body. Figs 4.15 and 4.17 indicate that the 35 cm radial location is the first point
at which the UTS is exceeded in the Z and Phi stress components, however, these
two components have similar lifetime estimates to the Von Mises criterion. As such,
it would be valuable to reconsider the central reflector geometry, and design it to
resolve stresses in these components. Conversely, the radial stress coordinate is not
limiting, and future design iterations do not require substantial stress relief for this
stress component. The radial stress component provides, in fact, the longest
lifetime estimate for the central reflector.

The lifetime of the reflector using the turnaround point and point of
maximum contraction are also included in Table 4.1. The point of maximum
contraction has nearly an order of magnitude longer lifetime than the Von Mises
criterion, and the turnaround point overestimates the lifetime by an even greater
amount. It is evident that neither of these criteria are conservative in terms of
lifetime estimation, and should only be used on components with small fluence
variation. These two factors should not be used in any situation where large reactor
components see significant fast fluence depositions. Instead, a simulation like the
one described in these pages would be more informative, safe, and conservative.

5. Conclusion

This study aimed to give a preliminary estimate of the lifetime of the graphite
central reflector in the UCB PB-FHR reactor design. The central reflector was
analyzed at various time increments, and it was found that the lifetime was much
shorter than expected. With the current design, the central reflector will last
between 6-7 effective full power months in the PB-FHR core, and even less if the
Von Mises criterion over the entire central reflector is included. However, the
lifetime limit can be extended if the central reflector is evaluated using only the
radial component of the stress. While this is not physical, it provides an upper
bound to the lifetime of future design iterations that relieve axial and azimuthal
stresses.

The outermost edges of the central reflector at the axial centerline reach the
turnaround point at 6.5 EFPY. Because there is close to an order of magnitude
difference in the lifetime of the central reflector using the Von Mises criterion and
the turnaround point method, it is evident that the turnaround point is not an
effective metric for evaluating the lifetime of large reactor components in high
fluence regions of the core. Additionally, a more conservative metric of limiting the
lifetime to the point of greatest contraction also tends to overestimate the lifetime of
the central reflector compared to the Von Mises criterion. For large components like
the central reflector, a lifetime estimation method that incorporates the fluence and



stress distribution over the component will more conservatively determine the
lifetime.

The lifetime of the PB-FHR central reflector is not acceptable at this time. A
replacement frequency of 6 months would invalidate the advantageous design of the
continuously refueled PB-FHR, requiring a period of shutdown every time the
reflector is replaced. This reflector lifetime would, in all likelihood, render the PB-
FHR a fiscally unachievable and unmarketable design. A redesign of the central
reflector to optimize stress relief in the azimuthal and axial directions is required to
make this reactor design realistic. This work was performed in a subsequent study
using the same methodology outlined in this report [3]. The central reflector
lifetimes with design alterations appeared to have beneficial effects.

6. Future Work

Future work on this project will involve design iterations of the central
reflector to minimize radiation-induced stresses. This will include optimization of
the height of each assembly block of the central reflector, the rounding of edges and
corners (where stresses can concentrate), and also the quantity and dimensions of
coolant channels in the periphery of the central reflector. Other possible iterations
may include the choice of various NGGs, as only IG-110 was investigated here. Other
NGGs may prolong the lifetime of the central reflector, and may be more useful in
the case of the PB-FHR.

A more thorough stress analysis including loading from the coolant and
pebbles will also be necessary in the future. However, based on the buoyantly
loaded central reflector during full power operation, the stresses simulated in this
approach—using gravity loads without flibe boundary conditions—shows that
these stresses will be much smaller than those induced by the dimensional changes
from radiation swelling.

Because the PB-FHR central reflector was limited by radiation-induced
stresses in the azimuthal and axial directions, it would be of great interest to include
axial and azimuthal segmentation in future iterations of the central reflector. A
parametric study optimizing the height and angle at which these segmentations
should occur would be of great benefit for not just the PB-FHR, but also other
reactors using large graphite components in high-fluence regions of the core.

Additionally, it may be noted [31] that both the compressive and tensile
loading failure is exhibited by nonlinear behavior. The work performed in this study
utilized a linear elastic loading in order to use the pseudo-temperature distribution
to simulate stress. Realistically, the material will exhibit this nonlinear behavior
early in its lifetime, and this should be accounted for in a future study. However, the
tensile failure will dominate in the central reflector, and the tensile loading appears
to have a more linear-like behavior. The extent to which this will influence the
results is probably not negligible, but still within an order of magnitude. As such, the
conclusions reached by this study are not void, and a redesign to relieve radiation-
induced dimensional changes is still necessary.
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