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Chapter 1

Socio-Economic Context

The emission of greenhouse gases (GHGs), primarily CO2 and methane, has
produced a rise in global temperatures since the start of the industrial rev-
olution. This anthropogenic global warming will have far-reaching impacts
on the Earth’s climate, the biosphere and on humanity. At the 2015 United
Nations Climate Change / COP21 Conference in 2015, 195 countries commit-
ted to individual Intended Nationally Determined Contributions (INDCs)
with the goal of limiting the increase in the global average temperature to
2◦C above pre-industrial levels. Even in optimistic models which assume
that developing nations radically limit their CO2 emissions throughout pe-
riods of rapid economic growth, it’s estimated that the United States must
reduce its yearly GHG emissions by 80% of its 2000 levels by the year 2050
[55]. Similarly, the European Union (EU) has set a target of reducing carbon
emissions to 80 to 95% below its 1990 levels by 2050 in its 2050 Low Carbon
Roadmap [16]. However, even using optimistic assumptions on the future
carbon emissions of developing economies, much doubt remains as to the
efficacy of these carbon targets in limiting warming to 2◦C. Indeed, the Inter-
governmental Panel on Climate Change (IPCC) is currently working towards
new INDCs with the goal of limiting warming to 1.5◦C above pre-industrial
levels [67] [17].

The scientific and governmental consensus is that the energy economies
of developed nations must be rapidly decarbonized by phasing out existing
fossil fuel plants, while simultaneously installing carbon-neutral energy ca-
pacity at unprecedented rates in both developed and developing economies.
It is worth noting that the largest sustained national decarbonizations took
place in Sweden and France in the 1970s and 1980s, almost entirely due to the
ramp up of nuclear power. These efforts were driven by the political desire
for increased energy security, partially in response to the 1973 Oil Crisis. It
is worth noting that Denmark has produced similar reductions in CO2 emis-
sions through the rapid adoption of wind energy, by utilizing the high winds
in the Baltic Sea region [67] [12].

These uniquely rapid rates of decarbonization are plotted in figure 1.1,
with data obtained from the Carbon Dioxide Information Analysis Center
[12], with Germany’s CO2 emissions data included for comparison.
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FIGURE 1.1: CO2 emissions data for selected developed na-
tions.

Despite substantial efforts under the Energiewende movement to subsi-
dize renewable energy, German CO2 emissions have been less drastically im-
pacted than those of Denmark in a similar timeframe (see figure 1.1). The
reduced efficacy of these efforts has numerous causes, including the low
winds experienced in the south of the country and political opposition to nu-
clear power, particularly in response to the 2011 Fukushima Daiichi disaster.
For example, electricity produced by nuclear power in Germany has fallen
from 169.6 TWh in 2000 (representing 29.4% of all electricity consumed) to
97.1 TWh in 2014 (representing just 15.5% of all electricity consumed) [45].
This rapid nuclear phase-out has greatly hampered German efforts to reduce
GHG emissions and will probably continue to do so in future, as the country
currently plans to shut down all nuclear power plants by 2022 [26]. Consid-
ering the rapid decarbonization required to combat global warming and the
limited success enjoyed by countries which reject nuclear power, it appears
clear that the case studies of French and Swedish GHG reductions should not
be ignored.

Given the rapid GHG emission reductions produced by France and Swe-
den in the 1970s and 1980s (see figure 1.1), many nations may wish to harness
nuclear power, as part of a multifaceted effort to reduce carbon emissions
which may also include Renewable Energy (RE), Carbon Capture and Stor-
age (CCS), demand reduction and the electrification of transport. If nuclear
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power is to be rapidly adopted as it was by some nations in the second half
of the 20th century, then this increase in nuclear power production must be
achieved in a safe, sustainable and economically-viable way.

While current reactor designs offer enhanced safety, with core melt fre-
quencies (CMF) estimated to be 4.2×10−7 year−1 for the Westinghouse AP1000
and 6.6 ×10−7 year−1 for the European Pressurized Reactor (EPR) [72] [11],
they achieve this with costly redundant-and-diversified active safety sys-
tems, passive safety systems and large containment buildings. In addition,
Light Water Reactors (LWRs) have dual-purpose potential, in that they can be
run on very short fuel cycles to produce Pu-239 in large amounts relative to
other Plutonium isotopes, for use in nuclear weapons. These issues, among
others, have led the members of the Gen-IV consortium to set the following
goals for advanced reactor designs: sustainability, proliferation resistance,
enhanced safety and economic feasibility [27]. In addition, they have identi-
fied 6 reactor designs as potential paths to achieving their ambitions. Perhaps
the most technically ambitious of these designs, for which there is the least
operational or experimental experience, is the Molten Salt Reactor (MSR).

Another important economic driver for nuclear R&D is enhanced fuel uti-
lization, by means of closing the fuel cycle with breeder reactors and fuel
reprocessing facilities. One study has estimated that Uranium reserves may
run out by 2107 if current fuel consumption rates are maintained in an open
fuel cycle or between 2059 and 2071 if the current increasing trends in con-
sumption are linearly extrapolated [31]. However, to close the fuel cycle by
means of reprocessing facilities is both costly and a proliferation risk using
current technology. The sale of the Canada India Reactor Utility Services
(CIRUS) and Canada Deuterium Uranium (CANDU) heavy-water-moderated
reactors to India by Canada, ostensibly for peaceful purposes, allowed the
Indian state to reprocess Plutonium from spent fuel to use in its first nulear
weapons test in 1974 [23] [20].

While this clandestine effort to produce weapons-grade material by a de-
veloping nation was made easier by the live-refueling feature of CANDU-
type reactors, spent fuel from LWRs could also be used in this way, albeit at
greater cost and less discreetly. Indeed, it is important to note that to reach
high burnups using a fleet of solid-fuel reactors, reprocessing must be em-
ployed at some point in the fuel cycle to remove neutron poisons and ad-
dress the effects of radiation creep, thermal creep and embrittlement in both
the fuel pellets and cladding. Designs achieving higher burnups (typically
of the order of 40% Fissions Per Intial Heavy Metal Atom or FIMA) have
been proposed, by utilizing a breed-and-burn (B&B) fueling scheme, such as
the CANDLE concept and Terrapower’s Traveling Wave Reactor designs [73]
[79] [32].

However, these designs typically require cladding materials to withstand
up to 500 Displacements Per Atom (DPA), whereas current steels have only
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been validated up to 200 DPA [85] [32]. To achieve this high burnup goal
and utilize depleted Uranium or Thorium as a feedstock while observing
the radiation damage constraint of 200 DPA, seed-and-blanket (S&B) reac-
tors have been proposed and studied [84]. Such designs offer a substantially
reduced fuel cost per unit of electricity with almost 60% of the core power
produced by the non-enriched natural Uranium or Thorium blankets in S&B
designs. However they still represent a well-demonstrated proliferation vec-
tor, as Sodium-cooled fast reactors with breeding blankets have been used to
produce weapons material in the past.

Although the source of French nuclear weapons material is secret, some
suspect that Plutonium bred in the blankets of the Phenix and Superphenix
reactors (rich in Pu-239) may have been reprocessed at the UP1 plant in Mar-
coule and used to modernize the French nuclear weapons stockpile [3] [71].
Whether or not this diversion of materials took place is less important than
the fact that it would certainly have been technically feasible, given the repro-
cessing capabilities of the French state at the time. Superphenix could pro-
duce 330 kg of weapons-grade Plutonium per year in its blanket, or enough
to produce roughly 60 tactical Nuclear warheads per year [14] [75]. Were
the political climate to have changed drastically, the blanket material in the
Phenix and Superphenix reactors could have been run on short burnup cy-
cles to produce weapons materials very efficiently. Therefore we can con-
clude that a closed solid-fuel cycle utilizing breeding blankets and off-site
fuel reprocessing represents an increased proliferation risk in comparison to
conventional LWRs operated in an open fuel cycle.

Given the pressing need to expand nuclear power in both developing and
developed nations to combat climate change and limit warming to 2◦C or less
by 2100, new nuclear technologies must be developed which are more eco-
nomically competitive than current designs. To achieve the economic goals
such designs must be inherently safe at lower cost, and they must make more
efficient use of Uranium and Thorium resources. Finally, such designs must
close the fuel cycle without increasing the proliferation risk when compared
to current LWRs, which may preclude the use of breeding blankets to in-
crease the overall conversion ratio (CR) of the reactor.

These goals are summarized quite succinctly in the goals of the Gen IV
consortium [27] and MSRs may represent the best way to meet all these goals
at once. However, these reactors represent the most technically challenging
of the Gen IV designs and the one for which there is the least construction,
operations and decommissioning experience. In addition, many MSR de-
signs, such as the MSFR, make use of a breeding blanket of salt which could
present an enhanced proliferation risk for reasons discussed previously [56].
Therefore, some have begun to consider large-core, single-salt MSRs oper-
ated in a B&B mode, so called BBMSRs or B&BMSRs, as a potential pathway
to achieving substantial savings in fuel enrichment costs, while simultane-
ously reducing the design’s proliferation risk to the point that the reactor
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could be exported to potential proliferators or nations in conflict-prone re-
gions.

In a B&BMSR core, no separate breeding blanket is used which makes the
design more proliferation-resistant than an MSR design with separate breed-
ing / fuel loops. This is possible because a B&BMSR can achieve high breed-
ing ratios (BRs) and burnups without reprocessing materials from the sepa-
rate fertile-rich blanket. Reprocessing facilities represent a well-documented
means of obtaining weapons-grade material, so to close the fuel cycle with-
out one is very appealing from the perspective of the stated Gen-IV goals of
enhanced proliferation resistance and sustainability (by reducing the amount
of nuclear waste per unit energy) [27].

In a previous study conducted at UC Berkeley, the enrichment costs of the
B&BMSR reactor were compared with those of the AP1000. The results are
provided in figure 1.2, in Separative Work Units (SWU), as defined in equa-
tion 1.1. The SWUs associated with an enrichment process does not represent
the energy consumed in enriching the material. Instead it represents the in-
dustrial effort associated with the enriching a load of material to a specified
level. It is also directly proportional to the cost of the front end of a fuel cycle.

SWU = MPV(xP) + MTV(xT)−MFV(xF) (1.1)

where

• MF, MP and MT are the masses of the feed, product and tails Uranium
streams.

• xF, xP and xT are the concentrations of the feed, product and tails Ura-
nium streams.

The V(x) terms in the equation above represent the value function of the feed,
product and waste streams, which is defined in equation 1.2.

V(x) = (1− 2x)ln
(

1− x
x

)
(1.2)

In producing figure 1.2, the authors simulated burnup calculations of a
B&BMSR with 33% heavy metal content in the fuel and an initial Uranium
enrichment of 11.2 wt. % for 2.08 years, the time required for reactivity to
be recovered when the same reactor was fed with natural Uranium. SWU
savings were observed after 5.91 years in comparison to the constant enrich-
ment cost for operation of the AP1000. Eventually the B&BMSR would be
fed with natural Uranium, when the fuel had reached the equilibrium com-
position. At this point fuel costs would become substantially less than those
of conventional Light Water Reactors (LWRs). This fuel cycle would also
reduce operational costs and the infrastructure required for smaller nations
who wish to adopt nuclear energy.
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FIGURE 1.2: SWU per thermal energy output for the AP1000
and a B&BMSR, from [58].

It is important to note that the large core size required to achieve the B&B
mode of operation adds substantially to construction costs and the overall
capital costs of such a reactor. In the past, the high capital costs associated
with nuclear construction projects has been problematic for nations and util-
ities wishing to obtain loans from risk-averse lenders. It is possible that the
inherent safety of MSRs may negate this effect somewhat by reducing the
need for active safety systems on-site, but this won’t be clear unless one of
these reactors is commercialized.

Although it appears that the proliferation risk is minimized by the B&BMSR
concept, in that it achieves breeding and high burnups without reprocessing
or blanket salts, this risk may be alternatively addressed by strictly control-
ling the management of enrichment and the reprocessing of Spent Nuclear
Fuel (SNF). A subsidiary of Rosatom, the Russian state atomic energy corpo-
ration, has begun construction of a nuclear reactor in Akkuyu, Turkey using
a strategy called Build-Own-Operate (BOO). In this approach, the plan will
be financed, built, operated and decommissioned by Russia, under contracts
which guarantee the sale of electricity to Turkish utilities at a fixed cost. The
fuel will be supplied by Rosatom and eventually the SNF will be returned to
Russia for reprocessing [2] [8]. This approach towards the fuel cycle repre-
sents a very low-cost strategy for developing nations wishing to utilize nu-
clear power while also minimizing the proliferation risk by centralizing en-
richment and reprocessing capabilities to an established nuclear state. This
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approach using proven technologies may prove more achievable in the short
term, when the significant Research and Development (R&D) costs necessary
to realize MSRs are taken into account.

While implementing a B&B fuel cycle in an MSR has much potential to
meet the ambitious goals set out by the Gen IV consortium, much research
must be done to determine whether these reactors are technically feasible.
Motivated by the high-level policy and strategy goals outlined in this section,
the goal of this study is to determine whether the B&B mode in a cylindrical
MSR core remains practical when further detail is added to the geometry and
other design constraints are taken into account. It is hoped that these results
may elucidate the unique challenges and desirable attributes of the B&BMSR
concept and guide further research in the development of safe, economical
and sustainable nuclear power.
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Chapter 2

Introduction

The primary research question addressed in this work is the following: If
operating MSRs in the B&B mode is theoretically possible, as implied in the
literature [58] [47] [41] , then is it practical to implement? This central ques-
tion motivated the experiments and inquiries carried out in this study. In a
cylindrical geometry with Lead reflector, the minimum core volume for B&B
operation was found to be 30.87 m3, which corresponds to a thermal power of
9.26 GW, assuming a power density of 300 W cm−3 [58]. The largest existing
LWRs are ∼1/3 of this power rating. If we make the geometry more realis-
tic than a simple cylinder, perhaps moving towards something similar to the
working model of the MSFR [69], how will this affect the minimum core vol-
ume required to achieve B&B? In addition, how does radiation damage affect
the lifetime of components if we impose the standard DPA constraints? How
does the feed/removal rate of fuel salt from the core effect criticality, breed-
ing ratio and overall feasibility? This investigation attempts to answer these
questions using neutronics simulations in Serpent [54] in combination with
modifications made to allow for a continuously changing fuel composition,
as takes place in MSRs [6].

2.1 Radiation Damage

The concept of Displacement-Per-Atom (DPA) is a widely-used standard for
the quantification of molecular-level damage accrued in crystalline materi-
als under irradiation by neutrons or other energetic charged particles. This
quantity is defined as the ratio of the number of displaced atoms per volume
as calculated by the NRT equation to the number of atoms in the same vol-
ume. The NRT model, so-called for its creators Norgett, Torrens and Robin-
son, is an evolution of the model suggested by Kinchin & Pease, which esti-
mates the number of atoms displaced by an incident particle as a function of
the energy of the incident particle and the displacement energy of the con-
stituent atoms in the lattice. It is given in equation 2.1 as taken from [64]. The
NRT model was proposed in [60] as an extension of the model for radiation
damage proposed by Kinchin and Pease [48] [81].



Chapter 2. Introduction 9

Nd(Td) =


0, Td < Ed
1, Ed < Td < 2Ed

0.8
0.8Td
2Ed

, 2Ed
0.8 < Td < Ec

Ec
2Ed

, Ec < Td

 (2.1)

where:

• Nd is the number of displaced atoms produced by an incident neutron
energy of Td, in eV.

• Ed is the displacement energy of atoms in the lattice, usually taken to
be 40 eV for Iron, Chromium and steels.

• Ec is the cut-off energy in eV, specific to the lattice. This is the incident
neutron energy for which the number of displaced atoms saturate. For
neutrons above this energy, neutron-electron interactions compete with
neutron-nuclei interactions.

This equation uses a number of approximations, such as simplifying the re-
combination of defects or the saturation of defects in a particular region of
the lattice. However it is widely used in nuclear engineering because, among
other things, it can provide an order-of-magnitude estimate of material dam-
age neutronic simulations. A method to compute the DPA in HT9 steel for a
given neutron flux spectrum was used in this work to estimate the compo-
nent lifetime of materials in the Molten Chloride Fast Reactor (MCFR), which
is discussed in section 4.4. This was made possible by the readily-available
DPA cross sections provided with the SPECTER code [35], developed by Ar-
gonne National Labs and adopted for DPA calculations in previous advanced
reactor simulation studies [65]. While convenient to implement and well
documented, these DPA cross sections were produced by computer codes
developed in the 1980s, and are somewhat out-dated. For example the cross
section data is for a limited set of elements, which conveniently include all
of the principle nuclides of the HT9 steel used in this study. In addition the
cross sections are discretized into only 100 energy groups. The substantial
increase in scientific computing power that has been made since the 1980s
could allow for higher fidelity damage energy cross sections to be developed
for a larger set of elements. Perhaps in future works, more mature and ac-
tively maintained radiation damage tools such as the Stopping and Range
of Ions in Matter (SRIM) [86] could be integrated with neutronics codes to
more accurately gauge the effect of radiation damage on material properties.
Indeed the NJOY Nuclear Data Processing System may be combined with
neutronics codes to calculate damage in units of DPA [66] and the Monte
Carlo N-Particle Transport Code (MCNP) has support for limited DPA esti-
mation natively [82].

Samples of HT9 steel and other materials were subjected to a maximum
radiation damage approximately of 208 DPA in the Fast Flux Test Facility
(FFTF) experiments [80]. The material characteristics of ferritic-martensitic
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steels are relatively favorable, demonstrating a swelling rate of ∼0.2%/dpa
in the 100 to 200 dpa range [24][28]. In contrast, austenitic stainless steels
experience void-induced embrittlement at ∼10% swelling, which severely
limits their usage in high-radiation environments [28][63][4].

In any case, the FFTF-derived data represents the only material perfor-
mance evaluation of steels subjected to fast-spectrum neutron-irradiation.
Therefore this is the limit to which the swelling and embrittlement charac-
teristics of HT9 steel in response to neutron irradiation can be reliably pre-
dicted. For this reason it has been used as a radiation damage limit in the
design of fast reactors and it was used as such in this work [84] .

2.2 Helium Production in Steel

The formation of Helium bubbles due to neutron irradiation embrittles steel
by increasing the stresses along grain boundaries and increasing the ten-
dency to inter-granular failure [22]. Helium bubbles are formed primarily
due to neutron capture in 58Ni, which has a natural abundance of 68.077
atomic percentage (at. %). A simplified version of this process is shown in
equation 2.2 [9].

58Ni + n→ 59Ni
59Ni + n→ 56Fe +4 He

(2.2)

If we consider only neutron capture in Nickel as a source of Helium, then the
rate of Helium production can be easily modeled for the steels used in our
neutronic simulations. The capture and alpha-production cross sections of
Nickel isotopes are highest in the thermal neutron region, so it was uncertain
how pronounced the Helium-production effect would be in the fast spectrum
of the MCFR.
The Helium production rate in 58Ni in steel structural materials was esti-
mated in this study using the following equation, originally developed by
Argonne National Laboratory [34].

N(He)
N0(58Ni)

=
σα

σT
+

σαe−σγφt

σγ − σT
− σασγe−σTφt

(σγ − σT)σT
(2.3)

where:

• N(He) is the number of Helium atoms produced.

• N0(
58Ni) is the initial number of 58Ni atoms.

• σα is the spectral-averaged microscopic cross section for the (n,α) reac-
tion in 59Ni.

• σT is the spectral-averaged microscopic total absorption cross section of
59Ni.

• σγ is the spectral-averaged microscopic cross section for the (n,γ) reac-
tion in 58Ni.
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• φt is the fluence experienced in time t.

2.3 Reactor Safety & the Temperature Reactivity
Coefficient

The temperature-reactivity coefficient is the primary neutronic criterion used
in the assessment of reactor safety. It quantifies the amount of reactivity in-
serted or removed by a temperature increase of 1 Kelvin. It is held to be an
important standard for any reactor design that its temperature reactivity co-
efficient be negative, so as to minimize the reactivity inserted in design basis
accidents (DBAs) such as the Loss-Of-Coolant-Accident (LOCA). Although
MSRs differ greatly for conventional reactors in their governing physics, the
temperature-reactivity coefficient remains an important measure of reactor
safety. Indeed the single fluid coolant / fuel design creates an even greater
and more instantaneous coupling between temperature and reactivity than
in solid-fuel designs. Therefore one of the goals of this project was to calcu-
late the temperature-reactivity coefficient for the MCFR and to ensure that it
was negative. The methods for evaluating this parameter are documented in
section 4.6, including measurements of uncertainty.

It is worth noting that evaluating the performance of MSRs under tran-
sient conditions is the subject of ongoing study, with many open questions to
address. The influence of the drift of Delayed Neutron Precursors (so-called
DNP drift) and the thermal hydraulics of the fuel salt introduce significant
complexity to the behavior of MSR transients. In order to accurately model
MSR accidents, several multi-physics models are under development. In or-
der to achieve the necessary accuracy these models typically use Monte Carlo
methods to simulate neutron criticality cycles, and Finite Element Methods
(FEM) to simulate the fluid flow of the carrier salt. Both these methods have
a relatively high computational cost associated with them, so many model
simplifications are under consideration, particularly in regards to the granu-
larity of turbulence modeling in the salt. Some researchers have concluded
the Reynolds-Averaged Navier Stokes (RANS) and Direct Numerical Simula-
tion (DNS) approaches are unique in offering an acceptable trade-off between
computation cost and accuracy in modeling turbulence in the salt flow [70].

Many of these studies have made use of the Samofar project’s Molten
Salt Fast Reactor (MSFR) design as a standard benchmark to compare codes
[69]. In addition to a benchmark reactor, these computational efforts must
be validated by experimental data. Several experimental setups have been
built or have been proposed to evaluate the thermal hydraulic behavior of
the candidate molten salts. LiF-NaF-KF has been studied in the Forced Flu-
oride Flow for Experimental Research (FFFER) experiment [13]. The Salt at
WAll: Thermal ExcHanges (SWATH) facility will consist of two experimen-
tal setups [70] and is designed specifically to develop the MSFR. SWATH-W,
the first experimental setup, will verify the accuracy of Computational Fluid
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Dynamics (CFD) models under development by performing Particle Image
Visualization (PIV) to measure flow conditions in water. SWATH-S, the sec-
ond experimental setup, will consist of a loop of LiF-NaF-KF salt, chosen for
it’s similarity to the MSFR reference salt, LiF-Th4. The Reynolds, Prandtl and
Grashof numbers will be kept similar to those for LiF-Th4 to allow for the
study of the heat transfer and phase change properties in the MSFR.

MSRs undergo many unique physical processes in extreme and accidental
conditions that must be understood to evaluate the safety of these designs. In
an overcooling scenario, the fuel salt may solidify inside part or all of the heat
exchangers, blocking the flow and potentially exacerbating the severity of the
accident. The SWATH-S experiments may shed light on these processes. In
addition, at very high temperatures such as in a Loss-Of-Heat-Sink (LOHS)
scenario, the radiative term in the heat transfer equation for the salt becomes
non-negligible. How this might effect an accident progression is currently
unknown, as are the optical properties of the salt. The SWATH-S experiment
may also provide valuable data on these topics.

Although the experiments outlined above will be very helpful in validat-
ing computational MSR models, many of the open questions highlighted are
material-specific. Hence the usefulness of these results in determining the
behavior of Chloride salts will be more limited, particularly in regards to
accident scenarios. Indeed, Chloride salt experiments, equivalent to those
designed to test the physics and chemistry of the MSFR, will eventually be
necessary to make meaningful progress on the MCFR design.
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Chapter 3

Literature Review and Theoretical
Background

3.1 UC Berkeley Burnup Studies

The B&B fuel management concept is typically envisaged for large-core Sodium-
cooled solid-fuel fast reactors. In the B&B mode, with the exception of the
initial loading of enriched fuel to achieve criticality, the reactor is fueled ex-
clusively with fertile material. In a B&B SFR design studied at UC Berkeley,
this fertile fuel is placed in several radial blankets around a region of en-
riched fuel at the center of the core [84]. As the core runs to high burnups,
each radial breeding blanket is shuffled inwards during refuelling as the con-
centration of Pu-239 and other fissile nuclides builds up in each radial layer.
By combining this shuffling scheme with a melt-refining process applied to
spent fuel ejected from the center of the core, the fuel can be used to high
burnups, i.e. between 19.4% and 55% FIMA [40] [38].

FIGURE 3.1: kin f and the neutron balance as a function of bur-
nup in FIMA for the reference Sodium-cooled B&B core in [38].

Figure 3.1 shows the evolution of criticality produced by a 0-D model of a
breeding blanket zone in a B&B core. When the neutron balance is negative,
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the region may be seen as a net consumer of neutrons. Therefore, this trend
suggests that fissions in the blanket region must be driven by an external
source up to FIMA values of ∼ 5%, at which point the blanket region may
sustain criticality independently until it has compensated for the neutrons it
had previously consumed, which occurs at ∼ 24 % FIMA. In the case of an
actual B&B the ’external driver’ up to FIMA=5% is fissile region at the center
of the core. As fissile material is bred in the external blankets it is incremen-
tally shuffled inwards where it may drive breeding in fresh fertile material in
the new blankets - hence the name ’breed-and-burn’. This technique allows
criticality to be sustained without using large volumes of enriched material
as fuel, keeping fuel costs low.

The possibility of operating an MSR in the B&B mode has been a subject
of study by several groups in recent years. In essence, rather than shuffling
radially concentric breeding blankets inward as their fissile content increases,
the core consists of a large volume of homogeneous salt, without a separate
breeding blanket. The fuel salt is initially enriched to a moderate degree, e.g.
to 11.2 at. % Pu-239 as used in this study. The core is then fed with enriched
material (possibly of gradually decreasing enrichment) until the core may
sustain criticality using the fissile materials which had been bred in-core. At
this point the core may be fed with depleted or natural Uranium and no fur-
ther enrichment or reprocessing is necessary to achieve high burnups, poten-
tially in the range of 46 % FIMA for a total salt volume of 65 m3 using a steel
reflector (see table 5.6 for details). Much work has been done to determine
the technical feasibility of BBMSR designs and analyze their associated fuel
cycles. Some previous studies which informed this work are summarized
below.

A feasibility study of operating a Molten Chloride Fast Reactor (MCFR) in
the B&B mode conducted at UC Berkeley was the main precursor to this mas-
ters thesis [58]. This study documented neutronics simulations conducted in
the Monte Carlo code Serpent [54] with modifications to allow for the fuel
composition to be gradually modified with time [6], for salt in an ’infinite’
geometry, composed of a 1 cm−3 cube with reflective boundary conditions,
and a cylindrical reactor geometry. In the infinite geometry simulations, the
combination of Chloride salts utilizing a Uranium-Plutonium cycle was iden-
tified as permitting sufficiently high breeding ratios for the B&B mode to be
achievable.

In the modified Serpent code the elements in the fuel were divided into
three groups. A periodic table of elements with these groups highlighted,
kindly provided by Caroline Hughes, can be found in figure 3.2. Each group
of elements was removed from the fuel with a specific time constant defined
in the code [1] [6]. This grouping scheme was intended to roughly approx-
imate the chemistry of each group in combination the extraction rate of the
fuel. Gaseous elements and heavy metals (in yellow) were removed from the
core with a fixed in-core half-life of 30 minutes. Light elements with atom
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FIGURE 3.2: A periodic table in which the elements are grouped
according to the rate at which they were removed from the fuel

material [1].

with atomic number up to 20 (in white), included the carrier salt compo-
nents of Sodium and Chlorine, were held roughly constant over the course
of the simulation. This ensured that the molar fraction of the carrier salt ele-
ments were held constant as the rest of the fuel composition evolved. Heavy
metals and fission products (in green) were removed continuously from the
fuel salt and replaced with natural Uranium, as defined by the LAMf2 vari-
able and discussed below. The atomic density of actinides was held constant
over the course of each burnup run. However, as the burnup simulation pro-
gressed the total atomic density of the fuel would increase with the build-up
of soluble fission products until converging to the equilibrium composition.
Hence the atomic fraction of actinides would also decrease and converge. In
a sense, the equilibrium composition represented the state in which the rate
of production of fission products was in balance with their removal from the
fuel. This equilibrium fuel composition was primarily determined by the
feed/removal rate.

Twenty cases representing twenty different fuel removal rates as defined
as the variable LAMf2 in the eqlmc.h header file were simulated. The 20 cases
were run to large burnups, usually 92,501 days or 15,346.8 MWd/kgU, to en-
sure that the fuel composition and ke f f had converged to some reasonably
constant value. The only criteria for convergence in this case, was that ke f f
no longer changed significantly with increasing burnup-days. At this point
the fuel composition was considered to be at the equilibrium composition for
the feed/removal rate specified.
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Although each case was run to the same Serpent burnup in burnup-days,
the discharge burnup (in FIMA) was different for each of the 20 cases, due to
the different feed/removal rates. This LAMf2 variable was used to define the
removal time constant for the salt in units of s−1. It is defined analogously to
the decay constant in radioactive decay, as shown in equations 3.1 and 3.2.

dN
dt

= −λremoval × N (3.1)

and

λremoval =
ln(2)
T1/2

=
1
τ

(3.2)

where

• N is the number of fuel atoms.

• t is the time in seconds.

• λremoval is the removal time constant.

• T1/2 is the in-reactor half life of fuel atoms.

• τ is the mean in-reactor lifetime for fuel atoms.

The discharge burnup is directly proportional to the residence time of the salt
and can be determined in FIMA, according to equation 3.3.

FIMA =
Fτ

Fτ + Nact
(3.3)

where

• F is the fission rate density of the equilibrium fuel composition in cm−3s−1.

• τ is the average residence time of fuel in the reactor in seconds. This can
also be interpreted as the time required to completely re-fill the reactor
with feed material.

• Nact is the number density of actinides in the equilibrium fuel compo-
sition.

Once each of the 20 removal time constant simulations had converged to a
constant kin f this converged, equilibrium-fuel-salt kin f value was plotted as
a function of FIMA, as shown in figure 3.3. This process was completed for
three values of atomic fraction of heavy metals in the salt: 33%, 40% and 50%.
The converged equilibrium fuel composition corresponding to the highest
ke f f value in the 50% heavy metal line in figure 3.3 was used in this study to
study the neutronic behavior of the optimum equilibrium fuel salt in various
reactor geometries.
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FIGURE 3.3: The kin f for the equilibrium fuel composition for a
range of feed/removal rates, from [58].

3.2 B&B MSR Studies Elsewhere

Another study approached the design with a goal of determining the burn-
ups achievable, in units of FIMA, for a variety of carrier salts, fuels and re-
flector materials [41]. This work also quantified the minimum core sizes nec-
essary to achieve the B&B mode when using several molten salt and reflector
materials, as shown in figure 3.4. The data presented was for a cylindrical
reactor with a height-to-radius ratio of 1.84 and a 100 cm reflector extending
in all directions.

FIGURE 3.4: Core volumes necessary for criticality when using
the equilibrium fuel composition [41].
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From the results of this study, it can be seen that the core volume criteria
was minimized when using Lead enriched to 100% Pb-208 as a reflector, with
natural Lead offering the second-best performance. These results, in com-
bination with the qualification of the performance of certain steels to high
levels of irradiation influenced the decision to select Lead, HT9 steel and 316
steel for use as candidate reflector materials in this study.

Figure 3.4 also allows the comparison of several carrier salts, demonstrat-
ing that Chloride salt and Sodium-Chloride salts minimized the core volume
parameter when reflector material was held constant. This result reinforced
our decision to choose Chloride salts as the candidate carrier salt in exploring
the practicality of the BBMSR reactor design.

Technical challenges in the operation and maintenance of MSR designs
have led some to consider a design named the Stable Salt Reactor (SSR) in
which molten salt is encased in cladding tubes, to further reduce the risk
of radioactive contamination due to coolant leaks [62]. A feasibility study
on implementing a B&B scheme in a reactor of the type under development
by MOLTEX concluded that such a scheme may be best achieved by using
a low-enriched Uranium equilibrium feedstock to insert reactivity and com-
pensate for neutron losses in the coolant salt [47]. This would increase the
fuel costs but may lead to significantly reduced capital costs by reducing the
core size necessary to achieve B&B mode in an SSR-type reactor or in the ho-
mogeneous cylindrical core design studied here.
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Chapter 4

Experimental Method

4.1 Reactor Geometry

In all simulations, the active core was treated as a cylinder of molten salt with
a height-to-diameter ratio of 1. Core radii, reflector thicknesses and other de-
tails are summarized and sorted by study and section in table 4.1.

The fuel salt composition used in sections 5.1.1 to 5.4 was obtained via
private communication from the authors of [58], and consisted of the equilib-
rium B&B fuel composition for a feedstock of (NaCl+[FP]Cl3)-[Actinides]Cl3
of molar proportions 50%-50% for which ke f f was highest. The equilibrium
fuel composition was produced by running long burnup simulations in a
version of Serpent specifically modified for modeling the evolution of fuel
compositions in MSRs [6]. This combination of this equilibrium fuel compo-
sition and reactor geometry produced the minimum core volume necessary
to achieve criticality when using a 316 steel reflector of thickness 100 cm,
which was present in both the axial and radial directions [58]. An example of
this geometry, with the reflector in blue and fuel-salt in green, can be see in
figure 4.1. This core, taken directly from [58] shall be referred to as Reactor
Geometry A, for clarity.

One of the goals of this thesis was to iteratively develop a reactor geom-
etry, in an effort to simulate a more realistic and practical design than the
simple cylinder in Reactor Geometry A. An image of the reactor geometry
developed over the course of this thesis can be seen in figure 4.2 and shall be
called Reactor Geometry B.

Study Section rcore [cm] Vcore[m3] dre f lector [cm] Reflector Material UP [cm] LP [cm]
Reflector-Reactivity 5.1 225 71.57 0-200 HT9/316/Lead 50 20

DPA Lifetimes 5.2 170 30.87 20 HT9 50 / 5 20 / 5
He Embrittlement 5.3 170 30.87 20 HT9 50 20
Safety Coefficient 5.4 170 30.87 20 HT9 50 20

Burnup/Core Radius 5.5 150-300 see table B.1 20 HT9 5 5
Burnup/Safety 5.6 150-300 see table B.1 20 HT9 5 5

TABLE 4.1: Modifications made to Geometry B for each section
in this thesis.
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FIGURE 4.1: Radial (left) and axial (right) cross sections of Re-
actor Geometry A, used as a benchmark in section 5.1 [58].

FIGURE 4.2: Radial (left) and axial (right) cross sections of Re-
actor Geometry B, conceived and simulated in this work.
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The axial reflectors in Reactor Geometry A were replaced with a region
of 50% steel / 50% fuel by volume, to represent internal steel components,
such as flow channels, a core support structure and pumps. The height of
these upper and lower steel component regions, shown in yellow in figure
4.2, were fixed at 20 cm above and below the core for all simulations. By
replacing axial reflectors with a smaller region of mixed steel and salt, the
axial reflection of neutrons was decreased. This meant that Reactor Geometry
B core would be slightly less critical than Reactor Geometry A, in which the
reflector completely encapsulated the core. Despite this, the core volume
was held constant to isolate the influence of the radial reflector thickness on
criticality from other variables.
The ex-core salt regions consisted of a 20 cm thick downcomer (DC), a 50
cm thick upper plenum (UP) and a 20 cm thick lower plenum (LP). For the
DPA and burnup simulations detailed in sections 5.2.1, 5.5 and 5.6 both plena
heights were reduced to 5 cm each in order to reduce the contribution of ex-
core fissions to radiation damage in steel internals. This change can be seen in
figure 5.6. The reactor vessel was a 5 cm of steel (in blue), which encased the
downcomer and both plena. The material composition of the radial reflector
region (in red) was varied, as discussed in the next section.

4.2 Radial Reflector Material

Important initial design decisions to be made include the choice of reflector
size, shape and material. From a neutronics perspective it is desirable for
the reflector to be made from a material with high atomic mass, high atomic
density and low neutron capture cross-section. These qualities would ensure
that the reflector softened the neutron energy spectrum as little as possible,
reflected a high percentage of incident neutrons back towards the core while
minimizing parasitic absorptions. Natural lead has many of these desirable
properties and was chosen for a series of simulations as a result.

However, the high mass density of Lead would be a significant draw-
back during reflector maintenance and replacement. Moreover, given the
low melting temperature of Lead at 600.6 K, requiring it to be encased in a
corrosion-resistant steel casing in the core. This was modeled as a 5 cm layer
of HT9 steel encasing the liquid Lead in the radial reflector. These materi-
als issues, as well as the seismic risk associated with such a heavy reflector
material, could render the Lead-reflector design to be impractical, despite its
neutronic advantages.

Stainless steel reflectors would remain solid in the operating temperature
range proposed for MCFRs and would be substantially less heavy. How-
ever being composed of lighter nuclides they would, in general, be more
moderating as a reflector material than Lead. In addition, parasitic neutron
absorptions by steels containing Molybdenum arise due to the high ther-
mal capture cross-section of Molybdenum-95 (natural abundance = 15.87%,
σabs, thermal ≈ 12.58 barn) [42].
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TABLE 4.2: Chemical compositions and displacement energies
for the steels used.

Steel HT9 316 (as in [58])
ρ (g cm−3) 7.67 8
Element Mass % Ed [eV]

Cr 12 18 40
C 0.2 0.08 31

Mo 1 3 60
V 0.5 - 40

Mn 0.2 2 40
Si 0.25 1 25
Ni 0.5 13.845 40
P - 0.045 -
S - 0.03 -
W 0.5 - 90

Fe (Balance) 84.85 62 40

Two steels were chosen to compare the neutronic performance of steels
with Lead: HT9 and the 316-type steel composition used in the study preced-
ing this one, as a benchmark [58]. HT9 was chosen due to its qualification up
to 200 DPA in the FFTF experiment and its comparability with molten salts
[25]. In addition, the change of the mechanical properties of HT9 steel un-
der irradiation has undergone the most testing and scrutiny of all candidate
fast reactor materials [15]. The chemical composition of HT9 was obtained
from the literature [53] and the density was calculated to be 7.67 g cm−3, us-
ing density equations obtained from [44] (see Appendix A.3 for details). The
chemical compositions used in the Serpent simulations are tabulated in table
4.2.

Any steel present in the reactor would be subject to a substantial fast neu-
tron flux which would heat the steel components due to the inelastic scatter-
ing of neutrons in the material. Therefore, one must consider the inclusion of
cooling channels through the reflector, to allow heat removal by the molten
salt fuel. To account for this, the annular reflector region around the active
core in Reactor Geometry B was modeled as 90% steel/10% fuel-salt by vol-
ume, for all steel-reflected simulations.

For the use of a Lead reflector in Reactor Geometry B, two scenarios were
simulated. To isolate the reflection effect of pure Lead, a reflector comprised
of Lead, without casing was simulated. However to account for the fact that
liquid Lead would need to be encased in a solid tank at the likely operating
temperatures of the reactor, a second set of simulations were run in which
the Lead reflector body was encased in 5 cm of HT9 steel. This represented a
more realistic, albeit less neutronically favorable, scenario.
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4.3 Radial Reflector Size Study

In order to determine the minimum thickness necessary to effectively reflect
neutrons back to the active core, a series of Serpent simulations were carried
out for various reflector thicknesses and materials. These simulations were
conducted for both Reactor Geometry A and B in combination with several
reflector materials; HT9 steel, 316 steel and natural Lead. Simulations of a
natural Lead reflector were carried out in which the Lead was alone or en-
cased in steel. For this study on reflector thickness, the radius and height of
the active core were fixed at 225 cm and 450 cm, respectively. The results of
this work is presented in section 5.1 and a summary table of optimum reflec-
tor thicknesses may be seen in 5.1.

4.4 DPA Calculations

A method for estimating the radiation damage in materials in the form of Dis-
placements Per Atom (DPA) was adopted from a previous study by Staffan
Qvist [65], who in turn used element-wise 100 energy-group cross-section
data and a general methodology from the Argonne National Laboratory SPECTER
code documentation [35]. A weighted sum of the cross section data obtained
from the SPECTER code was used to produce a composite DPA cross section
for HT9 steel which can be found in figure 4.3, with sample spectra from sim-
ulations of Reactor Geometry B with a 30 cm HT9 steel reflector included for
reference.
For compound materials such as steel, we assume that each component ele-
ment is distributed uniformly in the material, such that the probability that
a primary recoil atom will collide with a particular type of matrix atom is
only dependent on the atomic fraction of that type of matrix atom. This
assumption that the material (i.e. HT9 steel) is homogeneous is necessary
to estimate the damage in the material without prior knowledge of elemen-
tal segregation [33]. In addition to this assumption, for the calculation of
displacement-energy (that is the energy of the primary knock-on atom or
EPKA), it is assumed that the contribution of each element can be added to-
gether, weighted by it’s atomic fraction [35]. The general form of the DPA
calculations are described in equation 4.1.

DPA s−1 =
Nelements

∑
j=1

(
0.8

2ED,j
∗

Nj

Ntot
∗

100

∑
i=1

σi,jφi

)
(4.1)

where:

• Nelements is the number of distinct elements in the composite material,
e.g. steel.

• ED,j is the displacements energy in eV. This is the energy required to
displace one atom of element j from the lattice.
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• Nj
Ntot

is the atomic fraction of element j in the lattice.

• σi,j is the displacement damage-energy cross section (keV-barn) for the
ith energy bin and the jth element.

• φi is the neutron flux collected in the ith energy bin (n cm−2 s−1).

FIGURE 4.3: Neutron energy spectra and histogram of damage-
cross section data for HT9, produced using the SPECTER code

documentation [35].

4.4.1 DPA Model Benchmark

Efforts to benchmark this method of DPA estimation have been carried out
previously by comparing measured radiation damage of open test assemblies
from the Fast Flux Test Facility (FFTF) experiment and a 0-D simulation of
the same reactor in MCNP [84]. In order to compare the code written in with
that written previously and with experimental results, a table of measured
fast fluences and the respective corresponding DPA values are tabulated in
table 4.3.

The values of DPA-per-fast-fluence produced by each of the studies in
table 4.3 range between 3.7 and 5 DPA / 1022 n, so one may tentatively con-
clude that the DPA model used in the present work appears to be valid.
However, the lowest DPA-per-fluence rate in table 4.3 was produced by our
model, which led to concerns that the radiation damage rate may have been



Chapter 4. Experimental Method 25

TABLE 4.3: Various DPA-per-fast-fluence results for validation
of the DPA calculation method.

Source φ>0.1 MeVt [n cm−2] DPA DPA/φt [DPA 10−22 n−1 ] Material Method
This Study 5.39×1023 200 3.71 HT9 Blomqvist/SPECTER

[84] 1022 4.0 4.0 HT9 Blomqvist/SPECTER
[74] 3.89×1023 ∼ 155 4.1 - 4.5 HT9 Experiment
[43] 3.6 ×1023 180 5 HT9 Experiment
[36] 1.00×1023 43 4.30 Iron Experiment

underestimated. All data listed in table 4.3 was obtained from computational
or experimental studies of sodium-cooled fast reactors (SFRs), except for that
of the present work. The authors of [84] were kind enough to provide neu-
tron spectra and damage-cross-section data, to allow for comparison of the
spectral differences between the MCFR and their SFR. The spectra of the
MCFR core and the B&B SFR seed-region can be seen in figure 4.4. In ad-
dition, the neutron spectrum in the internal 5 cm of the MCFR HT9 reflector
is plotted alongside the spectrum in the reflector region of the B&B SFR in
figure 4.5.

FIGURE 4.4: Neutron energy spectrum in the MCFR core. His-
togram of damage-cross section data for HT9, produced using
the SPECTER code documentation [35]. Seed-region SFR spec-
trum and SFR DPA cross section data provided by the authors

of [84].

In these figures, the DPA cross-sections for the SFR study and this work
are very similar, The same can be said when comparing the neutron energy
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FIGURE 4.5: Neutron energy spectrum in the internal 5 cm of
the MCFR reflector. Histogram of damage-cross section data for
HT9, produced using the SPECTER code documentation [35].
reflector-region SFR spectrum and SFR DPA cross section data

provided by the authors of [84].

spectra of the two studies. One would expect that for the same given fluence,
both models would calculate similar values of DPA. Therefore, spectral dif-
ferences and differences in DPA cross-sections can be ruled out as the source
of the discrepancy in DPA-per-fast-fluence values in table 4.3.

It was also suspected that the difference in DPA-per-fast-fluence may have
arisen for the different value for the displacement energy of HT9 steel (Ed)
used in the SFR study. The authors of the SFR study chose 40 eV as a rea-
sonable value for steels, as suggested in the literature [61]. In this work, dis-
placement energies for the chemical constituents of HT9 steel were obtained
from the SPECTER documentation (see table 4.2). However, when DPA cal-
culations were re-run for the MCFR using Ed=40 eV, the results were almost
entirely unchanged with a DPA-per-fast-fluence result of 3.69 DPA / 1022 n.
Therefore it was concluded that the choice of Ed did not lead to the slight
under-estimation of radiation damage accrual in comparison to the values
produced by the previous SFR study.

While small, the origin of the disagreement between DPA models was not
determined. The SFR spectra and cross sections in figures 4.4 and 4.5 were
produced across a 1000-bin discretized energy grid ranging from 10−6 MeV
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to 20 MeV. This was much finer than the 100-element energy grid ranging
from 10−10 MeV to 20 MeV used in the present work. Although the two
models appear similar, this difference in grid-size (by several orders of mag-
nitude) may have led to the difference in results. However it should be noted
that substantial fluence values were not observed at energies lower than 10−6

MeV, so differences in thermal and iso-thermal binning regimes are probably
not a contributing factor the discrepancy between the two models.

4.5 Helium Production Calculation

Detectors were placed in the steel components in Serpent simulations of the
MCFR Geometry B in order to obtain the flux values and the spectral-weighted
1-group cross sections necessary to solve equation 2.3. Solving this equation
allowed the concentration of Helium atoms in the steel to be estimated, in
atomic parts-per-million (appm). The results of these calculations, along with
some validation efforts are provided in section 5.3.

As Helium builds up in crystalline materials such as steels, it segregates
and accumulates along grain boundaries. This accumulation of Helium bub-
bles along grain boundaries is a primary cause of the life-limiting embrit-
tlement of a material under irradiation. In a previous study on the build
up of Helium in structural materials in the DEMOnstration Power Station
(DEMO) fusion reactor design, values for the critical concentration of Helium
along grain boundary planes was estimated for several constituents of steel
using density-functional-theory (DFT). By simplifying the migration process
to grain boundaries, and assuming a small grain size of 0.5 µm for each of
the body-centred-cubic (bbc) metals, the critical concentration along grain
boundaries was used to obtain values for the critical bulk concentrations of
Helium (in appm) for each of the transition metals studied [29] [59]. These
values serve as an estimate of the Helium concentration necessary to substan-
tially embrittle the steel. Therefore in the present work, these values were
used to determine the in-core component lifetimes against Helium-induced
embrittlement. Note that this Helium-embrittlement lifetime was calculated
completely separately to the estimation of time necessary for components to
reach 208 DPA in section 5.2 (the DPA lifetime).

4.6 Safety Calculations

As discussed in section 2.3, the only meaningful assessment of reactor safety
that could be made in this study was the calculation of the temperature-
reactivity coefficient and βe f f , because the study was limited to a neutronics
simulation. Any meaningful simulation of a transient in the MCFR would
require a multi-physics modeling approach, which was not feasible in the
time-frame of this project.
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The temperature-reactivity coefficient can be broken into sub-coefficients,
as in equations 4.2 and 4.3 [57].

αtot = αDoppler + αDilation (4.2)

or equivalently,(
dk
dT

)
tot

= αDoppler + αDilation =

(
dk
dT

)
Doppler

+

(
dk
dρ

dρ

dT

)
Dilation

(4.3)

where

• k is the criticality multiplication factor, interchangeable with ke f f for the
finite geometries simulated in this study.

• T is the temperature of the salt in Kelvin.

• ρ is the density of the salt in g cm−3, which changes as a function of
temperature.

• αDoppler and αDilation are the symbols of the Doppler reactivity coeffi-
cient and the salt dilation coefficient, respectively.

Note that ρ0, the initial density of the fuel salt, was pre-defined to be 3.54938
g cm−3 because it was adopted from a previous MCFR study [58]. Therefore
equation A.2 was re-arranged to produce equation 4.4, in order to obtain ρ1
from ρ0. In all simulations which utilized this fuel composition, the equilib-
rium fuel density from the previous study was used for ρ0 and equation 4.4
was used to obtain the perturbed density ρ1. While not strictly accurate, as
our initial density value did not fulfill the condition ρ0 = a− bT0, the scaling
relation produced reasonable results when applied to our pre-defined den-
sity value.

ρ1 =

(
a− bT1

a− bT0

)
ρ0 (4.4)

It is also worth noting the means by which temperature was shifted in Ser-
pent simulations. The Doppler coefficient was estimated by increasing broad-
ening the neutron cross sections using the tmp argument when defining the
fuel material in Serpent. The ENDF/B-VII.1 Evaluated Nuclear Data Library
was used to obtain neutron cross sections for all nuclides simulated. This li-
brary provides cross section data at 300 Kelvin intervals, and the 900 Kelvin
cross sections were consistently used in this study. The temperature increase
was applied to this temperature, e.g. a ∆T of +100 K would be implemented
by running two simulations, at 900 K (as provided by the ENDF library) and
at 1000 K by applying the tmp argument in Serpent materials definition card.

In practice, αtot can be evaluated by two methods. In the first method, the
temperature increase is arbitrarily chosen and the change in fuel density is
calculated to correspond to the temperature change. Both the temperature
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and density of the fuel salt are then perturbed in the same Monte Carlo sim-
ulation to evaluate the effect on ke f f . For clarity, we shall call this method the
combined perturbation method.

4.6.1 The Combined Perturbation Method

The combined method is perhaps more realistic, as it better reflects the simul-
taneous occurrence of the Doppler and dilation effects. Using this method,
αtot,combined is determined from the difference in ke f f as in equation 4.5.

αtot,combined =
kT1 − kT0

T1 − T0
(4.5)

However, as both temperature and density are changed simultaneously, the
uncertainty calculated from the combined perturbation method can only take
account of the uncertainties in ke f f arising from the Monte Carlo statistics, as
shown in equation 4.6.

δαtot,combined =
1

T1 − T0

√
(δkT1)

2 + (δkT0)
2 (4.6)

4.6.2 The Separate Perturbation Method

In the second method of evaluating αtot the changes to temperature and den-
sity are calculated as in the combined method but αDoppler and αDilation are
determined from separate simulation runs. Then the two values obtained
are added together to obtain αtot in what we shall call the separate perturbation
method.
When the temperature and density effects are simulated separately, as in the
second method, the uncertainty associated with the engineering correlation
used to determine the salt density from its temperature can be taken into
account directly. Using the separate perturbation method, αtot,separate is cal-
culated using equation 4.7.

αtot,separate =
kT1 − kT0

T1 − T0
+

kρ1 − kρ0

ρ1 − ρ0
∗ (−b) (4.7)

where b is a fitted constant from the density-temperature correlation in equa-
tion A.2. The densities obtained using this correlation are provided with an
associated standard deviation. Hence by re-arranging equation A.2 and ap-
plying error laws as found in [78], we can obtain an uncertainty for the b
parameter and, by extension, an uncertainty with our estimate of αtot,separate
as shown in equations 4.8 and 4.10.

δb = b× δρ

ρ
≈ b× δρ

ρavg
(4.8)
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where δρ is given in the engineering correlation as 0.003 g cm−3 [19] and ρavg
is the average value of the density range for which the density correlation
was said to be valid, as shown in equation 4.9.

ρavg =
1
2
∗ (ρ(T = 951K) + ρ(T = 1943K)) (4.9)

δαtot,separate =
√
(δαDoppler)2 + (δαdilation)2 (4.10)

(4.11)

where δαDoppler and δαdilation are determined by equations 4.12 and 4.13, re-
spectively.

δαDoppler =
1

T1 − T0

√
(δkT1)

2 + (δkT0)
2 (4.12)

δαdilation =
1

ρ1 − ρ0
∗ |(kρ1 − kρ0) ∗ (−b)| (4.13)

∗

√√√√√
√
(δkρ1)

2 + (δkρ0)
2

kρ1 − kρ0

2

+

(
− δρ

ρavg

)2

(4.14)

4.7 Burnup Calculations

As in the previous study on the B&B mode feasibility in the MCFR, a modi-
fied version of Serpent was used, which allowed the core composition to be
gradually changed with different time constants specified for different nu-
clides [6]. As in [58], the feed-removal rate for gaseous fission products and
noble metals was set to ensure an in-core half-life of 30 minutes. For all other
isotopes, a range of 20 values of the feed-removal time constant were se-
lected. These values were evenly spaced logarithmically between 7.51×10−10

s−1 and 2.69 ×10−8 s−1. These limits corresponded to average in-core half-
lives of between approximately 29.3 years and 0.8 years.

In this context it is important to distinguish discharge burnup (as defined
by the feed removal rate) and burnup days, which is the length of time sim-
ulated in the standard Serpent burnup simulations. For each combination of
feed/removal rate and core radius, the simulation was run for 92,501 bur-
nup days, equivalent to approximately 253.4 years to allow for the fuel com-
position to reach an equilibrium and for ke f f to converge to the equilibrium
value. It is worth noting that in this work, there was no strict criteria for con-
vergence imposed on ke f f to ensure it had become constant. However, the
use of the long burnup time of 253.4 years ensured that ke f f was essentially
unchanging by the end of each burnup run. This qualitative convergence
cane be seen in figure 5.10, which shows the evolution of ke f f for several
feed/removal rates for a core radius of 230 cm.
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Density [g cm−3] 3.48
Nuclide Mass Fraction

U-238 5.17E-01
Pu-239 6.54E-02
Na-23 5.62E-02
Cl-37 3.62E-01

TABLE 4.4: Initial composition (by mass fraction) of the fuel
used in burnup simulations in sections 5.5 and 5.6.

In all simulations the initial fuel composition consisted of NaCl-[Actinide]Cl3%,
in which the [Actinide]Cl3% molecules had a molar ratio of 50 at. %. The to-
tal composition is provided in table 4.4. The mass density of this composition
was obtained from the correlation described in appendix A.2, for a fuel tem-
perature of 800◦C. Chlorine was enriched to 100% in Cl-37. The Uranium-238
present was enriched to 11.2 % in Pu-239, as used previously [58].
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Chapter 5

Results and Analysis

5.1 Radial Reflector Geometry

The following conditions apply to both Reactor Geometry A and B simu-
lations which made use of a Lead reflector. A Lead reflector was simulated,
both with and without a 5 cm thick HT9 steel casing. For the simulation using
a 10 cm thick steel-encased Lead reflector, only the 10cm layer of steel casing
was simulated. For steel-encased lead reflector simulations with a thickness
≥ 20 cm, the reflector consisted of 5 cm thick interior and exterior HT9 steel
walls, with the remaining reflector volume being filled with natural Lead.

In the so-called pure-Lead simulations, the reflector walls and interior
consisted entirely of natural Lead, without any steel casing. The pure-lead
scenarios were simulated to represent the theoretically ideal reflector as a
reference and preclude any parasitic absorptions in the steel casing. To clar-
ify the difference between the steel-encased Lead and pure Lead, an image of
radial cross sections of Reactor Geometry B in either scenario is provided in
figure 5.1. In this image the natural Lead is brown and the HT9 steel casing
is blue.

In the case of Reactor Geometry A, the reflector thickness was varied be-
tween 0 and 200 cm in 10 cm increments both axially and radially, in order
to observe the combined effect of axial and radial reflection on criticality (see
figure 5.2). In order to be consistent with the previous study using this geom-
etry [58], pure 316 steel and pure HT9 steel were used as reflector materials.
In addition, 90% steel/10% fuel-salt was simulated for both HT9 and 316, to
allow for coolant channels in the reflector.

For Reactor Geometry B, the total thickness of the radial reflector was in-
creased in 10 cm increments between 0 cm and 200 cm, as shown in figure 5.3.
The influence on ke f f , leakage and fission rates was examined to determine
the minimum thickness at which radial reflection had saturated for the given
reflector material.
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FIGURE 5.1: Radial profile of Reactor Geometry B using 100 cm
pure Lead (left) and steel-encased Lead (right) reflectors.

FIGURE 5.2: Criticality as a function of reflector thickness in
geometry A.
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FIGURE 5.3: Criticality as a function of reflector thickness in
geometry B.

5.1.1 Radial Reflector Simulation Results

Qualitatively, each trendline presented in figures 5.2 and 5.3 appears to mono-
tonically increase with an exponential response before leveling off, presum-
ably due to the saturation of the reflection effect. The equivalent reactivity
insertion due to an increase in the thickness of the reflector can be observed
to saturate for different thickness values, depending on the reflector mate-
rial. However, for every reflector material simulated, the reactivity insertion
has saturated prior to reaching 200 cm. Therefore, it is convenient for the
purposes of this study to define the total-available-reactivity-worth of the re-
flector through the difference between the ke f f values of the reactor with a
200 cm reflector, and with no reflector present, which can be labeled k2 and
k1 for convenience.
The difference between k1 and k2 was calculated, along with an associated
uncertainty, using in equations 5.1 and 5.2. These were obtained by combin-
ing the uncertainty values for ke f f produced by Serpent, in combination with
the error propagation laws outlined in [78] 1.

∆ke f f = k2 − k1 (5.1)

δ∆ke f f =
√
(δk1)2 + (δk2)2 (5.2)

1Note: Although Serpent provides the relative uncertainty of results, only the absolute
standard deviations are presented in the present work.
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Reflector dsat [cm] ∆ke f f [pcm] ∆ke f f ,200cm [pcm]
Reactor Geometry A

Pure 316 20 4685.7 ± 126.38 5057.2 ± 125.91
Pure HT9 30 4722.9 ± 129.86 5094.4 ± 125.9

90% 316/10% Salt 20 4608 ± 126.69 5108.5 ± 127.03
90% HT9/10% Salt 30 4913.9 ± 123.9 5431.3 ± 124.95
Lead in HT9 Steel 60 6838.5 ± 123.47 7502.5 ± 126.77

Pure Lead 70 8186 ± 128.53 8828 ± 126.72
Reactor Geometry B

90% 316/10% Salt 20 1415.1 ± 127.76 1420.1 ± 128.45
90% HT9/10% Salt 20 1599.8 ± 122.64 1492.9 ± 123.24
Lead in HT9 Steel 60 3882 ± 122.74 4060.1 ± 120.08

Pure Lead 60 4871.3 ± 128.63 5349 ± 124.8

TABLE 5.1: Radial reflection saturation estimates for Reactor
Geometries A and B.

Using equation 5.1, the reactivity insertion due to the addition of 200 cm of
reflector for each of the curves plotting in figures 5.2 and 5.3 is provided,
along with other quantities, in table 5.1. In this table, the saturation thick-
ness dsat was defined as the reflector thickness for which the increase in ke f f
was 90% of the increase measured for the maximum reflector thickness of 200
cm. This criterion was defined in order to determine the minimum reflector
thickness necessary to maximize the reflection of neutrons.

For an HT9 steel reflector in the Reactor Geometry B simulations, the re-
flection of neutrons was observed to saturate at approximately 20 cm in HT9
steel. This value of steel reflector thickness was concluded to be a good bal-
ance between neutronic and core-size concerns. This reflector materials com-
position and thickness was used in all further developments of the reactor
model in the present work.

5.2 DPA Estimation / Component Lifetime Analy-
sis

In this section, the lifetime of various core components will be estimated by
determining the region of each component which most rapidly accrues radi-
ation damage, in units of of DPA-per-year, for full power operation at a total
core power of 9.26 GWth, corresponding to an active-core fuel salt power
density of 300 W cm−3. In order to determine the spatial peak damage rate
in a given component, the component will be divided into annular sections
and the DPA-per-year rate determined by measurement of the neutron flux
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in each section. In this way, we may take advantage of the cylindrical sym-
metry of the simulation to produce a 2-D map of DPA as a function of radial
distance from the core center (r) and the axial height above or below the the
core mid-plane (z). An example of such a color map, for a 20 cm reflector
placed in Reactor Geometry B, is provided in figure 5.4.

This division of components into annular sections was achieved by use
of cylindrical grid detectors placed inside each component of interest. In the
linear-no-threshold NRT DPA model used in this study, the radiation dam-
age accrued in a particular region is assumed to be linearly proportional to
the neutron flux for a flux of fixed energy. Therefore, the granularity of the
detector grid superimposed over each component in the r and z directions
was chosen to be less than the mean free path for neutrons in HT9 steel. We
reasoned that radiation damage effects would be roughly homogenized at
finer granularities than the range of the neutron mean-free-path. This was
estimated by measuring the total neutron cross section (for both absorption
and scattering) as a function of radial depth into a 100 cm HT9 reflector, as
shown in figure 5.5. The maximum cross-section in this plot corresponds to a
minimum neutron mean free path of 2.44 cm. Therefore, the radial and axial
detector grid lengths were chosen to be 1 cm to be able to resolve the peak
DPA-per-year rate in HT9 components.

FIGURE 5.4: Radiation damage rate as a function of r and z
position in the 20 cm 90% HT9/10% Salt reflector.



Chapter 5. Results and Analysis 37

FIGURE 5.5: Macroscopic neutron cross-sections in a 90% HT9
/ 10 % Fuel Salt reflector in Reactor Geometry B.

This methodology of dividing components into annular sections in which
the DPA rate would be estimated was applied to each steel component in the
Reactor Geometry B simulation with fixed reactor power of 9.26 GWth and a
20 cm reflector comprised of 90% HT9/10% Salt. The maximum DPA/year
rate in a given component was used to estimate the component lifetime, cor-
responding to the 208 DPA limit commonly considered for HT9 steels. The
initial results for each component are provided in table 5.2.

Component Peak DPA/year Axial Position [cm] Radial Position [cm] Lifetime [years]
Reflector 48 26.5 170.5 4

Upper Steel Internals 143 180.5 0.5 1
Lower Steel Internals 70 -177.5 1.5 3
Radial Reactor Vessel 9 10.5 210.5 24
Upper Reactor Vessel 34 242.5 0.5 6
Lower Reactor Vessel 22 -212.5 0.5 10

TABLE 5.2: Estimated component lifetimes, using a 208 DPA
limit.
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FIGURE 5.6: Radial cross sections of the power profile before
and after the plena heights were reduced to 5 cm.

Component Peak DPA/year Axial Position [cm] Radial Position [cm] Lifetime [years]
Reflector 51 16.5 170.5 4

Upper Steel Internals 67 173.5 1.5 3
Lower Steel Internals 77 -179.5 0.5 3
Radial Reactor Vessel 9 13.5 210.5 24
Upper Reactor Vessel 18 196.5 6.5 11
Lower Reactor Vessel 24 -195.5 0.5 9

TABLE 5.3: Component lifetimes with plena heights reduced to
5 cm, using a 208 DPA limit.

5.2.1 Reduced Plena Volume Simulations

The shortest component lifetime estimates were for the upper and lower steel
internals in the core, with the upper steel internals reaching 208 DPA after
just one year. In a real reactor, these regions could consist of flow channels,
pumps or heat exchangers. Clearly replacing such components every year
would be unfeasible. Knowing this, the ex-core salt geometry was changed
to reduce the volume of salt in the upper and lower plena. It was hoped that
by reducing the volume of these fissile regions, the power profile would not
extend so far axially up and down. The lower plenum height was reduced
from 20 cm to 5 cm and the upper plenum height was reduced from 50 cm to
5 cm. All other geometric parameters were left unchanged. A comparison of
the power profiles provided by the Serpent simulation is provided in figure
5.6. It can be seen that the neutron flux in the upper and lower steel inter-
nals was marginally reduced. The component lifetimes were re-calculated
and the results are provided in table 5.3. With the upper plenum volume
reduced, the estimated lifetime of the upper steel internals increased from 1
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to 3 years. In addition, the lifetime of the upper reactor vessel increased from
6 to 11 years. It appears that by reducing the height of the plena to both equal
5 cm, the power profile became more axially compact and symmetric. How-
ever, having to replace the upper and lower steel internals after only 3 years
is still unsatisfactory. Efforts to develop ferritic-martensitic steel which can
withstand up 600 DPA are underway by Terrapower for use in their TWR
design [39]. However, this design challenge is common to all fast breeder
reactor development; experimental irradiation data must be produced and
analyzed in order for the standard damage constraint to be raised above ∼
200 DPA.
The influence of reducing the plena volumes on the criticality of the reactor
was also examined. Using equations 5.1 and 5.2, the influence on ke f f is given
in the expression below.

∆ke f f = ke f f ,5 cm plena − ke f f ,normal (5.3)
= 0.932361− 0.939239 (5.4)
= −0.0069± 0.00093 (5.5)
= −690± 93 pcm (5.6)

By reducing the volumes of the plena, we have negatively effected ke f f . How-
ever, this contribution to criticality primarily arose from ex-core fissions, which
are problematic to begin with and should be avoided. If a large volume of
salt is required in these regions, to ensure a certain flow velocity or hydraulic
performance for example, then shielding should be used just outside of the
upper and lower steel internals to minimize ex-core fissions. Placing such
shielding inside of the steel internals would substantially improve the life-
time of these steel components, but would have a substantial negative effect
of ke f f . Further studies will be required to determine the optimal combina-
tion of shielding, plena heights and reflectors.

5.3 Helium Production Results

5.3.1 Helium Build-Up Model Verification

The amount of Helium produced through neutron capture in nickel isotopes
was determined using the method discussed in section 4.5. Helium produc-
tion is often related to the rate of radiation damage in a material as quantified
by DPA. A study conducted at Oak Ridge National Laboratory on Helium
build-up in materials irradiated in the FFTF experiment found Helium to
build up at a rate of 0.28 appm/dpa in Prime Candidate Alloy (PCA) steel
[37].
It was hoped that the Helium build-up model used in this study could be
partially validated by comparison with this result obtained for the FFTF. First
it was necessary to compare the typical neutron spectra from the two reac-
tors, as both radiation damage and Helium production are heavily spectrum-
dependent.The neutron spectrum produced by a zero-dimensional model of
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FIGURE 5.7: Neutron spectra in the 20-cm-thick 90% HT9 / 10
% Fuel Salt reflector in the MCFR and in the FFTF [84].

the innermost blanket in the FFTF was kindly provided by the authors of a
previous study at UC Berkeley [84]. This FFTF spectrum is provided along-
side the neutron spectrum inside the 20 cm MCFR reflector in figure 5.7. In
addition to the neutron spectra, the relative probability of alpha emission
in 59Ni calculated from the ENDF/B-VII.1 cross section library was plotted.
This relative probability was obtained through a ratio of microscopic cross
sections, as defined in equation 5.7. The trend of this ratio provided in fig-
ure 5.7 illustrates the energy-dependence of Helium production by neutron
capture in 59Ni.

Prel(n, α) =
σ(59Ni(n, α))

σ(59Ni(n, tot))
(5.7)

As can be seen in the figure, the relative probability of Helium production in
59Ni is highest in the thermal/epithermal region. The neutron spectra of the
FFTF and MCFR were deemed to be sufficiently similar in this energy region
to ensure that a comparison of the resultant DPA and Helium accrual rates
seemed a reasonable way to partially validate the Helium build-up model.
By using the DPA calculation method described in section 4.4, it was possible

to obtain a value for the Helium/dpa rate for HT9 steel used in the MCFR
simulation. The radiation damage accrued after 1 year of fluence in the 20 cm
reflector was 19.18 DPA. In the same period of time, the helium built up in
the reflector reached ∼0.69 appm. This equates to a Helium-per-DPA value
of 0.0036 appm/dpa, which is approximately 1.3% of the value obtained for
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the FFTF. The ratio of this values is given below.

He-per-DPAPCA
He-per-DPAHT9

=
0.28

0.0036
≈ 77.78 (5.8)

The PCA steel irradiated in the FFTF consisted of 15.5 at. % Nickel. In
contrast the HT9 steel used in this study had a relatively low Nickel content
of 0.47 at. %. The ratio of these two atomic fractions is given below.

NNi(PCA)

NNi(HT9)
=

15.5
0.47

≈ 32.98 (5.9)

Working under the assumption that the rate of Helium build-up is linearly
proportional to the initial number density of Nickel-58 atoms, as predicted
by equation 2.3, one would expect the ratios in equations 5.8 and 5.9 to be
equal one another. While they differ by more than a factor of two, this dis-
crepancy may be a result of differences in neutron spectra between the MCFR
and the FFTF. In addition, the FFTF spectrum provided in figure 5.7 may not
be representative of the neutron energies experienced by the PCA sample in
which Helium build-up was measured. In order to better evaluate the He-
lium build-up model used in this study, it could be applied to a model of the
FFTF and compared with the experimental results from [37]. However this
was not completed in this study due to time constraints. For the purposes of
this study, the order-of-magnitude agreement between equations 5.8 and 5.9
served as a partial validation of the Helium build-up model used, albeit with
the caveats discussed below.

This means of validating the Helium build-up model relies on the DPA
model discussed previously. Therefore this method of validation does not
preclude the possibility of some systematic bias or error to which both the
Helium and DPA models were subject. As a counterpoint, the DPA model
used has been shown to be in general agreement with experimental data (see
section 4.4), so any systematic error shared by both models is unlikely to be
very large.

In addition, the simplified model outlined here does not account for He-
lium production due to neutron capture in nuclides other than 58Ni, nor does
it take account of Hydrogen build-up, another cause of steel embrittlement.
For example, one study identified (n, α) reactions in Nitrogen, a common im-
purity in steels, as being a substantial source of Helium in EBR-irradiated
Type-304 stainless steel. In addition, Nitrogen is known to migrate along
temperature gradients in steels and may contribute to increasing peak He-
lium concentrations locally [21]. All of these phenomena should be consid-
ered in further modeling the effects of irradiation on structural materials.
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5.3.2 HT9 Helium Production

As discussed in section 4.5, values for the maximum permissible Helium con-
centration in grains of the crystalline material were adopted from [59] and
used to determine the lifetime-against-Helium-embrittlement in HT9 steel.
Specifically, the value of 764.6 appm Helium in an Iron lattice was adopted
as the critical embrittlement concentration. This value seemed the most ap-
propriate as Iron is the dominant constituent in steels and this value was the
smallest of the element-specific critical Helium concentrations provided by
the study. For these reasons, the use of 764.4 appm as a Helium density limit
was seen as both a reasonable and conservative choice for the estimation of
Helium embrittlement in HT9 steel.

In modeling the build-up of Helium due to neutron capture in Nickel,
it was observed that Helium appm values would saturate over very large
time-scales. In figure 5.8, the concentration of Helium converges to a con-
stant value of approximately 418.9 appm, substantially below the critical em-
brittlement limit for Iron of 764.4 appm. This occurs because, for very large
values of t, equation 2.3 approaches the equation below.

N(He)
N0(58Ni)

≈ σα

σT
(5.10)

Hence, when the number density of 58Ni and the 1-group cross-sections pro-
duced by Serpent are substituted into equation 2.3, the model from [34] pre-
dicts that Helium concentrations in the reflector will converge to approxi-
mately 418.9 appm. Note that this value is of course directly proportional
to the initial concentration of 58Ni in the steel. This fact serves as the main
driver for selecting low-Nickel steels (such as HT9) for high-fluence applica-
tions, as shown elsewhere in the literature. While the component-averaged
Helium concentrations seemed unlikely to reach the saturation value before
reaching the limit defined by equation 5.10, it remained to be seen if peak He-
lium appm accrual rates in each component would reach this embrittlement
constraint.

To determine the peak Helium appm levels, each component was divided
into annular sections of radial and axial increments of 1 cm, in a similar ap-
proach to that taken for the peak DPA calculations. The Helium concentra-
tion profile in the radial reflector after 100 years is given in figure 5.9.

The maximum Helium appm in each component after 100 year of fluence
(i.e. 100 full-power year at 9.26 GWth), along with its location, is provided
in table 5.4. This time-frame seemed a good representation of the maximum
reactor lifetime. As expected, the highest Helium concentrations occur in
components directly in contact with the active core. For all of the 1 cm annu-
lar sections in all components, the maximal Helium concentrations saturated
at values between 300 to 400 appm below the critical embrittlement concen-
tration of 764.4 appm.
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FIGURE 5.8: Average Helium build-up in the 90% HT9/10%
Salt 20 cm reflector.

TABLE 5.4: Maximum Helium concentrations after 100 full-
power years (FPY).

Component Peak He appm Axial Position [cm] Radial Position [cm]
Reflector 144.2 7.5 171.5

Upper Steel Internals 143.5 183.5 2.5
Lower Steel Internals 70.9 -173.5 3.5
Radial Reactor Vessel 21.2 37.5 210.5
Upper Reactor Vessel 27.1 240.5 12.5
Lower Reactor Vessel 12.9 -210.5 10.5
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FIGURE 5.9: Helium concentration profile in the 90% HT9/10%
Salt 20 cm reflector after 100 FPY.

Hence for the MCFR fluence and neutron spectrum in conjunction with HT9
steels, we can tentatively conclude that Helium production by neutron ab-
sorption in Nickel isotopes will not be the primary driver of component em-
brittlement and will not be the limiting factor in component lifetimes. How-
ever, the Helium concentrations reached over the reactor lifetimes are cer-
tainly non-negligible and should be taken into account in further studies.
Tensile and Charpy tests conducted on HT9 and other steels irradiated in
the FFTF and HFIR experiments have shown that Helium build-up through
Ni-58 capture enhances the increase in the Ductile-to-Brittle Transition Tem-
perature (∆DBTT) and increased the sample hardness [50] [51]. However due
to the low nickel content in HT9 steel, the irradiation limit of 208 DPA was
maintained as the primary factor in determining component lifetimes for the
rest of this study.

5.4 Reactivity Coefficient Results

The methods to determine the temperature-reactivity coefficient, αtot, dis-
cussed in section 4.6 were applied to the Reactor Geometry B MCFR design,
using a 20 cm thick, 90% HT9/10% Salt radial reflector. The fuel used was the
equilibrium composition of the 50 at.% [Actinide]Cl3 chloride salt obtained
through long burnup simulations at a constant feed/removal rate in a finite
steel-reflected cylinder (i.e. Reactor Geometry A, see figure 4.1), as discussed
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αtot,combined -3.9900 ± 12.6201 -9.3000 ± 2.5857 -6.3190 ± 1.2713 -7.3140 ± 0.6361
αDoppler -9.8700 ± 12.9554 -3.0980 ± 2.5494 -1.2800 ± 1.2817 0.5090 ± 0.6349
αDilation -28.0348 ± 12.9009 -7.3617 ± 2.5676 -8.0921 ± 1.2944 -7.3308 ± 0.6218

αtot,separate -37.9048 ± 18.2832 -10.4597 ± 3.6183 -9.3721 ± 1.8216 -6.8218 ± 0.8886

TABLE 5.5: Temperature-Reactivity coefficients obtained using
the combined and separate perturbation methods in units of

pcm K−1.

in 3.1 and kindly provided by the authors of [58].
Values of the temperature-reactivity coefficient calculated by the combined
and separate methods for four different temperature increase values are pro-
vided in table 5.5.
The accuracy of the αtot estimates was determined primarily by the relative

error in measurements of ke f f . This effect can be seen in the large uncertain-
ties associated with αtot estimates for the smallest temperature perturbation
of +10 Kelvin. In these measurements, the difference between the perturbed
and un-pertubed ke f f values was sufficiently small to allow for the statistical
uncertainty associated with both values (produced as a result of the Monte
Carlo simulations) to become significant. Therefore, the αtot results associ-
ated with the +10 Kelvin temperature perturbation may be ignored.
With the exception of the +10 Kelvin perturbation values, the values of αtot
produced by the combined and separate perturbation methods are in good
agreement.
By taking an average of these values (excluding the +10 Kelvin results), weighted
by the inverse square of their associated uncertainties, we may obtain a final
estimate of αtot, as in equation 5.11.

αtot,avg =
∑ wiαtot,i

∑ wi
(5.11)

where αtot,i is the ith estimate of the the temperature-reactivity coefficient and
wi is the weight associated with it, defined in equation 5.12.

wi =
1
δ2

i
(5.12)

The uncertainty associated with the final value is given in equation 5.13.

δαtot,avg =
1√

∑ wi
(5.13)

Using these equations, the weighted average value of the temperature reac-
tivity coefficient in the temperature perturbation range of +50 to +200 Kelvin
was calculated to be -7.2973 ± 0.4525 pcm K−1. This strongly negative value
should ensure the safety of the core during a transient overheating event and
represents a very desirable inherent safety feature. However this optimistic
neutronic result says nothing of the finer details of the response of MSRs
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to transient events, which are driven by the complex neutronic/thermal-
hydraulic/thermo-mechanical feedbacks. For these scenarios to be truly un-
derstood, mature multi-physics models must be developed and validated
against experiment.

5.5 Discharge Burnup & Minimal Core Dimensions

The core volume and feed/removal rate are the main factors in determining
criticality, the nuclide inventory and the fissile-to-fertile ratio in the core. In
order to determine the minimum active core volume necessary to sustain the
B&B mode, burnup simulations were run for a range of feed/removal rates
of fertile material into the fuel and core radii. The goal was to determine the
behavior of ke f f as a function of these two parameters and plot the results.

The core geometry selected for study was the reduced-plena version of
Reactor Geometry B (see figure 4.2, introduced in section 5.2.1). For each sim-
ulation, the core height was set to twice the core radius, maintaining a height
to diameter ratio of one. The axial and radial thicknesses of each section
(i.e. the downcomer, uppper and lower steel internals, UP, LP, and the reac-
tor vessel) were held constant. Hence these component regions were simply
shifted outwards as the core radius increased. The core power was modified
to maintain a power density of 300 W cm−3 in the active core region as the
core volume increased.

Bearing in mind the distinction between discharge burnup and burnup-
days, it is important to understand that plotting the so-called equilibrium
ke f f as a function of discharge burnup does not illustrate the evolution of crit-
icality during start-up or in the approach to steady state. Instead it is a mea-
sure of converged criticality for the equilibrium fuel composition reached
after long reactor run-times for a specific feed/removal rate and discharge
burnup. Primarily, it serves as a measure of the criticality of the reactor at
steady state, after several years of operation.

Burnup simulations were run to reach 92,501 full-power days, while the
feed-removal rate was held constant. During this time, the feed material
(natural uranium) gradually replaced the fission products and actinides in
the core. The final value of ke f f obtained in these long burnup runs was
considered to be the steady state value for the given value of τ and the cor-
responding fuel composition was taken to be the equilibrium composition.
See figure 5.10 for an example of the evolution of ke f f with burnup-days. The
log-time scaling of the axis was used to illustrate the trend in ke f f but note
that on a linear scale, the ke f f values were essentially constant by the end of
each burnup run.

The equilibrium values of ke f f are provided as a function of core radius
and discharge burnup (in FIMA) in figure 5.11. The parameter space in which
the breed and burn mode is feasible is determined, in essence, by the region
in which the surface is greater than one. Some points of interest in the data
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FIGURE 5.10: The convergence to the equilibrium composition
ke f f for various fuel-in-core residence times in the 230 cm radius

core.
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FIGURE 5.11: Equilibrium ke f f for Various Core Radii and Dis-
charge Burnups. Criticality (ke f f = 1) indicated by the semi-

transparent red plane.

are presented in table 5.6.
In the work preceding this study, the minimum core radius for steel-reflected
B&B was identified as 225 cm [58]. In the current work the minimum radius
estimate was reduced, at 200 cm. This may be due to the fact that while the
active core volumes are the same in both studies, Reactor Geometry B had a
significant volume of ex-core salt, which added to the overall nuclide inven-
tory, allowing for a greater amount of fissile material in the simulation. Also
the initial fuel salt mass density used in this study was 3.48 g cm−3 where
as for the previous study it was set to 3.11 g cm−3. This modest increase in
density would increase the fissile and fertile densities in the simulation and
may have allowed for criticality to be achieved at a slightly reduced volume.

The active core volume, total salt volume and the thermal power of each
simulation displayed in figure 5.11 is provided in Appendix B. As multi-
physics simulations were not conducted in this study, the influence of DNP
drift (discussed briefly in section 2.3) could not be taken into account, which
would reduce the realistic value of ke f f somewhat. Ex-core shielding was not
included in the simulation, which could also have a small negative impact on
criticality. The incompleteness of the model used, in considering only neu-
tronics, means that one should adopt these minimum-core-volume estimates
with caution.

It should also be noted that, as the composition of mixed materials (as
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ke f f FIMA τ [years] rcore [cm] αtemp [pcm/K] βe f f [pcm]
Max ke f f 1.0766 ± 0.0003 0.3914 13.6381 300 -3.7 ± 0.2 349.216 ± 1.30

Min FIMA (ke f f >1) 1.0000 ± 0.0003 0.1702 4.40 280 -4.3 ± 0.2 368.053 ± 1.51
Max FIMA (ke f f >1) 1.0124 ± 0.0003 0.6226 35.00 300 -2.8 ± 0.2 334.467 ± 1.37

Min Radius
(ke f f >1, FIMA= min) 1.0032 ± 0.0003 0.3702 13.64 200 -5.9 ± 0.2 348.626 ± 1.35

Min Radius
(ke f f >1, FIMA= max) 1.0027 ± 0.0003 0.4614 19.88 200 -5.7 ± 0.2 359.578 ± 1.33

Min αtemp
(ke f f >1) 1.0121 ± 0.0003 0.2925 9.36 220 -6.1 ± 0.2 359.062 ± 1.41

Max αtemp
(ke f f >1) 1.0124 ± 0.0003 0.6226 35.00 300 -2.8 ± 0.2 334.467 ± 1.37

TABLE 5.6: Extrema of the critical ke f f surface in figure 5.11 and
the αtemp surface in figure 5.12.

defined by the Serpent mix card) cannot be subjected to burnup calculations,
the composition of the mixed steel/salt regions in the reflector and steel in-
ternals above and below the core were held constant. They were mixed man-
ually by volume fraction, consisting of the initial fuel composition (defined
in table 4.4) and the HT9 steel defined in table 4.2. Hence the influence of the
changing composition of fuel salt in mixed steel/salt regions was not simu-
lated and could not be taken into account. However, the use of the initial fuel
composition in these mixed regions seemed to be an appropriate approxima-
tion.

5.6 Discharge Burnup and Reactor Safety

The temperature-reactivity coefficient of the reactor was evaluated for the
equilibrium fuel compositions produced in the previous section. The sep-
arate and combined perturbation methods for evaluating the temperature
reactivity coefficient in section 4.6 were shown to be in good agreement,
with similar associated uncertainties (see table 5.5 for a comparison). Hence
for the sake of computational simplicity, only the combined perturbation
method was used for the various equilibrium fuel compositions produced
in section 5.5. The temperature reactivity coefficient is plotted as a surface
across the combined parameter space of core radius and discharge burnup
(in FIMA) in figure 5.12. The temperature perturbation used in estimating
αtemp was +200 Kelvin. The αtemp surface data was combined with data from
the ke f f surface in figure 5.11 to produce table 5.6, which highlights various
points of interest, such as the smallest critical core radius.

The combination of a core radius of 220 cm and an average in-core lifetime
of 9.36 years produced the most strongly negative value of the temperature
reactivity coefficient for all of the systems which were critical, at -6.1 pcm/K.
The combination of a core radius of 200 cm and a in-core lifetime of 19.88 pro-
duced the highest achievable burnup (of 46.14% FIMA) for the smallest crit-
ical core volume. This configuration also had a large negative temperature
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FIGURE 5.12: The temperature reactivity coefficient for the
equilibrium fuel compositions discussed in section 5.5.
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reactivity coefficient of -5.7 pcm /K. When one prioritizes the design goals of
minimizing the volume of salt in the system while maximizing safety, then
a core radius of approximately 210 cm may represent the optimum of all the
systems simulated. However it remains a relatively large core, with the total
volume of fuel salt (excluding mixed-salt regions) of 74 m3 and a power of
' 17.46 GWth, assuming a power density of 300 W cm−3 in the active core
region. By using a lead reflector the core volume could be reduced, the ad-
vantages and drawbacks of which are discussed below.

5.6.1 Lead-208 Safety Benefits

Early in this study, the use of lead as a reflector material was rejected as a
design decision due to its high density and the material challenges in con-
taining liquid lead in steel inside the radial reflector. Such steel walls would
have to withstand two distinct molten metals on the interior and exterior in-
terfaces, one of which (lead) is known to be highly corrosive. However, it
was clear in the early simulations which utilized a lead reflector that it pro-
vided superior neutron reflection to steel and would allow for smaller core
volumes (see figures 5.2, 5.3 and the papers [58] and [41]). This effect is even
more pronounced for the use of Pb-208, which has an extremely low cross
section for neutron capture in addition to a high scattering cross section and
large atomic mass. Hence it does not substantially thermalize neutrons and
may be considered the optimal reflector material for fast reactors from a pure
neutronics perspective.

With a large Pb-208 reflector, these properties may also serve to slow and
mitigate the power increase during transient events in fast reactors. A re-
cent study using a multi-point kinetics model of the lead-cooled BREST re-
actor design showed that by allowing a substantial fraction of fast neutrons
to penetrate deep into the reflector before being reflected back into the core,
the importance of prompt neutrons is substantially reduced. The fraction of
neutrons leaking into the reflector may be larger than the effective delayed
neutron, constituting a significant population of neutrons. This means that
a substantial contribution to criticality (in the form of reflected neutrons) en-
ters the core with a delay whose length may range between the prompt and
delayed neutron lifetimes. In a transient scenario involving an instantaneous
insertion of reactivity equal to 0.5∗β, the use of a Pb-208 reflector was shown
to delay the power increase and decrease its magnitude [52].

In figure 5.12 the values of the temperature reactivity coefficient were all
negative. However, in the case of an instantaneous insertion of reactivity
into the MCFR core, the power would certainly increase before the salt dila-
tion (and other negative thermal feedbacks) could come into effect. The rate
of response to reactivity insertion, and the time-frame of a transient event,
are determined in part by the effective delayed neutron fraction, βe f f . The
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estimates of βe f f provided in table 5.6 were produced by Serpent and there-
fore do not account for DNP drift. Qualitatively, it can be seen that as the
βe f f estimates are ∼ 3 orders of magnitude less than those typically found
for thermal reactors, transient events will take place much faster in this fast
system. Therefore, reactivity control systems must be optimized to manage
these faster transient events.

Much effort has been made to model the effect of DNP drift in MSRs.
One study carried out various multi-physics models of a 233U-started MSFR
model with a total LiF-ThF4-233UF4 fuel salt volume of 18 m3 to observe the
effect of fluid fuel circulation on βe f f . By using fluid dynamics models, the
authors applied an importance function to neutron precursors based on their
position in the core. This study estimated βe f f to be in the range of 700 to
300 pcm, for recirculation times ranging from 100 to 2 seconds [7]. We have
taken this to imply that although no multi-physics models were carried out
in this study, the values of βe f f provided in table 5.6 may still be used as a
rough estimate.

Therefore, if future multi-physics studies of reactor transients should find
the short-term power increase in fuel salts to be unacceptably high, then the
safety benefits of Pb-208 may outweigh the materials and operational chal-
lenges inherent to working with liquid lead. The authors of this study also
point out that, as Pb-208 lies at the end of the Th-232 decay chain, it can be
extracted in high isotopic purity from the tails of some Thorium mines with-
out the need of costly isotopic separation [76] [30].
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Chapter 6

Discussion and Conclusions

Various geometry changes were made to Reactor Geometry B over the course
of this study. The addition of a radial reflector had the greatest impact on crit-
icality, which was to be expected. A 20 cm HT9 steel reflector increased ke f f
by 1415.1± 127.76 pcm. When the reflector was changed to consist of natural
lead encased in 5 cm of HT9 steel, the neutronic impact saturated at 3882 ±
122.74 for a 60 cm reflector thickness. By using a lead with a higher atomic
fraction of Pb-208, the neutronic impact might be increased even more. As a
suggestion for future work, it would be desirable to use a lead composition
with higher Pb-208 (as much as is available in Thorium deposits) to evaluate
to what extent the minimum core volume could be further reduced. Axial
reflectors were not added in this study, but they could be also considered in
future work to reduce the active core volume as much as possible.

In terms of practicality, the most limiting constraints found in this study
arose from radiation damage effects. The upper and lower steel internals
were found to have lifetimes of approximately 3 years, which seems infeasi-
ble from an operational and economic perspective. This problem is further
complicated by the neutronic importance of these regions – this steel serves
to reflect neutrons back into the core region. For example, reducing the plena
volumes directly outside of the steel internals was observed to reduce ke f f
by 690± 93 pcm. This change was ∼ 49 % of the increase in ke f f observed
with the addition of the 20 cm steel radial reflector, so it is by no means in-
substantial. Some potential avenues for reducing the fluence experienced by
core components, without affecting criticality, are discussed below.

Placing shielding (such as boron carbide) between the steel internals and
the active core would have a significant negative neutronic impact, and fur-
ther reduce the space of equilibrium criticality (see figure 5.11) . One possi-
ble strategy would be to place a sacrificial reflector material on the innermost
layer of the steel internals and reflector. This could protect the flow channels
and other components, while maintaining or even enhancing the reflection
of neutrons back into the core. A similar strategy could be used to increase
the projected lifetime of the radial reflector, currently estimated to be 4 years.
Such sacrificial material would probably compose of a steel with a low neu-
tron capture cross section and good performance at high temperatures. Of
course, if radiation-resistance steels can be developed and qualified above
200 DPA, the projected lifetimes of all reaction components would increase
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proportionally. Due to time constraints, radiation damage calculations (in-
cluding the estimation Helium production) were only conducted for the 170
cm radius core using a 20 cm reflector. For larger cores with a proportion-
ally higher thermal power, it is reasonable to expect the neutron fluence to be
higher and the component lifetime estimates to be proportionally shortened,
assuming the neutron energy spectra are similar for different core volumes.
In future work, it would be desirable to re-apply the radiation damage cal-
culations outlined here for the critical core volumes identified in section 5.5
and discussed below.

For low-Nickel content steels such as the HT9 used in this study, Helium
embrittlement appears to have less of an impact on component lifetimes than
DPA build-up. Indeed, according to the model used in this study, the low
Nickel content causes the Helium concentration to saturate before the criti-
cal Helium concentration is reached. Other Helium production mechanisms,
such as the (n, α) reaction in Nitrogen [21], should be evaluated to better un-
derstand the production of Helium in steel components, but for the purposes
of this study, Helium production was deemed to be a less important radia-
tion damage mechanism than the accrual of DPA.

Early on in this study, the decision was made to calculate material densi-
ties under the assumption of an operating temperature of 800 ◦ C, or 1073.15
K. While possible, this temperature is at the higher end of possible oper-
ating temperatures for the MCFR. A ternary phase diagram for the NaCl-
UCl3−PuCl3 system suggests that the lowest melting temperature of 722 K or
448.85 ◦ C occurs for a molar ration of of molar ratio (0.594-0.045-0.360) [10].
Although this composition has a molar fraction of [Actinide]Cl3 lower than
50% and hence a lower melt temperature than the composition examined in
this study, it seems that the operating temperature of the MCFR could be
reasonably assumed to be lower than 800 C. Note that cross-section libraries
were not subject to this poorly estimated operating temperature issue, as the
temperature used in the acquisition of this data was always 900 K or 626.85
C. Specifically, this issue influenced the mass density calculations of steels,
lead and the initial fuel salt used in burnup calculations for sections 5.5 and
5.6, outlined in table 4.4. While not a large source of error, this tempera-
ture/density issue is worth noting if one wishes to apply the results in this
study to other reactor designs, particularly at lower operating temperatures
where the fuel salt will be slightly denser.

The challenge of finding a steel which is qualified for full service life in a
highly corrosive, high neutron flux environment up to high temperatures of
between 700 and 800 ◦ C is a major one. Hastelloy-N was used successfully
in FliBe salt for the entire duration of the MSRE experiment, but with a max-
imum service temperature of 977 K and a Nickel content of 68%, it would
not be appropriate here for reasons of Helium embrittlement and operating
temperature [68]. Oxide Dispersion Strengthened (ODS) steels show promise
in having high strength at 1273 K and good resistance to radiation damage.
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However the manufacturing techniques have yet to be scaled up for indus-
trial purposes. Composite ceramics of of combined matrix / fiber phase,
such as Silicon Carbide in the form of SiC/SiC, demonstrate excellent per-
formance in corrosive, high-temperature and high-radiation environments,
maintaining good mechanical strength up to 1375 K [83]. In the aftermath
of the Fukushima Daiichi accident, much work has been done in the field
of accident-tolerant fuels and cladding materials in the USA, and effort is
underway to include SiC/SiC and other advanced materials such as Inconel
Ally 617 in the American Society of Mechanical Engineers (ASME) Boiler
Pressure Vessel Code (BPVC) Section III, which the Nuclear Regulatory Com-
mission (NRC) uses to qualify the permissible operating temperature for ma-
terials in nuclear applications [46] [5]. However with a Nickel content ≥ 44.5
%, Inconel 617 is only intended for use in heat-exchangers and pumps in ad-
vanced reactors [18] [77]. Perhaps with the testing and qualification of new
materials to high temperatures, the operating temperature of the MCFR can
be raised to 800 ◦ C to avail of the higher thermodynamic efficiency and ef-
ficient Hydrogen production capabilities. In regards to SiC/SiC , it’s efficacy
as a neutron reflector remains to be seen, and steels or other materials may
remain necessary for this purpose. Indeed, it could be worthwhile in future
work to examine the neutronic impact of a SiC/SiC radial reflector or the
combination Pb-208 encased in SiC/SiC.

The weighted-mean average value for the temperature reactivity coeffi-
cient was calculated to be -7.2973 ± 0.4525 pcm K−1 using the equilibrium
fuel composition obtained from the previous B&B MCFR study. However
this value was obtained for the 170 cm core radius, which was sub-critical
using a steel reflector. The reactivity coefficient was evaluated for a range
of core radii and discharge burnups, and for the critical simulations in which
the core radius was minimized, the temperature-reactivity coefficient was be-
tween -6.1 ± 0.2 and -2.8± 0.2 pcm K−1. The highest value of the αtemp was
achieved for a core of radius 300 cm, the largest simulated, and a very high
discharge burnup of ∼ 62%. This is likely due to the fact that at high bur-
nups, the molar fraction of Plutonium is very high in proportion to U-238,
reducing the magnitude of the Doppler-broadening feedback. The smaller
surface to volume ratio in the large core may minimize leakage, further re-
ducing the safety performance of this core. In analyzing the effect of core
temperature on criticality, the thermal expansion of the steel structures, such
as the core support system and the radial reflector, were not simulated. A
meaningful analysis of these phenomena may be performed once the geom-
etry of the core support structure is better known. Depending on whether
the radial reflector expands inwards or outwards with an increase in temper-
ature, the volume of salt in the active core could decrease or increase with
an increase in power. In this way, the expansion of the core base plate could
produce a substantial positive or negative effect on ke f f , depending on how
it is engineered. However, the magnitude of this effect and the time-frame in
which it would actuate during a transient event remain to be seen.
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The minimum active core volume required to achieve criticality at equi-
librium was found to be 50.3 m3, for a core radius of 200 cm and an in core
average fuel lifetime (τ) of between 13.64 and 19.88 years (or equivalently, by
achieving a discharge burnup of between 37% and 46% FIMA). Assuming an
equilibrium natural-Uranium feedstock of NaCl-UCl3 of molar ratio 50 at. %
UCl3 at a density of 3.48 g cm−3 , then this corresponds to a constant feed-
rate of between 7465 kg and 5120 kg of natural Uranium per year.
One way to reduce the core volume is to enrich the feed material moderately,
which may be necessary if such large core volumes are deemed infeasible
[47]. However, such a compromise would somewhat negate the economic
and proliferation-resistance advantages of the B&BMSR concept and may
prove unacceptable for these reasons. A detailed study of this core volume
(and core power) vs. feed-enrichment trade-off may be required to find an
economic optimum in which the increased SWUs in fuel production is com-
pared to construction and operational costs.

By reducing the heights of the reactor plena, the lifetimes of the upper
and lower steel internals were prolonged. However, this design decision
precluded the option of placing the heat exchangers and pumps in the upper
plenum. Instead it seems best to place these components in the downcomer
region, where the fluence would be substantially reduced by the presence of
the radial reflector. In addition, neutron shielding material could be placed
outside the radial reflector (as in the design of the MSFR) to further protect
the heat exchangers and pumps. Indeed, shielding could be placed outside
of the steel components in direct contact with the active core (i.e. the radial
reflector, upper steel internals and lower steel internals) to shield the reactor
vessel while having a minimal impact on criticality.
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Appendix A

Density Calculations

A.1 Lead Density Estimation

In these reflector size and material simulation tests, the density of liquid Lead
was obtained from equation A.1 for a temperature of 800 ◦C [49].

ρ = 10.678− 13.174× 10−4 × (T− 600.6) (A.1)

where:

• ρ is the density of Lead in g cm−3.

• T is the temperature of the Lead in Kelvin, chosen to be 1073.15 K, cor-
responding to a estimated reactor operating temperature of 800 ◦C.

A.2 Chloride Salt Densities

The density of UCl3 and NaCl-UCl3 systems of various molar fractions were
calculated at the estimated reactor operating temperature from a density-
temperature correlation for a UCl3 molar % of 49.5% found in the literature
[19], which took the form of equation A.2.

ρ = 4.4738− 0.9304× 10−3 × T (A.2)

where:

• ρ is the density of the NaCl-UCl3 system in g cm−3.

• T is the temperature of the salt in Kelvin.

A.3 HT9 Steel Density Estimation

A room temperature density value of ρRT = 7.75gcm−3 and an expression for
the thermal expansion coefficient of HT9 steel (equation A.3) found in [44].
This allowed the density of HT9 at the potential operating temperature of the
reactor to be estimated, as described below.

α(T) = A + BT + CT2 (A.3)
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where:

• A = 5.678× 10−6, B = 1.6222× 10−8 and C = −7.728× 10−12

• α(T) is the thermal expansion coefficient.

• T is the temperature of the material.

The thermal expansion coefficient is related to the density of a material through
equation A.4.

α = −∂ln(ρ)
∂T

(A.4)

where ρ is the density of the material.
By re-arranging this equation and integrating both sides an expression for
the density of the HT9 steel at 800 ◦C was obtained as described in equations
A.5 and A.6. ∫ ln(ρT)

ln(ρRT)
∂(ln(ρ)) = −

∫ T

RT
α(T)∂T

∴ ln(ρT)− ln(ρRT) = −
[

A ∗ T +
B ∗ T2

2
+

C ∗ T3

3

]T

RT

(A.5)

By rearranging equation A.5 and raising e to the power of both sides we
can arrive at a value for the density of HT9 steel at the estimated operating
temperature of the reactor.

ρT = ρRT ∗ exp
(

A ∗ RT +
B ∗ RT2

2
+

C ∗ RT3

3
− A ∗ T − B ∗ T2

2
− C ∗ T3

3

)
= 7.67 g cm−3

(A.6)
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Appendix B

Core Volume & Power Calculations

For all burnup simulations carried out (i.e. for sections 5.5 and 5.6) the
reduced-plena-heights version of Geometry B was used as a template. The
upper and lower plena heights were fixed at 5 cm. The downcomer thickness
was fixed at 20 cm. The active core height was adjusted to be equal to twice
the radius of the active core to minimize leakage. A 20 cm 90% steel/10%
fuel-salt was used to represent the radial reflection. The upper and lower
steel internals were represented by a 50% steel/50% fuel-salt region directly
above and below the active core, whose radius was equal to the radius of the
active core plus the thickness of the radial reflector.
The volume of salt in the active core can therefore be calculated from equa-
tion B.1.

Vactive = 2πr3
core (B.1)

The volume of the reflector region may be calculated from equation B.2.

Vre f lector = πr2
re f lector ∗ hcore −Vactive = 2πrcore ∗

(
(rcore + 20)2 − r2

core

)
(B.2)

The volume of the upper and lower steel internals, both of height 5 cm, is
given in equation B.3.

VSI = π(rcore + 20)2(2rcore + 10)−Vactive −Vre f lector (B.3)

Finally the total volume of salt in the core, excluding the mixed steel/salt
reflector and steel internal regions, can be obtained from equation B.4 .

Vsalt,total = πr2
DChDC −VSI −Vre f lector (B.4)

Using these equations and by assuming a power density in the active core
region of 300 W cm−3, the total power of each core volume was calculated
and provided as a normalization scaling factor for the corresponding Ser-
pent simulation. This volume and thermal power data for each core radius
simulated is provided in table B.1.
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rcore Vactive Vre f lector VSI Vsalt,total Power (GWth)
1.5 21.21 6.03 3.63 30.03 6.3617
1.6 25.74 6.84 4.07 35.59 7.7208
1.7 30.87 7.69 4.54 41.81 9.2608
1.8 36.64 8.60 5.03 48.72 10.9931
1.9 43.10 9.55 5.54 56.37 12.9289
2 50.27 10.56 6.08 64.79 15.0796

2.1 58.19 11.61 6.65 74.03 17.4566
2.2 66.90 12.72 7.24 84.11 20.0710
2.3 76.45 13.87 7.85 95.07 22.9343
2.4 86.86 15.08 8.49 106.96 26.0576
2.5 98.17 16.34 9.16 119.82 29.4524
2.6 110.43 17.64 9.85 133.67 33.1300
2.7 123.67 19.00 10.57 148.56 37.1016
2.8 137.93 20.41 11.31 164.52 41.3785
2.9 153.24 21.87 12.08 181.59 45.9722
3 169.65 23.37 12.87 199.82 50.8938

TABLE B.1: Core volume and power information, with radii
and volumes in m and m3, respectively.
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Summary

A Breed-and-Burn Molten Chloride Fast Reactor (B&BMCFR) was designed
and simulated in a modified version of the Serpent Monte Carlo code which
allowed for a continuous stream of material to flow into the core as the bur-
nup simulation progressed. Several combinations of radial reflector material
and thickness were simulated and their neutronic impact assessed. A mix of
90% HT9 steel and 10% fuel salt was chosen for further evaluation as a radial
reflector. In this material, the reflection of neutrons was observed to saturate
at a thickness of approximately 20 cm, providing a ∆ke f f = +1415.1± 127.8
pcm.
The lifetime of steel materials against radiation damage was estimated us-
ing a limit of 208 Displacements Per Atom (DPA). The shortest lifetime of all
components was estimated to be 1 year for the Upper Steel Internals (USI)
region. By reducing the volume of salt in the upper and lower plena, this
USI lifetime was extended to 3 years, which remains too low to be practical.
This change to the reactor plena also reduced ke f f by 690± 93 pcm, equiv-
alent to ∼49 % of the increase in ke f f observed with the addition of the 20
cm HT9 steel radial reflector. Efforts to raise the radiation damage constraint
for steels above ∼ 208 DPA were discussed, as were new accident-tolerant
structural materials.
Helium build-up was modeled in steel components, but it was concluded
that the initial concentration of Nickel in HT9 steel is too low for neutron
capture in Nickel isotopes to produce the critical embrittlement concentra-
tion for Iron of 764.6 appm. Therefore DPA was chosen to be the primary
means of estimating component lifetimes in this study.
The safety of the reactor was partially assessed by estimation of the temper-
ature reactivity coefficient. αtemp was estimated for a range of core radii and
feed/removal rates of actinides and fission products from the core. It was
found to be negative for all of the parameter space simulated, with a general
trend of increasing αtemp with decreasing feed/removal rate and increasing
core radius. The minimum active core volume for which breed-and-burn
could be sustained was found to be 50.3 m3 corresponding to a total fuel-salt
volume of 64.8 m3 and a total power of 15.08 GWth, assuming an active-core
power density of 300 W cm−3. The temperature-reactivity coefficient for this
core was estimated to be -5.8± 0.2 pcm K−1. Pb-208 was discussed as a po-
tential reflector material for its superior neutron reflection properties and it’s
ability to slow down and reduce the magnitude of the power increase during
transient events.
While theoretically possible, substantial technical challenges must be over-
come in order for the operation of an MCFR in the B&B mode to be practi-
cal. Specifically, the very short component lifetimes against radiation dam-
age and the large core volumes necessary to sustain criticality must both be
improved for the B&BMCFR to have economic potential. However, if these
challenges are met, this design may be unique in achieving all of the Gen IV
goals of economic feasibility, environmental sustainability, enhanced safety
and proliferation-resistance.
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